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Abstract

The potential-energy surface for the activation of ethylsilane by “naked” Co1 ions is investigated by using density
functional theory at the B3LYP level of theory and a valence double zeta basis. In particular, the pathways for the expulsion
of the neutral molecules SiH4, H2, and CH4 are examined, which are also observed in the mass spectrometric experiments. Five
conceivable oxidative additions of the substrate to Co1 are considered in the computational study, i.e. the primary insertions
of the metal ion into the C–Si, C(1)–H, C(2)–H, C–C, and Si–H bonds. Comparison with experimental data shows qualitative
agreement in that all experimentally observed products are predicted by theory to be formed in exothermic reactions with
thermally surmountable barriers. Quantitatively, the ratio of the losses of SiH4, H2, and CH4 is less well reproduced by the
applied theoretical approach; however, the energetic differences between the rate determining transition states are too small to
be resolved within the accuracy of most, if not all, nowadays theoretical methods applicable to transition-metal compounds.
(Int J Mass Spectrom 199 (2000) 107–125) © 2000 Elsevier Science B.V.
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1. Introduction

The activation of C–H and C–C bonds by transi-
tion-metal complexes has been a matter of interest in
chemistry for at least the last three decades both in
solution [1–3] and in the gas phase [4–13]. However,
as alkanes are chemically very inert substrates, their
activation often requires the use of highly reactive
reagents, such as coordinatively unsaturated transition
metals. As a consequence, low selectivity is more the

rule than the exception. There are at least two con-
ceivable approaches aiming toward a more selective
activation of C–H and C–C bonds. (1) The reactivity
of the activating reagent, i.e. the transition metal, can
be tuned by choice of appropriate ligands to favor
activation of the bond of interest. (2) The use of
functionalized substrates may induce more regioselec-
tive activations through the influence of the functional
group. One example for the latter approach is, in
analogy to Breslow’s terminology [14–16], the so-
called “remote functionalization” in the gas phase
[17,18]. In short, remote functionalization involves
initial coordination of the transition metal to the
functionalized group (“docking”), followed by an
internal solvation due to agostic interaction of the
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metal ion with C–C and/or C–H bonds; thereby
directing the transition metal toward a particular
region of the aliphatic backbone of the substrate
where eventually bond activation occurs.

Our group has studied the metal-ion mediated
activation of several functionalized substrates in de-
tail, e.g. nitriles, ketones, and alcohols, just to mention
a few of them [17–25]. A particular case which has
attracted much interest in our group lately, concerns
the high selectivity observed in the remote function-
alization ofv-silyl-substituted alkanenitriles [26,27].
To elucidate the underlying reaction mechanisms in
more detail, combined experimental and theoretical
studies on alkanenitriles [28] and an experimental
study on the activation of alkylsilanes [29] were
initiated. Further, as to the role of the metal ions’
electronic structure, the activation ofn-propyltrimeth-
ylsilane by Fe1 and Co1 reveals that the product
branching ratio depends very much on the transition
metal used [30]. However, despite use of extensive
labeling, some questions remain unclear concerning
the detailed mechanism of the metal-mediated bond
activation, and theoretical studies were indicated.
Albeit some significant progress, nowadays available
theoretical methods can hardly be employed to answer
these questions for open-shell systems of large size. In
this context, even relatively small molecules such as
n-propyltrimethylsilane are already too large a sub-
strate to allow for a detailed and accurate theoretical
treatment of the relevant potential-energy surfaces
(PESs) at a sufficient level of theory.

As a first-order approximation, we have therefore
decided to consider a smaller model system which
allows both, theoretical and experimental investiga-
tions. In the present study, the reactivity of the system
Co1/ethylsilane is examined theoretically, inspired by
mass spectrometric Fourier transform ion cyclotron
resonance (FTICR) and sector-field mass spectro-
metry (MS) experiments. This study will be supple-
mented in the near future by a combined experimental
and computational study of the Fe1/ethylsilane sys-
tem, which will then allow comparison of the elec-
tronic structure role in the activation behavior of these
two important transition-metal ions [8,31–33].

2. Experiments

The Co1/ethylsilane system is investigated by
FTICR mass spectrometry [34,35] and metastable ion
(MI) decay in a sector field mass spectrometer (sector-
MS) [36–38]. These experimental techniques are
chosen because they allow investigation of the system
of choice under gas-phase conditions, i.e. free of any
bulk effects; thereby permitting direct comparison
with the theoretical data.

Both, sector-MS and FTICR show qualitative
agreement in terms of prevailing losses of neutral
SiH4 from metastable Co(C2H5SiH3)

1 and the
Co1 1 C2H5SiH3 couple, respectively. However,
whereas loss of SiH4 is the dominating channel in the
sector-MS experiment with 94%, it accounts for only
50% of the products in FTICR. Further products
observed in both experimental setups are the losses of
H2 and CH4 (Fig. 1). In FTICR C2H6 and CoH are
also formed. According to the product distributions
and the nature of the products generated in the two
experiments, MI studies with sector-field MS exhibit
a higher selectivity than the FTICR experiments. We
attribute this difference to a lower internal energy
content of the metastable ions compared to the en-
counter complexes formed from the separated reac-

Fig. 1. Product distribution for Co1/ethylsilane in FTICR and
sector-MS experiments. The intensities are normalized to
Sproducts5 100%. Ion intensities,1% are omitted. (a) In addition,
a small Co1 peak (,1%) due to loss of the entire ligand is
observed. (b) Although this product was not observed in the MI
spectrum, a distinct peak atm/z5 89, corresponding to Co-
(SiH2)

1 1 C2H6 was found upon collisional activation. (c) This
channel can be distinguished from the isobaric Co1 fragmentation
by isotopic labeling. Thus, for Co1/C2H5SiD3 only Co1 is ob-
served. Moreover, upon collisional activation also CoD but not
CoH is lost from the labeled ion, supporting the assigned silylium
structure.
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tants in the FTICR [39,40]. This conjecture is further
supported by the appearance of a Co(SiH2)

1 fragment
due to loss of neutral C2H6, which is generated upon
collisional activation (CA) in the sector-MS.

Labeling experiments using Co1/C2H5SiD3 are
also performed in the sector-MS. The MI spectrum
shows losses of SiD3H (95%), CH3D (2%), and D2

(3%) [41]. Upon CA, also small amounts of HD and
H2 are produced, thus complicating the assignment of
a definite mechanism for this reaction channel. How-
ever, the labeling experiments are quite helpful in that
the formation of SiD3H suggests involvement of the
C–Si and a C–H bond, whereas the generation of
CH3D points to C–C and Si–D bond activation.
Further, formation of D2 clearly demonstrates initial
Si–D insertion.

