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We have studied the potential energy surface for the reactions gf Bith H,, methane, ethylene and acetylene

at the CCSD(T)/cc-pVTZ/IMP2(full)/cc-pVTZ level and the reaction of Bhvith ethane at the CCSD(T)/
6-311G(d,p)//MP2(full)/6-311G(d,p) level of theory. A complete survey of the potential energy surfaces is
presented and the structures of the stationary points and the mechanisms of these reactions are discussed. The
calculations suggest that the products of these reactions are formed by addition and elimination of a hydrogen
molecule, effectively activating the carbehydrogen bond. Furthermore, theory also suggests that elimination

of HD is the sole product in the reaction of BDwith ethane; however, H/D scrambling occurs to some
extent in the reaction with acetylene whereas it is complete in the reaction with ethylene. Therefore, loss of
H,, HD, and D is predicted, in agreement with experiments. In addition, elimination of & also be
produced in the reaction of BH with ethane, even with BP as reactant. Although the products of the
carborr-carbon bond activation are also exothermic in the reactions of acetylene and ethylene, they are
prevented kinetically. The remarkable electrophilic properties of 'Bile presented and discussed as well as
details on the bonding structure of the three-center two-electron bonds characteristic of these compounds.

Introduction to the reaction of BHi" with ethane where the carbeiwarbon
) ) . bond is broken.
The reactions of Bb with hydrogen and simple hydrocar- Some theoretical results on these reactions were also reported.

bons have been the focus recently of several experimental andrpe eyperimental results DePuy et al. also included calculations
thec_>ret|cal reports. Expenmental results reported by DePuy ety ihe reaction with Wand CH (including the structures of
al.t include reactions with b CHa, CoHa, CoHa, CoHe, as well BH4" and BH;t), and a portion of the potential energy surface
as 1O, H,S, and NH by using a flowing afterglow-selected 4t the reaction with GHs.22 It has also been shown that the
ion flow tube instrument. In addition, these authors also reported complex BH" is a very strong Lewis acid and has very high
some reactions involving deuterium labeled reactants(BDd/  gjectrophilicity. Calculations suggest that BHreadily forms
or labeled neutrals) that showed some insights on the reaCt'oncomplexes with C@ CS,, and COS\ All of those adducts
mechanisms. Furthermore, the reaction of,BMith an excess contain 3e-2e bonds and,are 2612 keal/mol more stable than

! : . _ :
of Hy WaiShOWh_ to produce BH", a structure isoelectronic  heir reactants. McDonald et al. performed a detailed study of
with CHe=" containing two three-center two-electron {3ze) the CHB bridge bonding in #CH,BH,* using molecular orbital
bonds, which was the focus of substantial theoretical intérest. theory?? indicating that there are two 3@e bonds in this
However, one of the main conclu;ions of these experiments wasy,glecule. Qu et al. reported a potential energy survey for the
the observation that B can activate ©H and C-C bonds  reaction of BH* with C;H, at the CCSD(T)/6-3L1G(2df,p)//
in hyd.roca.rbons very efﬂuently.,.somethlng that was thought B3LYP/6-311G(d,p) levet® however, several stationary points
to be just in the realm of transition metal cation chemftry \yere missed in this report. Furthermore, it seems that the 3¢
and of central importance in catalysis. The _chem|s+try 0bBH  2e hond structures are very dependent on how much of the
was found analogous fo that of GH despite BH" being  gjectron correlation is accounted for, as revealed by some
isoelectronic with CHF*; however, these experiments and g hstantial differences in some of the structures when compared
theoretical results suggest significant differences in their reac- iih our MP2(full)/cc-pVDZ results. In addition, it is clear that
tivities,* consistent with a lower electrophilicity and increased o quality of the basis set might also play a role. Similar

selectivity of BF". deficiencies are found in the potential energy surface for the
Kemper et al. also studied the reaction of the ground state reaction of BH+ with C;H. reported by the same authdfdn
of B* (1) with H, and the H-H bond activation to form Bbf', addition, Olah and co-workers recently reported calculations on

which early theoretical resuftpredicted to be around 77 kcal/ g series of BH' reactions with neutrals containing double bonds
mol, showing that the addition of two weakly bound ligands including GH4 and GHe, as well as HCO and HCCHO;
reduces the barrier to almost zero. The cooperative interactionhowever, they focused only on a minuscule part of the potential
of the H, molecules was also proved by thed¥/In a related  energy surface, which included only the initial reaction complex
experiment reported by Ranatunga e¥’a.disubstituted boron  gnd a hydride transfer proce’s.

cation (CHBCHz" and CHOBOCH;*) breaks =0 and C- Finally, the reactions of Al with H, and small hydrocarbons

C bonds in aldehydes and ketones+id or —CHj shift, similar were also reported recentfyin an attempt to investigate the
possibility of insertion of this ion, isovalent with'/BHowever,

* Corresponding author. E-mail: davico@uidaho.edu. the experiments failed to obtain HAtHand calculations suggest
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TABLE 1: Energies, Symmetries, and Number of Imaginary Frequencies for the Reaction of Bkt with H

MP2(full)/cc-pVTZ CCSD(T)/cc-pVT2 ZPE rel energy
species symmetry Nimag® (hartree) (hartree) (kcal/mol) (kcal/mol)
BH,* Do 0 —25.55864 —25.56494 11.29
H, Do 0 —1.16465 —1.17231 6.48
BH,t + H, N/A N/A —26.72329 —26.73725 17.77 0
la Cy, 0 —26.75462 —26.76701 22.90 —13.5
ltsad Co 1 —26.72805 —26.73980 21.25 1.9
ltsb Cy, 1 —26.74429 —26.75727 21.37 -9.0

aNumber of imaginary frequenciesSingle point calculation at the MP2(full)/cc-pVTZ level optimized geometiynscaled zero point vibrational
energy from MP2(full)/cc-pVTZ leveld Relative energy at the CCSD(T)/cc-pVTZ/IMP2(full)/cc-pVTZ level including ZPE.
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Figure 1. Potential energy surface and structures for the reaction of Btth H, at the CCSD(T)/cc-pVTZ//IMP2(full)/cc-pVTZ level including
ZPVE.

