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Abstract

Based upon mass-spectrometric studies, the activation of ethylsilane by “naked” Fe1 ions is computationally investigated
using the B3LYP approach together with a basis set of valence double-z quality. In particular, the mechanistic details for the
experimentally observed losses of neutral H2, CH4, and SiH4, respectively, are investigated. According to the initial steps of
bond activation, this requires the computation of four potential-energy surfaces, corresponding to insertion into the
carbon™silicon (C™Si), carbon™hydrogen [C(1)™H and C(2)™H], and carbon™carbon (C™C) bonds; activation of the
silicon™hydrogen (Si™H) bonds is ruled out on experimental grounds. Both quartet and sextet states of Fe1 are taken into
account. The agreement between theory and experiments is satisfactory because all products observed in the experiments are
also calculated to proceed exothermically on the reaction surface, and the experimentally preferred exit channel is also
predicted as the most favored reaction channel by the theoretical approach. (Int J Mass Spectrom 202 (2000) 363–379) © 2000
Elsevier Science B.V.

Keywords:B3LYP; Gas-phase chemistry; C™Si bond activation; Si™H bond activation; Ethylsilane

1. Introduction

Due to the inertness of C™H and C™C bonds as well
as the similar strength of the different C™H and C™C
bonds, even in small organic substrates, the exclusive
activation of preselected positions in organic sub-
strates is a task that is difficult to achieve. Neverthe-
less, extensive research has been carried out in this
field during the last decades and quite some progress
has been accomplished [1–4]. Studies in the solution
phase involved selective activation of functionalized

and unfunctionalized alkanes by means of tuning the
reactivity of the activating reagent, i.e. the transition
metal, by various ligands and/or choice of oxidation
state [5–9]. In a very recent study [10], Hartwig and
co-workers accomplished the highly regioselective
conversion of alkanes in solution into organoboranes
by use of a rhodium catalyst. Moreover, Davies et al.
[11] even managed an asymmetric catalytic alkane
activation by rhodium complexes. In contrast, gas-
phase studies concentrated on the activation of small
alkanes and functionalized substrates by “bare” tran-
sition metal ions or small transition-metal complexes
such as metal oxides and sulfides in order to obtain
information about the elementary steps of the reaction
[12–14]. Especially during the last decades, since
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computer technology has evolved so rapidly,ab initio
calculations provide an important additional tool for
the investigation of gas-phase chemistry [15–19].

Our group has contributed to the field of selective
bond activation by the investigation of various sub-
strates in the gas phase [12,20–23]. Recently, we
published a study of the activation ofn-propyltrim-
ethylsilane by “bare” Fe1 and Co1 ions, and we
found dramatic differences in the product selectivity
of the two transition metals [24]. Because iron and
cobalt are generally considered not to be so different
chemically, this is a surprising result that was deemed
worthy of further investigation. However, labeling
experiments could not answer all the remaining mech-
anistic questions, and therefore, we searched for a
system that shows similar reactivity differences for
Fe1 and Co1 but is small enough to allow a detailed
theoretical investigation. We chose ethylsilane (1) as
a substrate for this investigation and the first part of
our results, i.e. the activation of ethylsilane by “bare”
cobalt cations has been published recently [25]. In this
article we present a discussion of the Fe1/ethylsilane
PES.

2. Experiments

Prior to the theoretical treatment, the experimental
results for the reaction of Fe1 with C2H5SiH3 are
presented to define the scope of the theoretical inves-
tigation. The data of the two mass spectrometric
techniques are displayed in Fig. 1.

Both Fourier transform ion cyclotron resonance

(FTICR) and sector mass spectrometry show a strong
preference for loss of neutral CH4 concomitant with
formation of Fe(CH2SiH2)

1, which is in marked
contrast to the previously investigated Co1/ethylsi-
lane system. Eliminations of H2 and SiH4 are clearly
much less pronounced. Note in that respect, that
dihydrogen may be lost from different positions
within the molecule; therefore, the formation of the
isomeric products species Fe(C2H3SiH3)

1 or
Fe(C2H5SiH)1 requires particular consideration.