In addition, the reaction of Co(C2H4)
1 with silane

is considered under FTICR conditions, but no product
formation at a reasonable rate constant is observed
(k , 2 3 10212 cm3 molecule21 s21), suggesting
that D0[Co(SiH4)

1] , D0[Co(C2H4)
1] 5 44.56

2.1 kcal/mol [42].

3. Theoretical methods

In the calculations, the program package GAUSS-
IAN94 is employed [43]. The relatively large size of
the systems explored requires the use of the CRAY-
YMP supercomputer at the Konrad-Zuse-Zentrum fu¨r
Informationstechnik Berlin in terms of both, memory
supply and computer time. Density functional theory
(DFT) at the B3LYP level of theory [44,45] is utilized
because it has been shown to provide reasonably
accurate energetics for transition-metal mediated ac-
tivation of organic substrates [28,46–48]. A valence
double-zeta (VDZ) quality basis set as developed by
Ahlrichs and co-workers [49] is used for Co, H, C,
and Si; it is denoted BS1 and consists of the follow-
ing basis functions and contractions: H (4s)/[2s],
C (7s4p)/[3s2p], Si (10s7p)/[4s3p], and Co
(14s8p5d)/[5s2p2d].

All structures discussed correspond to fully opti-
mized stationary points for which both, the gradients
as well as the displacements from analytical second

derivatives fulfill the standard convergence criteria
[50]. All stationary points are characterized by fre-
quency analysis. In addition, the transition structures
(TSs) are verified by intrinsic reaction coordinate
(IRC) [51,52] calculations, which connect the TSs
with the corresponding minima. For the sake of
computer time, the IRC calculations are interrupted
when structural proximity to the related minima is
reached, rather than completely exploring the confor-
mational space. All energies are corrected for the
zero-point vibrational energy (ZPVE) contributions
and, unless noted otherwise, refer to 0 K.

Even small basis sets usually yield reliable results
in the geometry optimizations, whereas the energetics
of the system may depend more on the size of the
basis set. To test this very general assumption, the
effect of a larger basis including polarization func-
tions (BS2) in our B3LYP calculations is evaluated.
Some trial geometry optimizations are performed on
the species CoC2H4

1, CoSiH4
1, TS11/12, and

C2H5SiH3. The BS2 basis set is of approximately
valence triple zeta (VTZ) quality, and consists of
the Wachters1f basis for cobalt [53–55] and the
cc-pVTZ basis according to Dunning and co-work-
ers [56 –58] for Si, C, and H. The contractions for
the basis set read as follows: H (7s2p1d)/[3s2p1d], C
(12s7p2d1f )/[4s3p2d1f], Si (15s9p2d1f )/[5s4p2d1f],
and Co (14s11p6d3f )/[8s6p4d1f]. Single-point en-
ergy calculations on the critical parts of the PES are
also performed using the B3LYP/BS2 approach,
where we define the transition states of the rear-
rangement, the entrance channel, and the exit chan-
nels as the critical species along all reaction paths.

4. Results

The PES for the activation of ethylsilane1 by
“naked” Co1 cations is calculated for five conceivable
activation mechanisms, i.e. the initial insertions of the
Co1 ion into the C–Si, C(2)–H, C(1)–H, C–C, or
Si–H bonds (Fig. 2).

The geometry calculations presented here are per-
formed by using the B3LYP/BS1 approach. Some
trial geometry optimizations using B3LYP and the
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BS2 basis set are performed to make sure that the
small basis is efficient enough to yield reliable geo-
metric features. These calculations involve the species
CoC2H4

1, CoSiH4
1, TS11/12, and C2H5SiH3. The BS2

optimized geometries agree very well with the BS1
optimized geometries with deviations in the bond
lengths between the two methods below 0.03 Å, such
that we conclude that the B3LYP/BS1 approach is
sufficient for the geometry optimizations. Only the
triplet surface is considered for several reasons. (1)
The experimentally determined, well established trip-
let–quintet splitting of Co1 (3F 3 5F) amounts to
8.3 kcal/mol [59], whereas the corresponding triplet–
singlet splitting is even more pronounced. (2) Van-
quickenborne and co-workers found the quintet sur-
face to be of little importance for the activation of
methane by Co1 [60]. (3) Exploratory calculations on
the quintet and singlet surfaces reveal a very strong

preference of the Co1 system toward a triplet spin
state, as is illustrated by the following examples. For
instance, the fully optimized structures for the en-
counter complexes on the singlet and quintet surfaces
are located 16.1 and 19.1 kcal/mol, respectively,
above the most stable conformer of the encounter
complex on the triplet surface. In addition, the pri-
mary product of C–Si bond insertion (see the follow-
ing) is also examined for all three spin states. Here,
the singlet structure is 17.2 kcal/mol and the quintet
structure is 20.0 kcal/mol higher in energy than the
corresponding triplet species. Consequently, the sin-
glet and quintet surfaces are unlikely to participate in
the reaction, and we assume that consideration of the
triplet PES provides a sufficient description of the
reactivity of the system.

Because of the known deficiency of B3LYP to
treat atoms accurately [61–64], we expect that the

Fig. 2. Schematic description of the five calculated reaction pathways of the Co1/ethylsilane system. Note, that only the expected minima along
the reaction coordinate are displayed. Transition states connecting the respective minima are discussed in the text.
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theoretically predicted complexation energy of Co1

and 1 is somewhat too large. Thus, the entrance
channel is likely to be associated with a larger error
than the remaining parts of the PES to which we
attribute an average error of68 kcal/mol. This
uncertainty is based on the average deviations of some
calculated bond-dissociation energies and heats of
formation for model processes with known literature
values [65] as well as comparison with B3LYP
investigations of transition metal/hydrocarbon sys-
tems with basis sets of similar quality [66–68].

In the following, we first describe the reactants and
the encounter complex because they are common to
all five insertion pathways. Then the remaining min-
ima and transition states of the five individual routes
are discussed separately in the order of their appear-
ance in Fig. 2.

In agreement with the established electronic states
[59], the ground state of Co1 is calculated to be3F.
The corresponding quintet excited state is calculated
to be only 2.5 kcal/mol above the ground state
compared to the experimental value of 8.3 kcal/mol
[59]. The deviation from the experimental state split-
ting highlights the known problem associated with the
B3LYP approach in the calculation of atoms as
mentioned previously [61]. The optimized minimum
structure of ethylsilane1 (1A9) hasCs symmetry and
is displayed in Fig. 3. Note that throughout the article
we refer to the two different carbon atoms as C(1) and
C(2), according to IUPAC nomenclature. The lengths
of the Si–C, C–H, C–C, and Si–H bonds of1 are
further used as internal references for typical single
bonds between these elements.