that the formation of this ion from Aland H is endothermic, the reported symmetry. The number of negative eigenvalues in
despite the fact that it is a minimum in the potential energy the Hessian was used to determine if a structure is a minimum,
surface. As in the case of boron, cooperative effects of multiple transition state, or higher order saddle point. IRC calculations
H, molecules interacting with the Alion affected the reaction  at MP2(full)/6-311G(d,p) were performed for all the transition
reducing slightly the endothermicity. The marked decrease in states to ensure that they connect the reported minima. Unless
reactivity in A" seems to be related to the size of the 3s orbital stated otherwise, the AIM analyses were performed at the MP2-
that prevents the approach of the ligands and the lack of low (full)/cc-pVTZ level, and included up to d orbitad8. The
lying unoccupied orbitals, which make boron unique. topology of the density was also analyzed by plotting the density
In this paper a systematic study and comprehensive com-including all the orbitals and showed no significant differences
parisons on the title reactions are performed. A thorough with the AIM results in the location and structure of the critical
potential energy survey is presented for all the reactions using points and bond critical paths.
high level ab initio calculations. We al§o exploreql the bonding Results and Discussion
nature of some of these compounds with emphasis on structures ] ) o
with 3c—2e bonds using the atoms in molecules (AIM) The energies are reported relative to the infinitely separated
approach’-18and natural orbital (NO) analysl8. reactants Bh" and X (X = Hy, CHs, CoHp, CHa, CoHg) for
each reaction. On the potential surfaces, atoms are labeled
numerically conforming to certain pathways, but the labeling
cannot be consistent to all of the reaction paths where an
All calculations were performed with the Gaussian 98 suite exchange of hydrogen atoms occurs.
of programs'® The geometry optimizations and frequency BH,™ + H,. The results for this reaction are listed in Table
calculations as well as zero point energies (ZPE, not scaled)1, which includes the energies and symmetries of different
for the reactions of Bkt with H,, CHy, ethylene, and acetylene  stationary points on the potential energy surface, and Figure 1,
were carried out at the MP2(full)/cc-pVTZ level. For improved a plot of the potential energy surface including the structures
energies, single-point calculations were performed at the CCSD- of the stationary points. A complete discussion of this potential
(M/cc-pVTZIIMP2(full)/cc-pVTZ level. Because of its size, in  energy surface can be found elsewHendvich involves a variety
the reaction of BH" with ethane, the energies, frequencies, and of theoretical methods including G2 (for all stationary points)
ZPE (not scaled) were computed at the CCSD(T)/6-311G(d,p)// and CBS-Q (for minima only), and is in excellent agreement
MP2(full)/6-311G(d,p) level due to software limitations and with our results. Furthermore, the energies show little variability
prohibitive CPU times that prevented the use of correlation for the different theoretical methods. For these reasons, only a
consistent basis sets. The geometry of each stationary point wadrief outline is given here before discussing the structure of the
completely optimized at the appropriate level of theory within  3c—2e bonds.

Experimental Section
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From Figure 1 it is clear that the reaction of BHwith H,
leads to the formation of Bt (1a), a 13.5 kcal/mol exothermic

process. In most encounters, this intermediate dissociates back

to reactants; however, a small fraction could have the required
energy to surmount the transition stdtsad to produceld,
in which the position of two hydrogen atoms are exchanged.

From there the process can be repeated and a double exchange

is possible. Interestingly, the ZPE plays a very important role
in the potential energy surface. The complex(1d) is 18.7
kcal/mol more stable than the reactants (products) when only
electronic energies are considered at the CCSD(T)/cc-pVTZ//
MP2(full)/cc-pVTZ level. This binding energy decreases to 13.5
kcal/mol when the ZPE is included (Table 1), in excellent
agreement with the 1424 0.5 kcal/mol value obtained
experimentally. The approximate 5 kcal/mol difference in
energy might account for the inconsistency found by Sharp
when comparing their value to the experimental and early
theoretical results. In comparison to reactants or products, the
complex has more vibrational normal modes. Moreover, the new

Density

Figure 3. Electron density oflain the molecular plane calculated at
the MP2(full)/cc-pVDZ level.

excess energy and trapping it in the deep potential well, thus
enabling it to reach the detector.

The structure of the BH, 3c—2e bond in BH" is observed
in several complexes in the series of reactions discussed here.
The 3c-2e bond is normally described as three bonds forming

normal modes of the complex have very small reduced massesa cyclic structuré:?911.2223 The AIM analysis at MP2(full)/

whereas the bonding characteristic in theriblecule does not
change substantially, and therefore the ZPE increases dramati
cally. The contribution of ZPE also raises the energytishd
to 1.9 kcal/mol above the reactants, as shown in Figure 1. For
most of the reactions discussed in this report the final step is
the dissociation of this type of complex. Thus it is necessary
that all the relative energies include ZPE. However, this effect
should be less pronounced with the other reactions involving
heavier neutrals.

Minimum lahas a planar structure with a-32e bond. The
bond length of B—H5 in 1lais 1.42 A, longer than the 1.17 A
of the B'—H? bond. The rotation of H-H> in la leads to
transition state tsb, in which the M—H® moiety is perpendicular
to the H—B!—HS3 plane. But the 3e2e bond still exists in this
geometry. The energy barrier for this rotation is 4.6 kcal/mol
at the CCSD(T)/cc-pVTZ/IMP2(full)/cc-pVTZ level. This value
is small compared to the barrier for the isomerizatioriato
14 through transition statétsad, which lies 15.4 kcal/mol
abovelaand 1.9 kcal/mol above reactants. The relatively high
energy of this transition state in the potential energy surface,
which switches the positions oftand H, plays an important
role in the isotopic reaction described later. In addition, it
provides enough lifetime for addugg to collide with the He
buffer gas in the flowing afterglow instrument removing its

6-311G(d,p) level indicates that there are three bond critical
points and one ring critical point (see A in Figure 2), which
agrees with the classical structure. However, at the MP2(full)/
cc-pVTZ level the bonding structure is slightly different (see B
in Figure 2); both B-H bonds collapse partially along the axis
connecting the boron atom and the center of thebbhd and
the ring critical point disappears. However, the B bonds still
exist, though they exhibit strong bond curvature, making the
bond critical paths substantially longer than the distance between
these attractors. To check for convergence in the electron
density, BH* was re-optimized using a quadrugjesasis set,
and we found that this structure persists even at the MP2(full)/
cc-pVQZ level. Figure 3 shows the total electron density af
in the molecular plane. In this figure, in which the attractors
are clearly observed and have also been labeled, a saddle point
on the electron density surface represents a bond critical point
and a local minimum represents a ring critical point. This plot
shows clearly that only a saddle point is found in the area
between boron and ‘H-H>. Despite the fact the 6-311G(d,p)
basis set predicts the energetics of this reaction adequéiely
is used later in this article), it may not be complete enough to
be able to describe the 3@e bonding inla adequately.