Some additional insight into the mechanistic sce-
nario is gained from a labeling experiment using
Fe1/C2H5SiD3. In the sector MS, the deuterated
products CH3D and SiD3H are observed exclusively,
consistent with C™C and Si™D bond activation for
methane formation and Si™C and C™H bond insertions
for the production of silane. With regard to elimina-
tion of molecular hydrogen, no losses of HD or D2 are
observed in the Fe1/C2H5SiD3 system, even upon
collisional activation. Thus, the structure of the ionic
product appears to retain an intact silyl group, i.e. to
Fe(C2H3SiH3)

1 rather than the silylidene structure
Fe(C2H5SiH)1; interestingly, the latter was experi-
mentally found to be formed from Co1/ethylsilane [25].

3. Theoretical methods

Calculations are performed utilizing the program
packageGAUSSIAN 94 [26]. Because the system under
investigation is of considerable size and requires large
resources concerning computer time and memory
requirements, the CRAY-YMP supercomputer at the

Fig. 1. Product distribution for Fe1/ethylsilane in FTICR and sector-field MS experiments. The intensities are normalized toSproducts5 100%;
ion intensities,1% are omitted.
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Konrad-Zuse-Zentrum Berlin is used. We employ
density functional theory (DFT) at the B3LYP level of
theory [27–29] for the following two reasons: (1) the
B3LYP approach has been used widely for the de-
scription of transition-metal mediated activation of
organic substrates and has been shown to provide
reasonably accurate energetics in transition metal
involving reactions [30,31]. (2) Due to limitations in
computing resources and the size of the investigated
system, DFT is a reasonable compromise as compared
to the computational efforts associated with non-DFT,
highly correlatedab initio methods.

The Ahlrichs valence double-z (VDZ) basis set is
used for Fe, H, C, and Si [32]. To achieve a better
description of the valence space, the basis for Fe was
slightly modified, such that the coefficients remain the
same, but the contractions for the five d functions
were changed (instead of using 5d3 (2d)/[32] from
Ahlrichs and co-workers [32] we used 5d3 (3d)/
[311]). The complete basis therefore consists of the
following basis functions and contractions: H (10s7p)/
[4s3p], C (7s4p)/[3s2p], Si (10s7p)/[4s3p], and Fe1

(14s8p5d)/[5s2p3d].
All structures discussed in the text correspond to

stationary points obtained by full geometry optimiza-
tions with both the gradients as well as the displace-
ments from analytical second derivatives below the
standard convergence criteria [33]. Frequency analy-
sis is used to characterize the stationary points.
Transition structures (TS) are additionally verified by
IRC (intrinsic reaction coordinate) [34,35] calcula-
tions, connecting the TS to the corresponding minima.
To allow a more direct comparison with experimental
results, all energies are corrected for the zero-point
vibrational energy (ZPVE) contributions.

4. Theoretical results

Four different routes for the activation of ethylsi-
lane by Fe1 are calculated according to the conceiv-
able primary insertion sites for the transition-metal
ion, e.g. C™Si, C(2)™H, C(1)™H, and C™C bond
activation (see Fig. 2). Based upon the results of the
labeling experiments, primary Si™H bond insertion is

not included. On each PES, the corresponding quartet
and sextet states are considered. The following sec-
tion is organized so that first the entrance channel and
the encounter complexes are described. This is fol-
lowed by a characterization of the remaining species
along the four individual reaction pathways. The
energetic and geometrical features of minima and
transition structures for both quartet and sextet states
are discussed in the order of their appearance in Fig.
2, and the respective minima are displayed in Scheme
1; transition structures connecting these minima are
shown in Scheme 2. For the sake of clarity, Scheme 1
displays only the most stable conformers found for
each minimum.