The h4-coordinated encounter complex2 is the
most stable conformer localized, and set toErel 5 0.0
kcal/mol on the energy scale. In2, the Co1 cation
interacts with C(2), silicon, and two hydrogen atoms
one from C(2) and the other from silicon, respec-
tively; these hydrogen atoms are directed towards
Co1 in an agostic fashion [69,70]. The Co–Si distance
of 2.77 Å (as compared torCoSi 5 2.44 Å in 3)
indicates an electrostatic interaction, whereas the
Co–C interaction is much weaker as displayed by the
long Co–C distance of 2.50 Å (rCoC 5 1.94 Å in 3).
The two hydrogen atoms approaching Co1 show

Co–H bond lengths ofrCoH 5 1.85 and 1.67 Å,
whereas the corresponding C–H and Si–H bonds are
elongated by 0.03 and 0.12 Å as compared to the one
of free ethylsilane; this again indicates a by and large
electrostatic interaction.

Three other conformers of the encounter complex
2 are localized during the calculations, all of which
are less stable than2; for the sake of clarity, these
conformers are not included in Fig. 3. Briefly, a
h3-coordinated conformer is located only 0.8 kcal/
mol above2. Here, interaction occurs between Co1

and the silicon atom as well as two of the silylic
hydrogen atoms. Another conformer (Erel 5 4.1 kcal/
mol) shows strong interactions between the silicon
and Co1 (rSiCo 5 2.50 Å) as well as C(1) and Co1

(rCoC(1) 5 2.45 Å). Finally, anotherh3 complex
(Erel 5 8.9 kcal/mol) is characterized by the interac-
tion of Co1 with C(1) (rCoC(1) 5 2.10 Å) and both
hydrogen atoms on C(1) (rCoH 5 1.94 Å); in this
conformer no interaction with silicon is achieved. The
fact that the silicon-bound conformers are at least 4.8
kcal/mol more stable than the carbon-only bound
conformer indicates that coordination to the silyl-
group is notably stronger than that to the alkyl moiety.
Note that in the construction of the PESs only the
most stable conformers are considered, because we
assume the barriers for the interconversion of the
different conformers to be much lower than the
barriers for cleavage and/or formation of covalent
bonds.

4.1. C–Si bond insertion

From the encounter complex2, the reaction com-
mences via TS2/3 toward3 (Fig. 4). In TS2/3 (Erel 5
12.5 kcal/mol), the cobalt ion approaches the C–Si
bond, which is elongated to 2.72 Å. TheC1-symmet-
ric structure exhibits a single imaginary frequency
(i240.8 cm21) which corresponds to the stretch of the
C–Si bond together with a widening of the C(1)–
Co–Si angle.

The most stable conformer of the C–Si insertion
complex3 (Erel 5 9.2 kcal/mol) exhibits an eclipsed
conformation with a dihedral angle [Si–Co–C(1)–
C(2)] of 105° and Co–C(1) and Co–Si bond lengths of
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Fig. 3. Minima and transition structures of the Co1/ethylsilane system calculated at the B3LYP/BS1 level of theory. Bond lengths are given
in angstroms and angles in degrees.
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rCoC(1) 5 1.94 andrCoSi 5 2.44 Å. At least two other
rotamers (not shown) exist for the C–Si inserted
structure. The first one is located only 0.1 kcal/mol
above3, showing an eclipsed conformation with a
dihedral angle [Si–Co–C(1)–C(2)] of 150°. The sec-
ond structure (Erel 5 10.4 kcal/mol) has a gauche
conformation with a dihedral angle [Si–Co–C(1)–
C(2)] of only 52°, thus causing a repulsive interaction
between methyl and silyl groups.

From 3, the reaction proceeds toward TS3/4
(Erel 5 39.6 kcal/mol). The geometrical features of
the transition structure describe a concerted process of
(1) C–H bond cleavage at the methyl group (b-
hydrogen transfer,rCH 5 1.33 Å) and (2) transient
formation of a Co–H bond (rCoH 5 1.61 Å). The
imaginary frequency (i1184 cm21) of the multicen-
tered [66] TS corresponds to the migration of the
hydrogen from cobalt towards the silyl group, along
with some rearrangement in the C2H4 moiety. Note,
however, that in the TS the Co–C bonds are distinctly
different (rCoC(2) 5 2.22 versusrCoC(1) 5 2.08 Å)
such that theh2 coordination of the ethylene ligand is
not yet achieved.

Complex 4, Co(C2H4)(SiH4)
1, is formed after

passing TS3/4 and corresponds to the most stable
structure along the C–Si bond insertion PES. In4
(Erel 5 212.3 kcal/mol), the ethylene molecule is
attached to one side of the Co1 atom whereas the
SiH4 molecule is located on the opposite side with one
hydrogen atom pointing directly from silicon toward
Co1, forming a Co–H–Si angle of 180°. Thus, SiH4 is
connected to the metal ion only by a weak electro-
static Co. . . H . . . SiH3 interaction, whereas ethylene
is h2 coordinated to the cobalt cation; the latter is
indicated by two identical Co–C bonds ofrCoC 5
2.12 Å and a C–C bond with a bond length ofrCC 5
1.39 Å, typical for a C–C double bond. In another
conformer (Erel 5 29.3 kcal/mol, not shown), the
SiH4 moiety is bound such that the silicon atom
electrostatically interacts with Co1, with the silicon–
cobalt axis intersecting the angle of two of the
hydrogen atoms whereas the bonding to the C2H4

moiety is alike in both conformers, as displayed by
identical geometries of the Co(C2H4)

1 substructures.
From 4, the product channels Co(C2H4)

1 1 SiH4

(Erel 5 9.5 kcal/mol) and Co(SiH4)
1 1 C2H4

Fig. 4. B3LYP/BS1 PES of the C–Si insertion pathway of Co1 1 C2H5SiH3 relative to the lowest-lying encounter complex2; ZPVE
corrections are included, and the relative energies are given in kilocalories per mole.
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(Erel 5 32.4 kcal/mol) can be reached by simple
dissociation (Fig. 4). Due to the calculated higher
stability of Co(C2H4)

1 (D0 5 50.6 kcal/mol) as
compared to Co(SiH4)

1 (D0 5 27.7 kcal/mol), loss
of silane from4 is favored by 22.9 kcal/mol compared
to elimination of ethylene. The cobalt–ethylene com-
plex 5 exhibits a3A2 ground state inC2v symmetry.
The bond length of the C–C bond (rCC) of 1.41 Å is
slightly elongated as compared to free ethylene
(rCC 5 1.34 Å) in accord with bond formation be-
tween Co1 and ethylene and concomitant weakening
of the C–C double bond. The calculated bond disso-
ciation energy ofD0[Co(C2H4)

1] 5 50.6 kcal/mol,
however, has to be viewed with care, because (1) the
error associated with the calculation of the metal
cation is rather large as mentioned previously [61],
and (2) the bond dissociation energy of this complex
is experimentally determined to be 44.56 2.1 kcal/
mol [42]. However, the qualitative view appears to be
correct, e.g. the Co(C2H4)

1 complex is more strongly
bound than Co(SiH4)

1 which is consistent with the
absence of ethylene loss in the experiment. Note that

neutral SiH4 has been calculated inCs symmetry with
an 1A9 ground state, because the optimized structure
shows slight deviations from tetrahedral symmetry.
Attempts to optimize the structure in tetrahedral
symmetry resulted in small imaginary modes during
frequency analysis. In the Co(SiH4)

1 complex6, the
cobalt–silicon axis intersects the angle between two of
the hydrogen atoms on silicon, forming Co–Si–H
angles of 50°. The distance ofrCoSi 5 2.37 Å points
to a covalent bond with a bond length comparable to
the cobalt-silicon distance in the insertion product3.