The NO analysis reveals a direct bonding betweernsthend
in H and a vacant Smrbital localized on the boron atom along
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Figure 4. Potential energy surface and structures for the reaction @f Blith CH, at the CCSD(T)/cc-pVTZ//IMP2(full)/cc-pVTZ level including
ZPVE.

TABLE 2: Energies, Symmetries, and Number of Imaginary Frequencies for the Reaction of Bkt with CH 4

MP2(full)/cc-pVTZ CCSD(T)/cc-pVT2 ZPE rel energy
species symmetry Nimag® (hartree) (hartree) (kcal/mol) (kcal/mol)
CHq Ty 0 —40.42799 —40.43799 28.61
2c Ca, 0 —64.85959 —64.86780 28.74
BH," + CH, N/A 0,0 —65.98663 —66.00293 39.91 0
2a Ca 0 —66.04714 —66.05942 43.27 -32.1
2tsab Cs 1 —66.00488 —66.01685 40.09 —-8.5
2b Ci 0 —66.03432 —66.04831 40.48 —-27.9
2c+ H; N/A 0,0 —66.02424 —66.04011 35.22 —28.0
2tsbb Cs 1 —66.00542 —66.01820 39.96 —-95

2 Number of imaginary frequencie€sSingle point calculation at the MP2(full)/cc-pVTZ level optimized geometkynscaled zero point vibrational
energy from MP2(full)/cc-pVTZ leveld Relative energy at the CCSD(T)/cc-pVTZ/IMP2(full)/cc-pVTZ level including ZPE.

the B—H, axis, the 3e-2e bond, in agreement with the AIM  required to complete the second exchange, which is unfavorable
results. Furthermore, the fact that this interaction is mainly with respect to dissociation to BHD The experimental result
localized along this axis is also supported by the energetic of fits the calculated potential energy surface very well (Figure
the H*—H?> rotation. The barrier for rotation of HHs in 1la 1). As mentioned before, transition stai¢sb leads to the
around this axis is only one-third of its binding energy rotation of H—H>, it is 10.9 kcal/mol more stable thdrsad
suggesting that no major interaction is compromised upon and therefore rotation of H-H® should occur much faster than
rotation. Our NO analysis suggests that the origin of this barrier the switching of the 3e2e bond; however, it does not contribute

is due to a weak interaction between the occupiediBy bonds to the H/D scrambling. The reaction of BDwith H, gave

in BH,* with the H, o* orbital. This electron donation back to  similar experimental results and revealed a small primary kinetic
H, was also suggested by DePwn the basis of MO analysis.  isotope effect.

DePuy et al. also studied experimentally the isotopic reaction BH," + CH4. The potential energy surface for the reaction
of BH,™ with D,.! Because the rate-limiting transition state of BH,™ with CH, is presented in Figure 4 and data on the
1tsad lies slightly higher in energy than the reactants,,BH  stationary points are listed in Table 2. In general, our high level
reacts inefficiently with B to produce products BHD and calculations agree qualitatively with the MP2(full)/6-311G(d,p)
BD,". They reported that the efficiency for this reacfida results reported earliérTwo minima,2a and2b are found on
0.030, which is very small compared to the efficiency of the the potential energy surface. The initial addRats a structure
reaction of BH* with methane, acetylene, ethylene, and ethane, with C,, symmetry that lies in a relatively deep potential well.
as will be discussed later. The efficiency is the ratio of the This is a very interesting structure that can be considered as a
experimental rate constant to the collision rate and is a measurevery simple carborane and requires additional scrutiny.
of the fraction of collisions that goes over the barrier to yield = Compound2a lies 32.1 kcal/mol below the reactants. The
products; thus the larger the efficiency the larger the fraction interaction energy is substantially larger than a typicat 20
of collisions that leads to products. The collision rates for kcal/mol found in electrostatic complexes. Our AIM analysis
nonpolar neutral reagents are calculated as Langevin rateindicates a strong covalent bonding showing a bond critical point
constantg? and those for polar reagents are theoretical ADO between the boron and carbon atoms. In addition, we also found
rate constants®> The major product for this reaction is BHD bonding between carbon and hydrogen atoms whereas no bond
(91%) and the transition statétsad is involved in the H/D exists between boron and the bridging hydrogen atoms (see C
exchange. Fromato 14, the 3c-2e bond switches fromB- in Figure 2). This is in disagreement with interpretations by
H5—H* to B!—H*—H?, leading to the loss of H-H*4 BD,, McDonald et al? based on canonical MO analysis, which
the product of a double H/D, is found in very small amounts suggested that the carbon and boron atoms share the bridging
(9%) because overcoming the high barrierléad again is hydrogen atoms, indicating that fta H> and H approach B
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and form two 3e-2e bonds: BH5C? and B'H®C2 Our NO is not sufficient to surmourtsaband proceed to products, in
analysis is also inconsistent with a bond connecting boron andexcellent agreement with experiments.

the bridging hydrogen atoms @2a. Instead, it shows a direct The efficiency for the reaction of Bf with CH, is 0.641
interaction of the rehybridized Bf sp? orbital with the carbon  substantially larger than the one reported for the reaction of
atom, in agreement with the AIM results. In addition, a weak BH,* with H,. Our calculations indicate that the overall rate-
interaction between the bridging hydrogen atoms and the empty|imiting step involves transition statsab, which is 8.5 kcal/

7 orbital in BH,* is observed, similar to the back-bonding type  mol more stable than the reactants, consistent with the measured
of interaction found in Bi". As in the case of the reaction reaction efficiency.

with Ha, this interaction represents only about one-third of the 1,4 isotopic reactions of BD with CH, and BH* with CDy

total association energy, as calculated by rotating therBblety lead to the exclusive loss of HD, in striking contrast with the
in 2a 90°. Comparing the differences in structure betw@en reaction of CH* with CD; (or CD3’+ with CHa), where almost
and reactants also supports the marginal involvement of thecomplete scrambling occutsBy following thé reaction path
bridging hydrogen atoms in its bonding scheme, which interest- and the structures shown in Figure 4, it can be clearly seen that
ingly was also noted by McDonald.Although the F#—C2— in the product hydrogen molecule,*HHS, one hydrogen