Before starting with the evaluation of structures
and geometries, two general remarks are indicated. (1)
For the construction of the PES only the most stable
conformers are considered because the barriers for
interconversion of the different conformers are as-
sumed to be much lower than the barriers for cleavage
and/or formation of covalent bonds. (2) Due to the
known deficiency of the B3LYP approach for treating
atoms accurately, the entrance channel (Fe1 1
C2H5SiH3) is expected to be associated with a some-
what larger error than the remaining parts of the PES
(see below). Therefore, the encounter complex2 is
used as the reference point for the relative energy
scale of the PES. The overall error of the calculations
is estimated to be66 kcal mol21, based on the average
deviations of calculated bond dissociation energies and
heats of formation of model processes [36,37] with
known literature thermochemistry as well as compar-
ison with earlier B3LYP calculations on “bare” tran-
sition-metal/alkane systems [19,25,31,38–40].

4.1. Reactants

The description of the Fe1/C2H3SiH3 entrance
channel already illustrates one of the major problems
of the B3LYP approach. The notorious shortcomings
of B3LYP are its tendency to overestimate bond-
dissociation energies [31,41] and the occurrence of
large errors in the calculation of atoms [42,43]. The
latter stems from the fact that the B3LYP method
poorly describes the low-spin/high-spin separation in
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transition-metal atoms. This behavior is attributed to a
bias of 3dn over 3dn214s1 configurations, leading to
an artificial preference for the low spin 3dn species
[42–47]. Thus, the B3LYP/6-3111G* level of theory
predicts Fe1 (4F) to be 4.1 kcal mol21 more stable
than Fe1 (6D), whereas according to spectroscopic
data, the Fe1 cation has a6D ground state with a
3d64s1 configuration that is 5.8 kcal mol21 lower in
energy compared to Fe1 (4F) [48]. Therefore, the
erroneous ground state assignment of atomic ions
leads to increased uncertainties in the computed
bond-dissociation energies of M(L)1 complexes (L5
ligand). The optimized structure of ethylsilane (1)
exhibits CS symmetry and a1A9 ground state. Note
that we keep the numbering of the two carbon atoms
in ethylsilane as C(1) and C(2) throughout the whole
description of the Fe1/ethylsilane system. Further-
more, the lengths of the Si™C, C™H, C™C, and Si™H

bonds in neutral ethylsilane are used as internal refer-
ences for typical single bonds between these elements.

4.2. Encounter complexes

The lowest-lying quartet encounter complex42 is
assigned toErel 5 0 kcal mol21 on the energy scale.
This h4 complex is of C1 symmetry and characterized
by the interaction of the iron cation with the silicon
atom, C(2), and two hydrogen atoms. Three other
conformers of2 are located on the quartet surface at
relative energies of 1.1, 4.8, and 7.5 kcal mol21, i.e.
42*, 42(, and42- (all not shown). Whereas42* is also
ah4 complex with interactions between iron and C(1),
Si, and two hydrogen atoms, theh3 complex 42(

shows only strong interaction between the iron cation
and silicon as well as two hydrogen atoms on silicon,
respectively. These structures have a silicon-iron in-

Fig. 2. Calculated reaction pathways of the Fe1/ethylsilane system. Note that only the expected minima along the reaction coordinate are
displayed whereas the transition structures are discussed in the text.
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Scheme 1.
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Scheme 1. (continued)
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teraction in common, whereas in the least stable
structure42- the iron cation interacts only with C(1)
and the two hydrogen atoms on C(1). The lower
stability of 42- as compared to the other encounter
complexes indicates a stronger interaction between
the Fe1 and silyl group as compared to the less
pronounced Fe1-methyl interaction. On the sextet
surface, only one encounter complex62- (Erel 5 16.7
kcal mol21) is located, which corresponds structurally
to 42-. Due to the high relative energy, further
searches for encounter complexes along the sextet
surface were not pursued.

4.3. C™Si insertion (Fig. 3)

This pathway continues via TS2/3 to the inserted
structure 3. The corresponding TS could not be
located on either PES; however, previous experiences
in our group with similar systems [25] as well as
publications of the PESs of metal-mediated activa-
tions of simple alkanes [38–40] and functionalized
substrates [30] show that the TSs from the encounter
complexes to the primary insertion structures are
generally lower in energy than the subsequent TSs
associated with migration processes. A similar con-
clusion was drawn from experimental work [49–51].
Therefore, TS2/3 is not likely to kinetically control
the overall reactivity of the system.