4.2. C–H bond insertion

Owing to its relationship to the C–Si insertion path
(Fig. 2), activation of the C(2)–H bond is considered
first. Starting from the encounter complex2, initial
insertion into the C(2)–H bond yields7 via TS2/7
(Erel 5 23.3 kcal/mol, Fig. 5).This TS shows a
product-like structure, the major structural difference
between TS2/7 and7 concerns the length of the C–H

Fig. 5. B3LYP/BS1 PES of the C(2)–H insertion pathway of Co1 1 C2H5SiH3 relative to the lowest-lying encounter complex2; ZPVE
corrections are included, and the relative energies are given in kilocalories per mole.
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bond into which the cobalt cation inserts (rCH 5 1.11
Å in 2, rCH 5 1.84 Å in TS2/7, andrCH 5 2.35 Å in
7). The imaginary frequency (i550 cm21) corre-
sponds to a large extent to the motion of the hydrogen
atom away from C(2), thus increasing the (C–Co–H)
angle from 63° in the TS to 85° in7. In addition, the
movement of C(2) toward C(1) accompanied with a
slight shortening of the C–C bond (from 1.53 Å in
TS2/7 to 1.51 Å in 7) contributes to the transition
mode.

For the C(2)–H insertion structure three conform-
ers are localized. The most stable species7 (Erel 5
21.6 kcal/mol) corresponds to an anti-conformer with
respect to the C–C bond. Two other conformers (not
shown) are located atErel 5 26.4 kcal/mol andErel 5
30.3 kcal/mol, respectively. The former corresponds
to an anti-conformer, with a different Co–C(2) bond
length and C(2)–Co–H angle as compared to7
[ rCoC(2) 5 1.99 Å and C(2)–Co–H5 102° versus
rCoC(2) 5 1.93 Å and C(2)–Co–H5 85° in 7]. These
slight geometric deviations of the two conformers are
unlikely to account for an energetic difference of 4.8
kcal/mol between7 and the corresponding conformer
at Erel 5 26.4 kcal/mol; thus rather pointing to a
different electronic structure of the latter. This con-
jecture is further supported by the natural bond order
(NBO) analysis of the two species, which shows
different bonding orbitals for the two species in the
insertion region. The third conformer exhibits similar
bond lengths as the conformer at 26.4 kcal/mol; in
addition, the silyl group and the CoH unit are ar-
ranged in a gauche conformation with respect to the
C–C bond [dihedral angle Si–C(1)–C(2)–Co5 45°].
Therefore, it is readily understood that this conformer
is disfavored by 8.7 kcal/mol compared to7, probably
due to a joint action of electronic structure and
conformational disadvantage. From7, the reaction
may continue via two different pathways, either
b-SiH3 or b-H migration. First, theb-SiH3 migration
pathway is considered. The transition from7 to 4
proceeds via TS4/7 (Erel 5 44.6 kcal/mol). Starting
from 7, rotation of the C–C bond and movement of
the hydrogen atom on Co1 toward the SiH3 group
leads to TS4/7. Both motions contribute to the imag-
inary frequency ofi475 cm21. In the TS the C–Si

bond is broken (rSiC 5 2.50 Å), and formation of the
ethylene ligand is in progress as is apparent from (1)
the change in the bond lengths of the two different
Co–C bonds (7: rCoC(1) 5 2.36 Å andrCoC(2) 5 1.93
Å; TS: rCoC(1) 5 2.34 Å andrCoC(2) 5 2.08 Å), and
(2) the planarization of the C2H4 moiety [dihedral
angle H–C(1)–C(2)–H amounts to 46° in7 and only
0.3° in4], going along with a change of hybridization
from sp3 in 7 to sp2 in 4 as already discussed.
Structure4 can account for the losses of neutral silane
and ethylene, respectively, resulting in the formation
of product complexes5 and6.

Next, the pathway for theb-H migration is inves-
tigated. Starting from7, the product complex8 is
reached via TS7/8 (Erel 5 46.0 kcal/mol) which in-
volves a rotation of the Co–C(2) bond [angle C(2)–
Co–H 5 85° versus 128° in7 and TS7/8, respective-
ly] concomitant with elongation of a C(1)–H bond
assisted by an additional Co–H interaction in the TS
(rC(1)H 5 1.32 Å andrCoH 5 1.64 Å). The imaginary
frequency of TS7/8 (i972 cm21) corresponds to a
motion of both hydrogen atoms on the cobalt atom
approaching each other. The reaction continues to-
ward 8 (Erel 5 3.4 kcal/mol), which consists of an
intact H2 molecule (rHH 5 0.80 Å), electrostatically
interacting with the cobalt atom (rCoH 5 1.80 Å) and
a vinylsilane moiety. Similar to previous examples
[66–68], no indications for the existence of a dihy-
drido minimum are found; instead the reaction di-
rectly proceeds from7 to 8 via the multicentered
TS7/8. The C–C double bond (rCC 5 1.40 Å) of the
vinylsilane ligand binds in ap-type manner to the
cobalt cation. The Co–C bond lengths ofrCoC(1) 5
2.10 Å andrCoC(2) 5 2.12 Å differ slightly, but are
comparable to the correspondingrCoC of the cobalt
ethylene complex5 (rCoC 5 2.06 Å) and to the Co–C
bond length in4, rCoC 5 2.12 Å. From8, the reaction
continues further to the dehydrogenation product9,
Co(C2H3SiH3)

1, by loss of neutral H2 (Erel 5 13.8
kcal/mol). In 9, the cobalt atom is located above the
C–C bond (rCC 5 1.41 Å) with Co–C bond lengths of
rCoC(1) 5 2.05 Å and rCoC(2) 5 2.06 Å. This indi-
cates an almost symmetricp interaction between the
C–C double bond and the cobalt cation. The influence
of the silyl moiety seems to be rather small, in
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analogy to8, as both Co–C bonds exhibit approxi-
mately the same bond lengths. The Mulliken popula-
tion analysis predicts the positive charge almost
entirely on Co1 (qCo1 5 10.96); hence charge trans-
fer is negligible.