6 i —H5 2__ 6
_H angle |rt1)creai°,e3 ggzth: C—H® (or _C Hﬂz b_ond Iengéhc originates from BH*' and the other one comes from ¢Hhese
glcrza}ses hy only 9. : sla com_parls%ont,) € 'f;”e’?‘ff theoretical results compare very well with the experiments. We
ond length represents an elongation of about 4% wit reSPeClshould also mention that in transition stasbb’, the 3c-2e
Fo CH; whereas in the reactlon with,Hhe H-H bond [ength bond switches between!BH4—HS and B—H*—H?, leading
Increases by 10%. This suggests tha_t theH:bo_nds in the to the exchange of Hand H; in complex2b and possible H/D
.CH4 molety of2_aare not appreciably distorted W|th_respect to scrambling in the labeled reactions. However, compared to
isolated CH, with the increased HC—H angle offering only products2tsbly is 18.5 kcal/mol higher in energy and therefore

eggggh iﬁace fcl)lr etklllebbo(rjoln tothgttack the caré)on aTqm. dln 2b dissociates directly rather than going first througsbb'.
acdition, the sma ondlength Increase can beé expiained  »q 4 consequence, exclusive loss of HD occurs in this reaction,
by the weak electron donation from the bridging hydrogen atoms ; | agreement with experiments

to the emptyr orbital localized on the boron atom discussed BH.* + CoHo. Th its for thi . h .
above. As a result, the structure 2d is shown as depicted in o2 2M2. 1he resu ts for ¢ IS reactlo_n are shown in
Figure 5 and listed in Table 3. This reaction was studied

Figure 4, with an almost formal bond between the carbon and : S X 3
experimentally by DePuyand some insights into the potential

boron atoms. f d ly b ét al
Minimum 2b is a structure witrC symmetry analogous to energy surface were reported recently by QU al.

la The H molecule in2b is very weakly bound with respect The reaction of BH" with C:H leads initially to the

to products (only 0.1 kcal/mol). Thus whéh is formed through formation of adduc8a. This structure is located in a very deep
transition stat@tsah dissociation occurs very quickly. Although ~ Potential energy well, which is 61.4 kcal/mol lower than the
the transition state connecti®a and2b, 2tsab, is 23.5 kcal/ ~ reactants. In principle, the release of such energy could be
mol above adduc®a, it lies 8.5 kcal/mol below the reactants; rationalized in terms of the interaction between the electron
therefore, this reaction should occur faster than the reaction of deficient B and the electron rich £, fragments. Compound
BH.* with H.. As discussed later, experimental results agree 3ais a structure withC;, symmetry in which all the atoms are
with this observatio.The 3c-2e bond in2b can switch from in the same plane. With such a structure, it should be expected
Bl-H4—H5 to Bl—H3—H* through a transition stat@tshb, that BH* would interact with one of the acetylemebonds to

which was included in our calculations because, as in the form a 3c-2e bond and perhaps that the other, orthogamal,
previous reaction, it could be relevant in deuterium labeled bond could extend to the boron atom to form a two electron

reactions. aromatic type of delocalized orbital that would contribute to
Compound2c, an ion with C3, symmetry, is obtained by its stability. The analysis based on the canonical MCBaf
substitution of one of the hydrogen atoms in BHby a methyl seems to confirm this structure, indicating a strong interaction

group. This substitution does not change the geometry aroundbetween an empty orbital localized on the boron atom with the
the boron atom considerably; however, it affects the electro- in-plane carborrcarbonz bond as well as an aromatic type of
philicity of the cation substantially. As mentioned before and orbital. In addition, the back-bonding of the-81 bonds in BH*
shown in Figure 4, the reaction @c with H, is essentially into the acetylene in-plang* orbital is also clear, which is
thermoneutral whereas the reaction of BHwith H, is analogous to the interaction observed in addadh the reaction
exothermic by 13.5 kcal/mol (Figure 1). A similar situation 0f BH2" with Ho. Results from the NO analysis also indicate
occurs with methane. Bell et #.reported that the reaction of  the lack of direct interactiono(bonds) between the boron and
CH,4 with 2c is analogous to the reaction of Gkbith BH,™. the carbon atoms, suggesting that there is no cyclic structure
Both reactions produce very similar adducts, but the binding but instead a “T” shaped bond connecting the boron atom with
energy of the former reaction (12.6 kcal/mol) is much smaller the center of the carbercarbon bond. However, NO analysis
than the latter one (32.1 kcal/mol) due to the electron donating Shows that there is no delocalizedbrbital. AIM analysis also
characteristic of the methyl group. supports these results, and, as indicated in Figure 2D, it seems
The validity of the potential energy surface can be scrutinized that carbon and boron atoms do not form a cyclic structure
by further experiments. As discussed befbithe switching because no ring critical point is found. Instead, boron is

reaction shown in eq 1 can be used for this purpose because iconnected to €-C° by a bond that extends to the center of the
C2—C?® bond. This is a very interesting topology, which seems

BH,”+ CH,—~H,C—BH," + H, 1) to be more associated with transition states than minima. There
are three critical points along the-€C? bond: the center one
generate®a from a less exothermic process. In this reaction, is a local maximum or attractor, and the other two are located
2ahas only 18.6 kcal/mol (see Tables 1 and 2) excess energyat each side and are bond critical points. The values of the
instead of 32.1 kcal/mol from the direct reaction of B-and density at these points are similar; however, this peculiar
CHa,. Therefore, even if all the excess energy remain2anit structure was confirmed by inspecting a plot of the total density
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Figure 5. Potential energy surface and structures for the reaction ef Blith C,H, at the CCSD(T)/cc-pVTZ//MP2(full)/cc-pVTZ level including
ZPVE.