Two C™Si inserted structures are localized on the
quartet surface of which43, the anti-conformer with
respect to the Fe™C bond, is the minimum atErel 5
5.7 kcal mol21. The second conformer43* (Erel 5 6.2
kcal mol21, not shown) has agauche-conformation
and is therefore slightly energetically destabilized as

compared to43. On the sextet surface,63 (Erel 5 21.7
kcal mol21) deviates from its quartet analog by an
almost linear Si™Fe™C(1)-unit, a phenomenon that is
observed on several occasions during this study and
can be attributed to the different electronic structure
of 6Fe1 compared to4Fe1. Because all the 3d and 4s
valence orbitals are occupied in Fe1(6D), formation
of covalent bonds or donation of electron density into
an empty orbital as in ap interaction is not possible,
thus resulting in longer, electrostatic bonds formed by
the sextet species as well as the observed linear
arrangement of the fragments.

The reaction proceeds byb-H migration via TS3/4
to complex4. On the quartet surface,4TS3/4 (Erel 5
34.9 kcal mol21) shows an elongated C(2)™H bond
along with intermediate formation of an Fe™H bond.
The imaginary mode of i1040 cm21 corresponds
mainly to the motion of the hydrogen atom from C(2)
to Si with smaller contributions due to the planariza-
tion of the remaining hydrogen atoms on C(1) and
C(2). The structure of6TS3/4 (Erel 5 42.4) differs
from 4TS3/4 in that the Fe™Si bond is already very
elongated (rFeSi 5 3.55 Å) with the SiH3 unit bent
toward the C2 unit. Thus, no intermediate Fe™H bond
formation occurs in the sextet TS (rFeH 5 2.65 Å).
The imaginary frequency of i804 cm21 corresponds
mainly to the motion of the hydrogen atom away from
C(2) toward Si, accompanied by some contributions
from the hydrogen atoms remaining at C(2).

Complex4, which is reached next, consists of the
metal surrounded by two ligands, i.e. ethylene and
silane. On the quartet surface, two conformers are
located, i.e.44 and44* (Erel 5 214.1 and211.4 kcal
mol21). In the energetically favorable conformer44,

Scheme 1. (continued)
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Scheme 2.
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the silane molecule is bound to Fe1 through an
electrostatic interaction of one hydrogen atom of the
silane molecule with the iron cation; hence, the
hydrogen atom is pointing directly toward Fe1, form-
ing an Si™H™Fe1 angle of 180°.44* differs from 44
only in the type of bonding of the silane molecule,
which in 44* is bound by electrostatic interaction
between the silicon atom and iron with the Fe™Si bond
bisecting the H™Si™H angle. The sextet analog64
(Erel 5 25.4 kcal mol21) shows a comparable bond-
ing to SiH4, but a different type of bonding to C2H4,
compared to the quartet analogs. The ethylene ligand
is not symmetrically bound, but rather an electrostatic
interaction exists between C(1) and Fe1, whereas
C(2) is directed away from the metal. The silane
ligand is also bound through electrostatic interaction,
in the same manner as described for44. Generally, the

metal™ligand bond lengths in the sextet structures are
elongated compared to the quartet structures, which is
easily explained by the different bonding situation
evoked by the electronic structure of Fe1(6D) with its
3d64s1 configuration.

From4, the reaction continues either to exit chan-
nel 5 1 SiH4, which is located atErel 5 9.5 kcal
mol21 andErel 5 37.3 kcal mol21 on the quartet and
sextet PES, respectively, or to exit channel6 1 C2H4,
located atErel 5 31.5 and 38.1 kcal mol21 on the
respective quartet and sextet surfaces. In45, the
ethylene ligand shows a typical C™C bond length
(rCC 5 1.41 Å), and Fe is symmetrically attached to
the double bond withrCoC(1)C(2)5 2.09 Å. The struc-
ture obtained for45 agrees well with the geometrical
features of this complex published in earlier calcula-
tions [52]; however, the calculated bond-dissociation