C(1)–H bond insertion (Fig. 6) commences from
the encounter complex via TS2/10 (Erel 5 26.7 kcal/
mol). Thus, the C(1)–H bond elongates fromrCH 5
1.11 Å in 2 to rCH 5 1.94 Å in TS2/10, whereas
Co–H and Co–C bonds are preformed (rCoH 5 1.50
Å and rCoC(1) 5 1.93 Å). TS2/10 is very much
product-like, and the imaginary frequency ofi407
cm21 mainly corresponds to a movement of a hydro-
gen away from C(1), thus opening the C(1)–Co–H
angle from 68° in the TS to 97° in10, along with
some coupling of rotational motions of the methyl and
silyl groups. TheC1 symmetric insertion structure10
(Erel 5 24.0 kcal/mol) exhibits bond lengths of
rCoC(1) 5 1.99 Å andrCoH 5 1.51 Å. Following the
reaction path, TS8/10 is localized at Erel 5 40.2
kcal/mol. The C(1)–Co–H angle in TS8/10is widened
(from 97° in 10 to 136° in the TS) and one C(2)–H
bond of the methyl group is elongated (rC(2)H 5 1.37
Å) with the hydrogen atom moved toward the metal;

thus a Co–H bond is formed (rCoH 5 1.61 Å). The
H–H distance ofrHH 5 1.63 Å is far from formation
of a dihydrogen molecule. This points to an early TS
on the reaction coordinate, in agreement with the
structural similarity between TS8/10 and 10. Two
major motions contribute to the imaginary frequency
of i810 cm21, i.e. the approach of the two hydrogen
atoms towards each other and planarization of the two
remaining hydrogen atoms on C(2). After traversing
TS8/10, structure 8 is reached, which then may
dissociate into product complex9 and H2. As these
parts of the PES are common between the C(1)–H
insertion and the C(2)–H insertion discussed above,
they need not to be discussed further.

4.3. C–C bond insertion

Starting from the encounter complex2, C–C bond
activation involves TS2/11 (Erel 5 19.8 kcal/mol) en
route to the insertion structure11 (Fig. 7). In the TS
the C–C bond is elongated fromrCC 5 1.54 Å in2 to
rCC 5 2.09 Å in the TS. The Co–C(2) distance
decreases to 1.92 Å in TS2/11 indicating an increased
Co–C(2) interaction. The imaginary frequency (i305

Fig. 6. B3LYP/BS1 PES of the C(1)–H insertion pathway of Co1 1 C2H5SiH3 relative to the lowest-lying encounter complex2; ZPVE
corrections are included, and the relative energies are given in kilocalories per mole.
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cm21) corresponds to an elongation of the C–C bond
and subsequent insertion of the cobalt cation into the
C–C bond. The insertion minimum11 (Erel 5 13.0
kcal/mol) exhibits two almost equivalent Co–C bonds
with rCoC 5 1.92 and 1.94 Å, respectively. The mol-
ecule shows an anti-conformation with respect to the
Co–C(1) bond.

From 11, the product complex12 can be reached,
which serves as a precursor for loss of methane.
Interestingly, C–C bond activation via TS11/12 has
the lowest energy barrier (Erel 5 35.8 kcal/mol) of all
activation pathways considered here for ab-bond
activation. The motion of one hydrogen atom away
from the silyl toward the methyl group is displayed by
the elongated Si–H distance of the migrating hydro-
gen atom as compared to the two hydrogen atoms
remaining on the silicon atom (rSiH 5 1.93 versus
1.48 Å). The TS can therefore be regarded as a cobalt
cation, surrounded by three ligands, i.e. H, CH3, and
CH2SiH2. The angle between the two carbon atoms is
167°, such that the methyl moiety and CH2SiH2 are
located on almost exactly opposite sides of the cobalt

atom, thereby minimizing steric hindrance. The imag-
inary frequency ofi578 cm21 corresponds to the
motion of the hydrogen atom away from the silyl and
toward the methyl group with minor contributions
from the rotation of the two remaining hydrogen
atoms on silicon.

Structure12 (Erel 5 29.1 kcal/mol) consists of a
CH4 molecule weakly interacting with the metal and a
silaethene ligand attached to the opposite side of the
Co1. The structure of the CH4 subunit is slightly
perturbed from tetrahedral symmetry because of the
h2 coordination of the ligand via two hydrogen atoms
to Co1. This interaction causes an elongation of the
coordinated C–H bonds as compared to the C–H
bonds pointing away from Co1 (rCH 5 1.12 versus
1.10 Å). The silaethene moiety is side-on coordinated
to Co1 with rCoC 5 1.99 Å andrCoSi 5 2.67 Å. 12
serves as a direct precursor for loss of methane
concomitant with formation of Co(CH2SiH2)

1, 13.
Interestingly, this exit channel is predicted as the
lowest in energy demand of all product channels
(Erel 5 4.0 kcal/mol). This observation is in agree-

Fig. 7. B3LYP/BS1 PES of the C–C and Si–H insertion pathway of Co1 1 C2H5SiH3 relative to the lowest-lying encounter complex2; ZPVE
corrections are included, and the relative energies are given in kilocalories per mole. The energetic location of TS2/14 (in parentheses) is
obtained from a comparison of experimental and theoretical results, see text.
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ment with the calculated reaction enthalpy of 15.5
kcal/mol for the ligand exchange reaction
Co(CH2SiH2)

1 1 C2H4 3 Co(C2H4)
1 1 CH2SiH2.

The increased stability of Co(CH2SiH2)
1 is not only

rationalized by the higher polarizability of the
CH2SiH2 ligand compared to C2H4, but also points to
the involvement of meso-
meric species, i.e. Co1–CH2–SiH27 Co–CH2–SiH2

1.
The latter is supported by the Mulliken population
analysis (qCo1 5 10.86, qSi 5 10.57, qC 5
20.43). In addition, structural features of13 assist
this conjecture as well; the Co–C bond length of
rCoC 5 1.97 Å is shorter than the corresponding
Co–C bond length in the above described olefin
complexes, whereas the Co–Si distance ofrCoSi 5
2.60 Å is relatively long. This situation coincides with
an asymmetric side-on coordination already discussed
for 12.

4.4. Si–H bond insertion

This mechanism seems to proceed in a different
manner compared to the other insertion reactions
described above (Fig. 7). The pathway of insertion
into one Si–H bond, which we expected first, could
not be confirmed. Moreover, not even an intermediate
Si–H inserted structure could be located; any of the
numerous input structures used in the geometry
optimizations either converged to encounter com-
plex 2 or product structure14. Therefore, we
suggest that a genuine Si–H inserted structure does
not exist as a stationary point at the level of theory
employed; instead the reaction proceeds via a
four-centered transition state directly from2 to 14,
(H2)Co(SiHC2H5)

1. To the best of our knowledge,
no calculations on the activation of silane by M1

exist to corroborate this type of mechanism [71,72].
However, the insertion into two Si–H bonds would
be in accord with quantum-chemical calculations of
Morokuma and co-workers [73–75], who investi-
gated the reaction of late transition metals with
CH4. They were unable to locate a species corre-
sponding to H–M–CH3

1, but found that the reaction
proceeds directly from M(CH4)

1 to (H2)MCH2
1 for

M 5 Co, Fe. However, in the system studied here,

all attempts failed so far to locate the corresponding
multicentered TS2/14. Our search for TS2/14 in-
cluded various plausible input structures as well as
the linear synchronous transit [76], QST2, and
QST3 optimization methods [77] implemented in
GAUSSIAN94. However, in analogy to the results
of Morokuma et al. [73–75] discussed previously,
we assume that2 and14 are connected by a single
TS.