TABLE 3: Energies, Symmetries, and Number of Imaginary Frequencies for the Reaction of Bkt with C,H,

MP2(full)/cc-pVTZ CCSD(T)/cc-pVT2 ZPE rel energy
species symmetry Nimag® (hartree) (hartree) (kcal/mol) (kcal/mol)
C:H2 Deon 0 —77.18869 —77.18758 16.75
3f Cen 0 —101.63852 —101.63287 19.05
BH," + C;H» N/A 0,0 —102.74733 —102.75252 28.03 0
3a Co 0 —102.85500 —102.85568 31.40 —61.4
3tsab Cs 1 —102.80902 —102.81943 28.96 —41.1
3b Cs 0 —102.82783 —102.83213 29.95 —48.1
3tsbe Cs 1 —102.77877 —102.77820 27.91 —16.2
3e Cs 0 —102.81118 —102.81245 29.71 —35.9
3f+ H; N/A 0,0 —102.80317 —102.80518 25.53 —35.6
3tshc Cs 1 —102.82641 —102.83507 29.23 —50.6
3c Ca 0 —102.83000 —102.84269 30.00 —54.6
3tscd Cs 1 —102.82800 —102.84035 29.78 —53.4
3d Cs 0 —102.87806 —102.87901 32.97 —74.4
3tsad Cs 1 —102.85042 —102.85098 31.08 —58.7
3tseé Ca 1 —102.77808 —102.77879 28.97 —15.6

aNumber of imaginary frequenciesSingle point calculation at the MP2(full)/cc-pVTZ level optimized geometkynscaled zero point vibrational
energy from MP2(full)/cc-pVTZ leveld Relative energy at the CCSD(T)/cc-pVTZ/IMP2(full)/cc-pVTZ level including ZPE.

in the molecular plane. Further insights into the structure of Our results at the MP2(full)/cc-pVTZ level show that the totally
this adduct can be obtained by rotating the Bhbiety in 3a planar structure has two imaginary frequencies.
by 9C¢°. We found that this process requires only 23.1 kcal/mol  From 3b two energetically feasible pathways are calculated,
at MP2(full)/6-311G(d,p) level, about one-third of the total as shown in Figure 5. The higher energy path leads to the loss
reaction energy, indicating that the main interaction between of a hydrogen molecule. On this path® bhifts to B forming
the reactants is located along thig, axis. In addition, it is complex 3e through 3tsbe Similar to complex2b, 3e has a
interesting to compare the AIM results with what is found for weakly bound H molecule and dissociates very fast to generate
CsH42™, also a planar structure isoelectronic wath The results, linear product3f and H. The 3c-2e bond in3e can switch
shown in Figure 3E, reveal thats84°" has a structure very  from B!—H4—H5 to B!—H5—HS through transition statgtseé;
different from that of3a, with three bond critical points and  however, it is 20 kcal/mol higher in energy than the products.
one ring critical point indicating its cyclic nature. We attribute Therefore, comple8edissociates readily t8f and H without
the difference to the lower electrophilicity of BHthat prevents exchanging the position of the hydrogen atoms. In addition, the
its interaction with the carbon atoms of acetylene strongly dissociating products are favored entropically.
enough to form sigma bonds. The substantially longer beron  On the other reaction pathgltih 3b shifts now to the opposite
carbon distance iBa also supports this conclusion. direction and forms minimurfic. The transition state connecting
As seen in Figure Sacan rearrange t8b through transition 3b and3cis 3tsbc In contrast to the calculation at MP2(full)/
state3tsah This transition state haSs symmetry and all the 6-311G(d,p) and MP2(full)/cc-pVTZ levels in which the energy
atoms except for Hand H are on one plane. According to the  of 3tsbcis higher tharBb and3c (see Table 3), the results at
calculations of Qu et a4 this transition state is predicted at the CCSD(T)/cc-pVTZ//MP2(full)/cc-pVTZ level show that the
the B3LYP/6-311G(d,p) level to have all the atoms on one plane. barrier betwee3b and3c disappears an8b becomes unbound
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Figure 6. Structure of3d at (A) B3LYP/6-311G(d,p) and (B) MP2-
(full)/cc-pVDZ level.

even without considering the ZPE. Inclusion of the ZPE
increases this difference makiBtsbceven more stable. Clearly
this portion of the potential energy surface is quite flat and its
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yet not all the hydrogen and deuterium atoms become totally
equivalent. Following the higher energy pathway in Figure 5,
3a—3tsab—3b—3tsbe-3e—products, it can be seen that H
migrates from €to B! to form complex3e As in the reactions
discussed above, transition stateeé cannot account for HD
scrambling because it is 20.3 kcal/mol higher in energy than
3eand cannot compete with the almost thermoneutral dissocia-
tion to form products. Therefore, this pathway would eliminate
exclusively HD in the reaction of BP with C,H,. This
pathway, as well as the totally random elimination, predicts that
HD should be relatively more abundant than, Hnd D
suggesting that previous isomerization3af should occur, for
example, through th8a—3tsad—3d—3tscd—3c—3tsbc—3b—
3tsbe—3e—product pathway. In this pathway, overcoming the
transition state8tsab is replaced by a series of lower energy
processes, as discussed before. The structure of com@aund
is of crucial significance, because the linedr&?—C3 moiety

structure depends on the basis set and the method employedé@nnot rotate freely. Therefore, either ishifts over to B

however, our best theoretical method indicates 3tsihcis not
a stationary point, in agreement with DFT results by Qu and
co-workers.

He in 3c can shift from B to C? to form minimum3d. This
is the most stable structure in the potential energy surface. The
structure of3d has been described earlier by Qu et3dh their
B3LYP/6-311G(d,p) calculatioBd has a structure resembling
the allyl cation (see Figure 6). However, in our higher level
calculation B is closer to € and a weak interaction between
these centers is evident. Thé-BC3 bond length is about 1.7
A, larger than the 1.4 A of the B-C2? bond in the same
compound. Despite the fact that the potential energy surface

orming a B.—H®—H7 3c—2e bond in3e or H* shifts forming

a B'—H*-H? 3c—2e bond ind3e The eliminated neutral species
is H%—H7 or H*—H5, respectively, indicating that the isotopic
reaction would lead to the loss ofldr D, in equal abundance.
The 3a—3d isomerization could occur many times back and
forth before3eis obtained, either througstsabor through3b—
3tsbc—3c—3tscd This process, in conjunction with the rela-
tively low energy required to rotate the BHnoiety in 3a
discussed above, would result in a complete H/D scrambling.
Clearly, this process occurs to some extent beRisbe the
overall rate-limiting transition state, is surmounted.

BH,t + C,H4. Similar to the reactions of B with CHa

appears to be very flat in this area, it seems that results at the@nd GHz, our theoretical results suggest that this reaction also

B3LYP/6-311G(d,p) level produce an incorrect geometry.
Cyclic BCH3 (Borirene) was reported as the smallest

aromatic molecul@’-28 Protonation of borirene generatéd or

3a, depending on which atom the proton attaches to; however,
it seems that protonation in either center disrupts its cyclic
structure. The transition state betweSznand3d (3tsad), which

was also found by QU lies very close in energy t8a (only

2.6 kcal/mol higher). Because the barrier a—3b is 20.3
kcal/mol, the isomerization a3a to 3d should proceed much
faster through3tsad than through 3tsab—3b—3tsbc—3c—

proceeds by addition and elimination of a hydrogen molecule,
in agreement with experiment&he results are shown in Table
4 and Figures 7 and 8.