Fig. 3. B3LYP/Ahlrichs PES of the C™Si bond insertion pathway of Fe1 1 C2H5SiH3 relative to the lowest-lying encounter complex42;
ZPVE corrections are included, and the relative energetics are given in kcal mol21. The solid lines refer to the quartet structures whereas the
dashed lines are used to denote the sextet structures.
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energy ofD0 5 51.2 kcal mol21 deviates strongly
from experimental data (D0 5 34.6 6 2.5) [53].
The reason for this strong divergence between theory
and experiment is most likely that B3LYP fails to
adequately describe thep-bonding interaction be-
tween the metal center and the ligand (see above). The
sextet exit channel65 1 SiH4 is not extensively
discussed here because it is energetically located well
above its corresponding quartet state.

In complex46, FeSiH4
1, the silane ligand is bound

through electrostatic Fe1™Si interaction (rFeSi 5 2.41
Å), with the silicon™iron bond bisecting the H™Si™H
angle. The bond energyD0(FeSiH4

1) is calculated to
22.4 kcal mol21, which seems reasonable for the
expected electrostatic interaction, although no exper-
imental values are available for comparison. The
lower stability of46 compared to45 accounts for the

thermodynamic preference of the exit channel45 1
SiH4 of 22.0 kcal mol21. This theoretical result is
supported by the experimental finding that no loss of
C2H4 is observed in either mass spectrometric ap-
proach. In contrast to its quartet analog, the sextet
species66 is bound through a single hydrogen-iron
electrostatic interaction, causing a linear Si™H™Fe
unit.

4.4. C(2)™H bond insertion (Fig. 4)

On this PES, the reaction commences from2
toward the inserted structure7. 4TS2/7 (Erel 5 24.2
kcal mol21) is a late TS, its structure already resem-
bling the geometry of47. The imaginary frequency of
i680 cm21 is mainly accounted for by the shift of the
hydrogen atom from C(2) toward Fe1, whereas the

Fig. 4. B3LYP/Ahlrichs PES of the C(2)™H bond insertion pathway of Fe1 1 C2H5SiH3 relative to the lowest-lying encounter complex42;
see also footnote of Fig. 3.
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rotational motion of the two hydrogen atoms remain-
ing at C(2) contributes less. Although the sextet
6TS2/7 could not be located, a single point calculation
of the optimized quartet structure shows a distinctly
higher energy for the high-spin state, such that it is
assumed not to influence the lowest-energy path of the
reaction, and a further search for6TS2/7 is deemed
unnecessary.

The major geometry difference of the quartet
C(2)™H inserted structure47 (Erel 5 17.2 kcal mol21)
to 4TS2/7 is the distinctly widened C™Fe™H angle (see
Schemes 1 and 2). In contrast to its quartet analog, the
sextet C(2)™H inserted structure67 (Erel 5 32.2 kcal
mol21) adopts an almost linear C™Fe™H unit, thus
clearly differing from the corresponding quartet min-
imum.

From 7, the reaction may proceed by (1)b-SiH3

migration via TS4/7 to form complex4 or by (2)b-H
migration via TS7/8 to form the bisligated complex
Fe1(H2)(C2H3SiH3) (8). Along the first pathway,
localization of TS4/7 proved to be very difficult along
both PESs. Despite many different input structures
and the attempts to localize a sufficiently well-
guessed input structure using linear synchronous tran-
sit (LST) and quadratic synchronous transit (QST)
procedures, no transition structure is found. However,
a single-point calculation on the optimized cobalt
analog yields an upper limit ofErel , 41.3 kcal mol21

for 4TS4/7. Because the single-point calculation for
the corresponding sextet TS is even higher in energy,
it seems reasonable to neglect involvement of the
sextet surface. The upper limit obtained from the
cobalt analog is well able to explain the experimen-
tally observed features, and, although it is not satis-
fying to resign without locating this structure, the
given upper limit for4TS4/7 is used due to limited
computer resources. After passing TS4/7, the reaction
continues toward minimum4 and further to the
products5 and6 (see above).