Minimum 14 (Erel 5 11.1 kcal/mol) is localized
and characterized as a cobalt cation interacting with
two ligands, i.e. a slightly distorted hydrogen mole-
cule and an ethylsilylidene unit;14 thus serves as a
precursor for loss of H2 to afford 15 (Erel 5 17.3
kcal/mol). The Co–Si bond lengths ofrCoSi 5 2.32 Å
and 2.27 Å in14 and15 are considerably shorter than
the C–Si bond in3 (rCoSi 5 2.44 Å). This kind of
bond shortening is in line with formal cobalt–silicon
double bonds in the silylidene complexes in14 and
15. The structure of the free cobalt silylidene15
closely resembles the geometry of14. This is readily
explained, because loss of the electrostatically bound
H2 ligand from 14 does not induce changes in the
electronic and geometric structure of the silylidene
unit.

5. Discussion

Some more general features of the above described
reaction paths need to be outlined first. (1) The
calculated minima and transition structures of the
C–Si, C(1)–H, and C–C insertion paths are lower in
energy or in close vicinity of the entrance channel.
These reactions are therefore expected to occur under
thermal conditions, which is in agreement with the
experimentally observed findings. The C(2)–H inser-
tion pathway is also approximately thermoneutral
within the error margin of the method of 8 kcal/mol.
However, the predicted barriers of more than 7
kcal/mol above the entrance channel, compared to the
existing energetically less demanding pathways, ren-
der the C(2)–H insertion rather unlikely to occur at
thermal energies. Therefore we exclude the C(2)–H
insertion from our further considerations. An addi-
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tional hint supporting this argument comes from
recent Rice-Ramsperger-Kassel-Marcus (RRKM) cal-
culations [78–80]. Here, the B3LYP potential energy
surface is calculated first for the reactions of Ni1 with
propane andn-butane and used as basis for the
following RRKM calculations. The RRKM treatment
yields the result, that all the B3LYP transition states
in the stationary calculations are calculated too high
and have to be shifted to lower energies. The correc-
tion is thus applied in the same direction for all
transition states. If this is applied to our system, the
C(2)–H insertion is assumed to shift to lower ener-
gies; but as the other dehydrogenation pathways are
likely to shift into the same direction, the lower
energy dehydrogenation pathways are presumably the
preferred reaction pathways. The activation of the
Si–H bond is clearly exothermic from a thermochemi-
cal point of view, because all minima are located well
below the entrance channel. As we did not manage to
locate TS2/14, the barrier associated with this rear-
rangement remains uncertain. However, the pro-
nounced loss of D2 from the labeled substrate
C2H5SiD3 demands the inclusion of this pathway in
the discussion. (2) In general, the TSs of the initial
oxidative additions are less energy demanding than
the barriers associated with the further rearrangements
and reductive elimination en route to the product
complexes. Hence, the latter are rate determining for
the Co1/ethylsilane system; in contrast, initial bond
insertion can be considered as facile and not rate
determining. This finding is in accord with previous
calculations on the activation of organic substrates by
late transition-metal cations [66–68]. The following
discussion therefore concentrates on the rate-deter-
mining TSs and the calculated thermochemistry of the
products.

5.1. Loss of silane

Elimination of silane is conceivable either via
primary insertion in the C–Si bond (Fig. 4) or via
primary C(2)–H bond activation (Fig. 5). On the C–Si
insertion surface (Fig. 4), the relevant TS is TS3/4 at
Erel 5 39.6 kcal/mol compared to the entrance chan-
nel at Erel 5 37.8 kcal/mol. Once this barrier is

surmounted,4 is formed and has enough internal
energy to directly decompose into the products
Co(C2H4)

1 and SiH4 as well as Co(SiH4)
1 and

neutral ethylene. Due to the strong Co1–ethylene
bond, elimination of SiH4 is thermochemically pre-
ferred over that of C2H4. However, comparison with
literature data shows an overestimation of the
Co(C2H4)

1 bond dissociation energy by 5.9 kcal/mol
[42]. To the best of our knowledge, no data on the
bond dissociation energy of Co(SiH4)

1 are available
in the literature. Notwithstanding, a change in the
overall picture is not expected, even when these two
exit channels may in reality be closer in energy than
predicted in the calculations.

A second conceivable pathway for formation of4
proceeds via initial C(2)–H insertion and consecutive
reaction via TS4/7 (Fig. 5). Both pathways are
strongly exothermic; however, whereas the C–Si in-
sertion pathway remains below the entrance channel,
the C(2)–H insertion pathway involves a barrier
located 6.8 kcal/mol above separated Co1 and
C2H5SiH3. Although the distinction is not unambigu-
ous, because of the error bars of the calculations,
initial activation of the C–Si bond is proposed as the
energetically least demanding path for the formation
of 4.

5.2. Dehydrogenation

Elimination of molecular hydrogen may occur via
two entirely different reaction pathways involving
isomeric product species, i.e. the silene9 and the
silylidene15. Both types of species have been gener-
ated before, in the gas phase [81–83] as well as in
solution [84–92].

Two possible pathways [primary C(1)–H or
C(2)–H insertions as depicted in Figs. 5 and 6,
respectively] lead to formation of8, the precursor of
the silene complex9. TS8/10of the C(1)–H insertion
pathway is located atErel 5 40.2 kcal/mol, thus only
2.4 kcal/mol above the entrance channel. After tra-
versing TS8/10, formation of8 and subsequent loss of
H2 is easily accomplished and not associated with any
further energy demand. On the C(2)–H insertion PES,
however, the pathway for formation of8 proceeds via
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TS7/8 at Erel 5 46.0 kcal/mol. Accordingly, the
C(1)–H insertion pathway may be preferred for ther-
malized ions, while the route involving initial activa-
tion of the C(2)–H bond may require elevated ener-
gies. Thus, formation of9 is expected to proceed via
the C(1)–H insertion pathway.