The relative energies calculated by CCSD(T)/cc-pVTZ/IMP2-
(full)/cc-pVTZ agree qualitatively with those calculated at the
CCSD(T)/6-311G(2df,p)//B3LYP/6-311G(d,p) level by Qu et
al 13 However, becausde is identical to3d, its structure is
predicted to be different by these two methods, as discussed
above. In addition, these authors did not report a substantial
portion of the potential energy surface including compodigd

3tscd—3d. However, both paths are accessible because they arehe most stable structure.

both more than 40 kcal/mol below reactants. In addition, it
should be pointed out that the system should go firkido
form 3f and H, the only products observed experimentally.
The measured efficiency for this reaction is 1.00, indicating
that products are formed in every collisibrOur theoretical
results indicate that the rate-limiting transition statsbe is
16.2 kcal/mol more stable than the reactants. With such a low
relative energy (and the large initial exothermicity), almost all

As shown in Figure 7, addudgis 55.0 kcal/mol more stable
than the reactants, a value slightly lower than thaB&mwhich
is 61.4 kcal/mol below the entrance level. The difference in
binding energy can be explained in terms of the electron density
between the carbon atoms, which is lower in ethylene than in
acetylene. Therefore, BHi interacts strongly with the latter.

As shown in Figure 2F, the results from the AIM analysis
suggest that B attacks the ethylene bond, and two boron

collisions lead to products instead of going back to reactants, carbon bonds are formed. However, these bonds have very
resulting in the high efficiency observed experimentally. curved bond critical paths and the bond critical points are located
Although there are a variety of very stable structures, 3&e along theC,, symmetry axis indicating, as itain the reaction
almost 75 kcal/mol more stable than the reactants, once formedwith Hy, that most of the interaction is localized along that axis.
they proceed to products very quickly in comparison to their The energy required to rotate the BFhoiety by 90 on the
collision rate with the He buffer gas in the flowing afterglow Cy, axis in4ais only 8.6 kcal/mol at the MP2(full)/6-311G-
instrument, and stabilization (and detection) of the adduct should (d,p) level, which is consistent with the AIM results.

not be favorable, in agreement with experimental results.
Experiments suggest that the reaction of BOvith C,H,
leads to the loss of {1 HD, and B3 in approximately a 1:2:1
(H2:HD:Dy) ratio?® If isotope effects are neglected, which is
reasonable for such a fast reaction, a statistical ratio of 1:4:1
would be expected for a total H/D scrambling process. Obvi-
ously, H/D scrambling occurs to some extent in this reaction

Starting from4a, the potential energy surface can be divided
in four reaction pathways for analysis. The pa#las-4tsad—
4d—4eand4a—4tsad—4d —4ehave similar or related transition
states and minima structures as well as energies becalise
and4d' are two different conformers of the same compound.
In 4d B!'—H3—HS® forms a 3e-2e bond and eliminates®HH®
upon dissociation. In contrastid eliminates H—H® upon
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TABLE 4: Energies, Symmetries, and Number of Imaginary Frequencies for the Reaction of Bkt with C,H4

MP2(full)/cc-pVTZ CCSD(T)/cc-pVT2 ZPE rel energy
species symmetry Nimag® (hartree) (hartree) (kcal/mol) (kcal/mol)
CoH, Don 0 —78.43000 —78.43858 32.43
4e Cs 0 —102.87806 —102.87901 32.97
BH," + CHa N/A 0,0 —103.98864 —104.00352 43.72 0
4a Co, 0 —104.08664 —104.09664 47.20 —55.0
4tsab C 1 —104.05670 —104.06905 45.36 —39.5
4b C 0 —104.06694 —104.08095 45.22 —47.1
4tshc C, 1 —104.06438 —104.07895 44.90 —46.1
4c Cs 0 —104.09904 —104.10887 47.46 —62.4
4tsce C, 1 —103.99941 —104.00992 43.71 —4.0
4e+ Hy N/A 0,0 —104.04271 —104.05133 39.45 —34.3
4tsac Cs 1 —104.07635 —104.08556 46.56 —48.6
4tsad C 1 —104.02836 —104.03708 44.54 —20.2
4d' Cs 0 —104.05491 —104.06597 45.23 =377
4tsad C 1 —104.01695 —104.02694 44.07 —14.3
4d Cs 0 —104.05716 —104.06816 45.45 —38.8
Atscf Cs 1 —103.96344 —103.97614 44.67 18.1
4f Cs 0 —103.98659 —103.98659 46.79 13.7
4tsfg C 1 —103.94075 —103.94075 44.75 40.4
4g Daq 0 —104.15154 —104.16356 46.65 —-97.5
4tsdd Cs 1 —104.02792 —104.03783 44.62 —20.6

2 Number of imaginary frequencie€sSingle point calculation at the MP2(full)/cc-pVTZ level optimized geometkynscaled zero point vibrational
energy from MP2(full)/cc-pVTZ leveld Relative energy at the CCSD(T)/cc-pVTZ/IMP2(full)/cc-pVTZ level including ZPE.
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Figure 7. Potential energy surface and structures for the reaction ef Blith C;H, at the CCSD(T)/cc-pVTZ//MP2(full)/cc-pVTZ level including

ZPVE.

dissociation. In both cases one hydrogen atom originates from The other two pathwaygia—4tsac-4c—4tsce-4eand4a—
BH;" and the other comes from,8,. The transition state
connectingdaand4d, 4tsad is 5.9 kcal/mol higher thadtsad,
which connectdaand4d'. Therefore, the pathwade—4tsad —
4d' products should be favored althougtiis more stable than
4d'. Furthermore, we should note that both transition states arethe only one reported by Olah et al. in their recent theoretical
more stable than the reactants and that, in principle, both couldstudy of the reactions of B with alkenes at the B3LYP/6-
be involved in the reaction mechanism. The transition state 311+G(d,p) level!®> Their results agree with ours; however, the

4tsdd connectgtd and4d', shifting the B-H—H 3c—2e bonds,
and is energetically comparable 4¢sad; however, it cannot
compete with the rapid dissociation to products from eidubr

or 4d'.