The second feasible pathway, i.e. theb-H migra-
tion starting from7 passes via TS7/8 toward mini-
mum 8. On the quartet surface,4TS7/8 (Erel 5 41.4
kcal mol21) shows a distinctly elongated bond of
rC(1)H 5 1.35 Å pointing toward the Fe™H unit.
Frequency analysis shows that the imaginary mode

(i1053 cm21) corresponds mainly to the movement of
the two hydrogen atoms approaching each other.
Smaller contributions to the transition mode result
from the shortening of the C™C bond. In analogy, one
C™H bond at C(1) is distinctly elongated (rC(1)H 5
1.35 Å) in 6TS7/8 (Erel 5 57.5 kcal mol21) and the
H™H distance amounts to only 1.09 Å, indicating that
the sextet TS is even later on the reaction coordinate
than in its quartet analog (rHH 5 1.45 Å). The strong
imaginary frequency for6TS7/8 of i1332 cm21 can be
attributed—in analogy to the quartet counterpart—to
the approach of the two hydrogen atoms at Fe1 with
smaller contributions due to rotational rearrangement
of the hydrogen atoms at C(1). Following TS7/8,
complex8 is reached, which consists of an iron cation
surrounded by an H2 ligand and a C2H3SiH3 moiety.
The corresponding quartet and sextet species are
located 2.9 kcal mol21 and 37.7 kcal mol21. In 48, the
p-type bonding of the C2H3SiH3 subunit to iron is
demonstrated by almost symmetrical Fe™C bonds,
rFeC(1) 5 2.09 Å andrFeC(2) 5 2.12 Å, in analogy to
the iron-ethylene complex45. The slight distortion of
the iron-ethylene unit from ideal symmetry can be
attributed to the influence of the SiH3 group on C(1).
In contrast, in68 the C2H3SiH3 unit is bound strongly
asymmetric withrFeC(1) 5 3.08 Å andrFeC(2) 5 2.34
Å, such that the structure can be interpreted as a
s-type bonding between Fe1 and C(2), an assignment
that is also supported by the NBO (natural bond
orbital) analysis. Again, the tendency for Fe1(6D) to
arrange the fragments in a linear manner is noticeable.

Dissociation of48 results in loss of H2 and forma-
tion of the product9. The exit channel is located at
Erel 5 13.3 kcal mol21 and 38.6 kcal mol21 on the
respective quartet and sextet PES. In49, the slightly
asymmetric bonding in analogy to48 is again mani-
fested (rFeC(1) 5 2.03 Å andrFeC(2) 5 2.11 Å), but
rCC 5 1.42 Å still points to a carbon™carbon double
bond. In contrast, the C2H3SiH3 unit of complex69 is
asymmetrically bound to iron, as is already observed
in 68. However, in contrast to68, in 69 the bond
lengths are reversed, i.e.rFeC(1) 5 2.37 Å and
rFeC(2) 5 2.95 Å. Although this effect is very inter-
esting, because the H2 ligand on iron seems to reverse
the location of the electrophilic attack onto the double
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bond, the ground state of this product channel is clearly
the quartet analog,49 1 H2, such that a detailed inves-
tigation of the sextet system is not further pursued.

4.5. C(1)™H bond insertion (Fig. 5)

This pathway involves the following minima and
transition structures (in the order of their appearance):
TS2/10, 10, TS8/10, 8, and9. In 4TS2/10 (Erel 5 23.6
kcal mol21), the metal atom approaches the C™H
bond to be activated, which is already almost broken
(rCH 5 1.77 Å), see Scheme 2. The imaginary fre-
quency of the TS (i611 cm21) corresponds to widen-
ing the C(1)™Fe™H angle; in addition, the rotational
rearrangement of the atoms connected to C(1) con-
tributes to the imaginary mode to some extent.
Whereas the sextet analog of4TS2/10 could not be
located despite many attempts, a single-point calculation

onto the optimized quartet structure exhibited a much
higher energy than4TS2/10, such that the assumption
of a quartet ground state for TS2/10 seems justified.