Dehydrogenation may also lead to the isomeric
product15 (Fig. 7). However, as we could not locate
TS2/14, a direct comparison to the route leading to9
is impossible. Thermochemically, formation of15 is
disfavored by 3.5 kcal/mol compared to9. Neverthe-
less, the experimental data obtained with labeled
compounds (previously mentioned) indicate that 1,1-
dehydrogenation of the silyl group prevails. Thus, we
conclude that the rate determining TS2/14en route to
silylene formation is lower in energy than TS8/10
(Erel 5 40.2 kcal/mol) and the entrance channel
(Erel 5 37.8 kcal/mol).

5.3. Loss of methane

Only one pathway for the formation of13 is
calculated, e.g. primary C–C bond insertion, subse-
quent b-hydrogen migration from the silyl to the
methyl group and final release of a methane molecule
from 12 (Fig. 7). The reverse sequence, i.e. Si–H bond
activation followed by ab-methyl migration is not
pursued because previous studies have shown that
migration of hydrogen is generally preferred over that
of alkyl groups [66–68,93]. Compared to the other
PES, the critical TS11/12 (Erel 5 35.8 kcal/mol) is
the lowest lying TS of all rate determining steps. The
energetic location of TS11/12as well as the low-lying
exit channel suggests C–C bond activation as the
kinetically and thermodynamically most favored path-
way for the reaction of1 with Co1. Notwithstanding,
formation of CH4 does not constitute the major route
in the experimental studies.

Therefore, a closer inspection of the whole PESs
(Figs. 4–7) is indicated. As the C(2)–H insertion
pathway is less likely to occur due to the high energy
demands of TS4/7and TS7/8, only the four remaining
mechanisms have to be considered. The rate deter-
mining transition structures TS3/4 (C–Si), TS8/10
[C(1)–H], TS11/12 (C–C), and TS2/14 (Si–H) are

located atErel 5 39.6, 40.2, 35.8, and,40.2 kcal/
mol, respectively; within the error bars of the calcu-
lations they are considered energetically comparable.
Along these routes, all products are energetically
located well below the corresponding TS; thus, based
on these PESs a strong competition of these channels
along with comparable branching ratios for the cor-
responding products is expected to occur. However, it
is important to stress in this context, that even slight
differences in the energetic location of the TS can
cause the expected product branching ratios to change
dramatically because of the exponential behavior of
Arrhenius-type expressions; in addition, rate con-
stants do not depend on activation energies alone.

Although, as mentioned above, the rate determin-
ing TS of several surfaces cannot be unequivocally
assigned within the error of the method, our calcula-
tions show a strong trend towards formation of CH4 as
the kinetically and thermodynamically preferred neu-
tral product; this contrasts with the experimental
findings (Fig. 1). Several factors can be considered to
explain this discrepancy. (1) Earlier calculations on
the binding energies of M1–CH3 and (H3C)M1–CH3

[94–96] and comparison with existing experimental
data [97] (Table 1) show a distinct overestimation of
the sum of the bond dissociation energies [D0(M1–
CH3) 1 D0(CH3M

1–CH3)] in the B3LYP/BS1 ap-
proach for Fe1. For Co1, no experimental data are
available, but comparison with ab initio calculations
[96] (see Table 1) suggests a comparable effect. The
M(CH3)2

1 species may be considered as a model
system for a C–C inserted intermediate; therefore, a
similar overestimation of M1–C bond dissociation
energies might effect the calculations of the C–C
insertion. This would result in an artificial stabiliza-
tion of 11 and TS11/12 as compared to the corre-
sponding structures of the Si–H and C–H insertion
PESs, which is further supported by preliminary
calculations on Co–CH3, Co–SiH3, and Co–H binding
energies [98]. However, for the C–Si activation we
would expect some overbinding as well. According to
Table 1, we find the error due to this phenomenon
amounts to 6.0 kcal/mol for Fe(CH3)2

1. If, as a rough
first estimate, the same error is assumed for the C–C
insertion PES in the present system,11 and TS11/12
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would have to be shifted to higher energies by some
kilocalories per mole. This puts the C–C insertion
PES into the same energy range as calculated for
C–Si, C–H, and Si–H bond activations. Another hint
that the C–C insertion may be artificially stabilized in
the present computational approach arises from sin-
gle-point calculations on the critical parts of the PES,
i.e. the transition structures of the rearrangement and
the exit channels, using a larger basis set (B3LYP/
BS2, see Table 2). These calculations reveal small,
but important changes in the qualitative picture as

compared to the B3LYP/BS1 approach. Although the
picture remains more or less unchanged for the
product channels, small but crucial changes occur for
the activation barriers. TS11/12of the C–C insertion
PES corresponds in the B3LYP/BS2 picture no longer
to the lowest transition state; rather this TS is located
at the same relative energy as TS8/10 and TS3/4
within the error of the calculations, e.g. TS11/12 is
calculated 3.0 kcal/molaboveTS8/10 of the C(1)–H
insertion PES and 3.0 kcal/mol below the correspond-
ing TS of the C–Si insertion pathway (TS3/4). Thus,
the B3LYP/BS2 results imply again that the different
pathways strongly compete with each other under
thermal conditions. Accordingly, the preference of
C–C bond activation may no longer exist at higher
levels of theory and may even disappear when higher
levels of theory are used in geometry optimizations. It
needs to be stressed again, however, that although
distinction of the three TSs, which are explicitly
discussed previously (TS11/12, TS3/4, and TS8/10),
is not possible within the error of the calculations,
differences of 3.0 kcal/mol (between TS11/12 and
TS8/10 as well as between TS3/4 and TS11/12) do
matter in the experiment. The use of more sophisti-
cated theoretical methods is therefore indicated and
may be a possibility to distinguish more reliably
between the different pathways. (2) The current cal-
culations consist of purely stationary data. Introduc-
tion of dynamical features, for instance by doing
RRKM calculations, may be necessary to describe the
properties of the Co1/ethylsilane system properly.
Weisshaar et al. [78–80] have recently reported a
qualitative description of the reactions of Ni1 with
propane andn-butane, by using B3LYP calculations,
whereas quantitative modeling of the experimental
data requires RRKM calculations and in particular the
adjustment of the activation barriers predicted by the
B3LYP calculations. Interestingly, each transition
state leading to a different product has to be adjusted
by a different energy, but all transition states are
corrected in the same direction, i.e. to lower energies.
The latter, as well as our own findings, seems to
support the assumption of a general overestimation of
barrier heights in the B3LYP approach. (3) Statistical
arguments could also disfavor the formation of CH4 in

Table 1
Comparison of experimental, MCPF- and DFT-based bond
dissociation energies (D0) in kcal/mol of Co1 and Fe1 methyl
and dimethyl complexes

D0, experimental
a D0, ab initio

b D0,DFT D0,DFT
e

Fe1–CH3 54.66 1.1 50.9 64.9c 60.9
H3CFe1–CH3 43.16 2.5 33.0 42.5
SD0 97.76 2.7 83.9 103.4
Co1–CH3 48.56 0.9 48.6 56.3d 57.5
H3CCo1–CH3 39.1 51.2
SD0 87.7 108.7

a See [90].
b See [96].
c See [94].
d See [95].
e This work, obtained using the B3LYP/BS1 approach.