4tsab—4b—4tsbc—4c—4tsce-4e share two stationary points,
minimum4c and transition statétsce In the first pathway, P
in compound4a shifts from B' to C” and the B—C” and B-—
H2 bonds break to formic through4tsac This reaction step is

stability of structureta seems to be overestimated by about 10
kcal/mol in their report. On the other path, thé&-BC” bond in
4abreaks, going through transition statdsaband4tsbcand
minimum 4b involving a series of hydrogen shifts (see Figure
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Figure 8. Potential energy surface and structures for the isomerization pathway betward4g at the CCSD(T)/cc-pVTZ//MP2(full)/cc-pVTZ
level including ZPVE. The left axis is the energy relative to BH- C;H,, and the right axis is relative téc.

7) to form4c. In the portion shared by these two paths, transition surmount limiting transition states with similar energies (actually

statedtsce which connectglc and4e, is 16.2 and 10.3 kcal/
mol higher in energy thadtsad and4tsad respectively, the
competing pathways to products. In comparison, althaligbe

4 kcal/mol lower in the ethylene case), the formation of the
initial adduct in the reaction with ethylene is not only a slightly
less exothermic process but also the energy is distributed

lies slightly below the reactant’s energy, the higher energy between a larger number of degrees of freedom (assuming

barrier makes it unfavorable fotc to follow pathway4c—
4tsce-4e Insteaddc must go back tala through eithedtsac
or 4tsbc—4b—4tsab (see Figure 7).

Compound4c is a very stable structure on the potential

statistical behavior). Therefore, it should be less probable for
the required energy to get localized into the reaction coordinate
for the ethylene than for the acetylene reaction. As a con-
sequence, the adduct spends relatively more time in the deep

surface in which the ethyl group stabilizes the positive charge, potential well betweedaand4c; therefore, it has more chance

similar to what is observed iéc and 3d. Qu identified4c as
the most stable minimum in the [BElg]* potential energy

to be stabilized by collision with the buffer gas in the SIFT
instrument. This interpretation also agrees with the increased

surface; however, it is easily predicted that two methyl groups H/D scrambling observed experimentdflyn the reaction of
should stabilize the positive charge in boron more than one ethyl BH,* with C;D,.

group. Sure enough, as shown in Figure 8 and Table 4, structure

4gis found to be about 35 kcal/mol more stable tismand

If complete H/D scrambling occurs in the reaction witsDg,
the relative abundance of,HHD, and 3 should be 1:8:6,

consequently about 100 kcal/mol more stable than the reactantsheglecting kinetic isotope effects. Experimental regtikhow

It is interesting to emphasize that formation4gf involves the
rupture of the original carbencarbon double bond in ethylene.
In the isomerization pathway betwedn and4g, shown in

Figure 8, B in 4c approaches €and H shifts to C to form
the intermediatéf through transition statétscf. From4f, the
insertion of boron into the carbercarbon bond is completed
through transition statétsfg, the overall rate-limiting step for

that elimination of H, HD and » occurs in a 2.5:8:4.5
proportion. These values are consistent with complete H/D
scrambling considering that the slight deviation can account for
a small isotope effect favoring the elimination of the lighter
molecule. Experiments also show that these results are mirrored
in the reaction of BR" with C,H4, which further confirm our
interpretation.

this process. Consequently, despite the great thermodynamic As mentioned before, the H/D scrambling occurs during the

stability of 4g, its formation is precluded on the basis of kinetic
reasons, becaugksfg lies about 40 kcal/mol above reactants.

4a—4cisomerization. Free rotation along thé-GC7 ¢ bond in
4cmakes H, H8, and H equivalent. Furthermore, the symmetry

Because of the about 32 kcal/mol exothermicity in the reaction of 4a makes equally probable the shift of kb C” or H3 to C*,

producing4e (or compound3d in the reaction of BH" with
C,Hy), it could in principle dissociate to forr8f and H, thus
eliminating another limolecule (see Figure 5). However, the

required energy for this process is about 58 kcal/mol and, even

assuming that all the excess energy remaindenit cannot
dissociate further t8f. This is in agreement with experiments,
in which addition followed by elimination of only one hydrogen
molecule is observet.

The efficiency for this reaction is 0.93, indicating that almost
all collisions lead to productsOur calculations indicate that
the rate-limiting transition statdtsad, is 20.2 kcal/mol more

and consequently all hydrogen atoms become equivalent. In
addition, isomerization througb is also energetically acces-
sible and, therefore, can contribute to the H/D scrambling.
BH,* 4+ CyHe. The results for this reaction are shown in
Table 5 and plotted in Figure 9. From the figure it is evident
that our computations suggest that two products can be formed,
addition and elimination of KHor elimination of CH, in
excellent agreement with experimehtéle also found that more
than one pathway for the addition followed by Elimination
is possible. One of the pathsh—5tsbd—5d—5h, analogous to
the reaction of BH"™ with CHy4, has only been mentioned by

stable than the reactants, consistent with such a fast reactionDepuy in conjunction with the experimental resdit®oth
However, experiments also indicate that 15% of the product is reactions form initial adducts with similar structurédy and
the stabilized adduct. When compared to the reaction of 2a. They are 39.9 and 32.1 kcal/mol more stable than their
acetylene and despite the fact that both reactions have toreactants, respectively, and the difference in energy is mainly
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TABLE 5: Energies, Symmetries, and Number of Imaginary Frequencies for the Reaction of Bkt with C,Hg

MP2(full)/6-311G(d,p) CCSD(T)/6-311G(d,p) ZPE rel energy
species symmetry Nimag® (hartrees) (hartrees) (kcal/mol) (kcal/mol)
CoHe D3y 0 —79.60859 —79.61565 47.70
BH;" Do 0 —25.55259 —25.55425 11.15
H. Do 0 —1.16027 —1.16832 6.48
5h Cs 0 —104.04362 —104.04261 47.56
59 D3y 0 —104.09460 —104.09215 46.78
5i Cs, 0 —64.82844 —64.82827 28.80
CH, Ty 0 —40.39804 —40.40582 28.58
BH;" + CoHe N/A 0,0 —105.16118 —105.16990 58.85 0
5b Cs 0 —105.23120 —105.23823 61.80 —39.9
5tshd Ci 1 —105.18255 —105.18773 58.89 —-11.1
5d C: 0 —105.21043 —105.21676 58.50 —29.8
Stsdd C 1 —105.17845 —105.18445 58.15 —-9.8
5h+ H; N/A 0,0 —105.20389 —105.21093 54.03 —30.6
5tshc C: 1 —105.19362 —105.20027 59.32 —18.6
5c C 0 —105.19493 —105.20392 59.90 -20.3
Stsce C 1 —105.17466 —105.18748 56.80 —-13.1
5e Cs 0 —105.25366 —105.25962 60.80 —54.3
5i+ CH,4 N/A 0,0 —105.22648 —105.23409 57.38 —-41.7
5a C, 0 —105.24511 —105.24960 62.36 —46.5
Stsae C: 1 —105.15778 —105.16764 59.31 1.9
Stsef Cs 1 —105.21188 —105.21583 58.18 —29.5
5f Co 0 —105.25638 —105.26203 54.29 —62.4
59+ H, N/A 0,0 —105.25488 —105.26047 53.26 —62.4

aNumber of imaginary frequencie%Single point calculation at the MP2(full)/6-311G(d,p) level optimized geométdnscaled zero point
vibrational energy from MP2(full)/6-311G(d,p) levélRelative energy at the CCSD(T)/6-311G(d,p)//MP2(full)/6-311G(d,p) level including ZPE.
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Figure 9. Potential energy surface and structures for the reaction of B¥th C;Hs at the CCSD(T)/6-311G(d,p)//MP2(full)/6-311G(d,p) level

including ZPVE.

due to the stabilizing effect of the additional methyl group in 5athe boron atom attacks at the center of the@bond. Adduct
5b. Complex5d is slightly more stable than the produck
and H, at our highest level; however, as in the reaction with 4a. The stability of these adducts relative to their reactants is
CH,, the relative stability is reversed when zero point energy in the order3a > 4a > 5a. From GH, to C;Hg the decreased
is considered. Therefore, the complex is not bound and the losselectron density along the carbeparbon bond causes the
of H, occurs very quickly. As in the previous reactions, a binding energy with B to decrease. Interestingly, AIM
transition state switching the 3@e bond from B—H?—H5 to
B1—-H2—H2 in 5d, 5tsdd, was found (not shown in Figure 9).
It has a structure similar tatsbb’ and is 19.9 kcal/mol higher
than5d; therefore, it cannot compete with dissociation.

In addition, another pathway forz€limination was found,
i.e., 5a—b5tsae-5e—5tsef-5f—5g. In contrast to addudib, in

5ais more stable thaBb and is similar in structure t8a and

analysis performed at MP2(full)/cc-pVTZ level shows that there
are three bond critical points and one ring critical point in the
B1—-C*—C8 moiety, as shown in Figure 2G, indicating th&tB
C*—C8forms a cyclic structure. In addition, it shows no bonding
between B—H> or B!—HS. Structure5e is similar to 2a;
however, methane is more loosely bound in the former (12.6
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kcal/mol) than in the latter (32.1 kcal/mol) because of the effect should also point out that the path leading to the elimination of
of the additional methyl group. The transition state connecting H, with 5g as final product should also produce HD in the

Saandb5e 5tsag is higher in energy than the reactants; therefore,

this path is unlikely, which is the only reaction path involving
5a directly. However,5a can easily isomerize t8b through
transition statétsaband proceed to products visbd or/and
5tsbc In the last step of this pathway®Hiigrates to B in 5e
to form 5f, a loose complex of CHBCH;* and H, which lies

labeled reaction (see Figure 9); however, as discussed above, it
might not play a role because elimination of methane is favored
oncebeis formed. In the elimination of Cl{ path5b—5tsbc—
5c—5tsce-5e—5i, the leaving methane containg,HH°, H1O,

and H. All the hydrogen atoms in methane are from reactant
ethane; thus, the reaction of BDwith ethane should produce

very close in energy to products and dissociates very quickly CH; exclusively, in agreement with experimental results.

to 5g and hydrogen molecule. I5f, the H—H?® bond is 0.74
A, very close to the equilibrium bond length i, ¥D.736 A),
whereas the HB! and H—B! bonds are very long, 2.94 A.

Furthermore, no structures that could produce H/D scrambling
were found in this pathway.

It is interesting to point out that both mechanisms found to Conclusions

eliminate the hydrogen molecule produce ionic products with

The reactions of Bk~ studied here show the remarkable

different structures, which obviously cannot be distinguished electrophilic characteristics of Bfi. It is less reactive than
in the mass spectrometer. However, our calculations suggesicH,*, but substantially more selective too, as evidenced by the

that the structure should be that%i, even thougltbgis about

reactions of BR". The theoretical results suggest reaction

32 kcaI/mOI more Stable It seems that in '[hIS reaction, as in the mechanisms that are in Complete agreement Wlth known

reaction with GH,4, the generation of a product in which the
carbon-carbon bond is broken is thermodynamically favored
but kinetically forbidden. In any event, oné&h is formed, it
could in principle isomerize t&g after the elimination of kKl

experimental data.

The reactions of Bkt™ with simple hydrocarbons show that
very exothermic adducts are formed and that the stability of
these adducts depends on the availability of electron rich bonds

occurs. This isomerization has been investigated in the previousin, the hydrocarbon; therefore, their relative stability is acetylene
reaction. The results, presented in Figure 8 (right axis) where > ethylene> ethane. This is also the order of reactivity as

5h and 5g are identical todc and 4g, respectively, show that
even if all the energy released to forshh and H (30.6 kcal/

revealed by the relative energy of the rate limiting transition
state for each reaction and in agreement with experiments. The

mol) is retained in the ion, it would not be enough to surmount AlM and natural bond analyses show some insights into the

transition stateltsgf, around 100 kcal/mol aboveh.

bonding structure of the adducts and suggest structures ranging

The channel leading to the loss of methane proceeds throughfrom clearly cyclic in ethane to “T” shaped as in the case of

5b—5tsbc—5c¢—5tsce-5eand finally generateSi and methane.
In 5b H shifts to @ and forms minimun®c, in which the G-

C8 bond breaks through transition stditsce This transition
state is stabilized by the simultaneous formation of the &
and H—C* bonds that give rise to the only kinetically accessible
transition state for the scission of a carbararbon bond found

in this study.

Compoundseis shared by two different pathways, leading
to the elimination of either Cldor H,. Although both pathways
are energetically feasible, the path to losgi$iless probable
because it involvestsef a transition state located 12.3 kcal/

mol higher in energy than the methane elimination products

acetylene.

The rupture of a carberhydrogen bond occurs in all the
reactions studied and Hs the common elimination product,
similar to the reaction of some transition state cations. In
contrast, the carbencarbon bond is activated only in ethane
despite a very exothermic reaction in acetylene and ethylene is
predicted.
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