Table 2
Calculated relative energies (kcal/mol) of the critical parts of the
PES by using B3LYP/BS1, B3LYP/BS2, and B3LYP/BS1 under
incorporation of thermal correctionsa

Erel,0 K

(BS1/with ZPVE)
Erel,0 K

(BS2/with ZPVE)b
G298 K

(BS1)

Co1 1 1 37.8 41.7 30.2
TS3/4 39.6 40.7 39.0
TS4/7 44.6 46.3 44.3
TS7/8 46.0 46.4 46.2
TS8/10 40.2 34.7 41.2
TS11/12 35.8 37.7 34.7
5 1 SiH4 9.5 17.2 20.7
9 1 H2 13.8 20.8 6.9
13 1 CH4 4.0 11.7 26.4
14 1 H2 17.3 20.4 9.6

a All energies given refer to the lowest lying encounter complex
2 at Erel 5 0.

b As the B3LYP/BS2 calculations are only single point calcula-
tions, we used the ZPVEs computed with the B3LYP/BS1 ap-
proach.
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the experiments. For instance, formation of product
complex 5 can be achieved along two pathways
[initial C–Si and C(2)–H bond insertion], both of
which are feasible within the error of the calculations,
although one of them is more likely to occur due to an
energetically less demanding TS. Although the C–Si
insertion pathway has only one possibility to evolve,
C(2)–H insertion may occur at any of the three C–H
bonds at C(2) atom, leaving us with a statistical
weight of 3 for the C(2)–H insertion pathway and a
statistical weight of 4 for both possible pathways the
formation of 5. A similar situation is found for the
formation of the product complex8. Both pathways,
C(1)–H and C(2)–H insertions are thermodynamically
accessible, although C(1)–H insertion is favored be-
cause of the lower-lying TS. Although C(1)–H inser-
tion has a statistical weight of 2 because insertion may
occur into each of the two C–H bonds at C(1), the
C(2)–H insertion pathway has a statistical weight of 3,
as explained above. For the formation of8 via both
conceivable pathways this yields an overall statistical
weight of 5. By using analogous arguments, loss of H2

under formation of15 is associated with a statistical
weight of 3. In contrast,12 can only be formed via a
single pathway, and thus has a statistical weight of 1.
Therefore, C–C bond cleavage is statistically disfa-
vored compared to all other types of bond activation
in the present system. (4) Finally, temperature effects
need to be considered. The computational results
presented up to this point always refer to 0 K energies.
However, the internal temperature of the metastable
Co1/ethylsilane complexes examined in the sec-
tor-MS experiment is generally assumed to be 500 K,
but higher values have also been reported before [28].
The internal temperature of the separated reactants in
the FTICR experiments is assumed to be 298 K, and
the internal energy content of the encounter com-
plexes formed in the FTICR is expected to be much
higher; as outlined above, the internal energy content
of the encounter complexes in the FTICR is here even
larger than in the sector-MS. Inclusion of thermal and
entropic corrections in terms of relativeDG298 values
(Table 2) is therefore necessary but results in small
changes of the picture in terms of absolute numbers
only. Because the relative energies of both TS11/12

and TS3/4 decrease, the advantage of the C–C acti-
vation remains approximately the same indicating
similar entropic effects. The disadvantage of the
pathways based on initial C(2)–H bond insertion is
still distinct, such that all deliberations lead to exclu-
sion of this pathway from the expected course of the
reaction. Obviously, however, thermal effects alone
cannot account for the underestimation of the C–C
bond activation pathway.

6. Summary

We have investigated the reactions of Co1 with
C2H5SiH3 by using the DFT approach B3LYP with a
basis set of VDZ-quality. First of all, the calculations
show qualitative agreement with the experiments in
that all products observed in the experiments are also
calculated to be formed in reactions proceeding via
exothermic or thermoneutral pathways. Although
SiH4 is easiest accessed via primary C–Si bond
activation; the favored pathways for the formation of
neutral H2 are found to proceed via primary C(1)–H
and Si–H insertion, respectively. Although C(2)–H
insertion is also an approximately thermoneutral path-
way within the error of the method of 8 kcal/mol,
according to our calculations, it is less likely to occur
due to the higher lying transition structures associated
with the rearrangements along the initial C(2)–H
insertion surface as compared to the existing alterna-
tives on the C–Si, C(1)–H, C–C, and Si–H insertion
PESs. For the formation of neutral CH4 only one
conceivable pathway is calculated, commencing with
insertion in the C–C bond.

The quantitative consistency between experimental
product branching ratios and calculations is less good.
No clear-cut energetic distinction can be made be-
tween TS3/4, TS8/10, and TS11/12 such that some
disagreement between experiment and theory remains
unresolved. Thus, the experimentally observed pref-
erence for loss of SiH4 concomitant with formation of
the charged product species5 does not find a conclu-
sive rationale in the theoretical predictions. Statistical
factors and temperature effects are considered as
explanations for this behavior but the major source of
disagreement is attributed to the unbalanced descrip-
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tion of M–H, M–C, and M–Si bond strengths in the
investigated cationic complexes by the applied B3LYP
functional in conjunction with the VDZ basis set.

An important conclusion derived from this study
concerns the performance of currently used theoreti-
cal methods for the description of reactions involving
transition-metal compounds. Thus, nowadays levels
of theory are capable of describing the potential-
energy surfaces involved in these processes qualita-
tively correct. In fact, the accuracy of the predicted
barrier heights may even suffice for a quantitative
assessment of branching ratios whensimilar pro-
cesses compete with each other. For example, a
combination of ab initio methods and molecular
modeling proved successful in describing the regio-
selectivity in the remote functionalization of C–H
bonds of nonanitrile/M1 (M 5 Fe, Co) [28]. The
agreement achieved between experiment and theory
in this case is not considered as being entirely
fortuitous because in the context of regioselectivity
the pathways do not fundamentally differ in nature but
in subtle effects imposed by the substrate’s backbone.
Therefore, the gross systematic error in describing
certain bonding situations cancels in the evaluation of
the branching for the activation of a certain site. In the
present case, however, we compare channels which
are dissimilar in that the nature of the bonds being
activated differ, i.e. C–H, C–C, C–Si, and Si–H
bonds. In such a case, even minute errors in quanti-
tatively describing the bonding situations—recall the
above discussion of the C–C insertion intermedi-
ates—results in dramatic changes of the predicted
branching ratios. Thus, we conclude that the quanti-
tative description of competing processes of different
kind remains problematic. Moreover, for the time
being it is doubtful that theory will reach the level of
accuracy necessary to quantify branching ratios in
competitive reactions of transition-metal mediated
bond activations.
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