Minimum 10 is located atErel 5 19.2 kcal mol21

andErel 5 35.5 kcal mol21 on the quartet and sextet
surfaces, respectively. Although the structure of410
resembles very much the corresponding4TS2/10, 610
exhibits an almost linear C™Fe™H unit. The subse-
quent transition structure TS8/10 again shows a dis-
tinctly lower energy for the quartet than for the sextet
state (Erel 5 35.5 versus 57.3 kcal mol21). 4TS8/10
shows a very elongated C(2)™H bond with the hydro-
gen atom pointing toward the metal-hydrogen unit.
The H™H distance is 1.48 Å, much longer than a
normal H™H bond, thus the TS appears early on the
reaction coordinate. The imaginary frequency (i1084
cm21) is assigned to the motion of the two hydrogen

Fig. 5. B3LYP/Ahlrichs PES of the C(1)™H bond insertion pathway of Fe1 1 C2H5SiH3 relative to the lowest-lying encounter complex42;
see also footnote of Fig. 3.
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atoms approaching each other with smaller contribu-
tions from the rotational rearrangement of the hydro-
gen atoms at C(2). In contrast to its quartet analog,
6TS8/10 is a late TS on the reaction coordinate as
demonstrated by the small H™H distance of only 1.12
Å. In analogy to the quartet structure, one C(2)™H
bond points toward the metal and is significantly
elongated. The motion of the two hydrogen atoms
approaching each other accounts for the imaginary
frequency of i1418 cm21. Complex 8 may easily
decompose by losing molecular hydrogen and form-
ing product9. These structures have been described
above and are therefore not repeated.

4.6. C™C bond insertion (Fig. 6)

The reaction on the quartet surface first traverses
TS2/11 to yield the C™C inserted structure11. In the

quartet4TS2/11 (Erel 5 24.2 kcal mol21), the metal
ion approaches the C™C bond, and in the course of
this motion the C™C bond is weakened and thus
strongly elongated (fromrCC 5 1.54 Å in 42 to
rCC 5 2.01 Å in 4TS2/11). The imaginary frequency
(i385 cm21) is attributed to the motion of the two C(1)
and C(2) moieties away from each other. The sextet
analog of this TS could not be localized despite many
attempts; however, comparison with the other inser-
tion pathways as well as with earlier work on the
activation of ethane and propane by “bare” iron atoms
[38–40] allows the assumption that the quartet TS is
likely to be lower in energy than the corresponding
sextet. Thus, further investigation of the sextet TS is
not pursued.

The reaction then proceeds toward the C™C in-
serted minimum11. The quartet isomer411 (Erel 5

Fig. 6. B3LYP/Ahlrichs PES of the C™C bond insertion pathways of Fe1 1 C2H5SiH3 relative to the lowest-lying encounter complex42; see
also footnote of Fig. 3.
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8.9 kcal mol21) showsanti-conformation with respect
to the Fe™C(1) bond. The two metal-carbon bonds are
almost symmetric (rFeC(1) 5 1.93 Å and rFeC(2) 5
1.97 Å); the shorter Fe™C(1) bond is attributed to the
electron withdrawing properties of the silyl moiety,
weakening the Fe™C(1) bond. The sextet isomer,611
(Erel 5 22.8 kcal mol21), shows a linear
C(1)™Fe™C(2) unit (aC(1)FeC(2)5 179°) with both
Fe™C and Fe™H bonds elongated as compared to the
corresponding quartet structure. Next along the reac-
tion path is TS11/12, whose respective quartet and
sextet isomers are located atErel 5 28.9 and 45.2 kcal
mol21. 4TS11/12 shows one dramatically elongated
Si™H bond in conjunction with a preformed iron-
hydrogen bond. This suggests that the actual hydro-
gen migration occurs in two steps, the first one being
the migration from the silyl-group to iron and the
second step consisting of the hydrogen shift from iron
to the methyl-moiety. However, the structure showing
an iron-hydrogen bond is not a true minimum but a TS
that is supported by the IRC calculations connecting
4TS11/12 with 412. 6TS11/12 is a very early TS, in
which the Si™H bond is only slightly elongated and
iron-hydrogen distance is quite large. Here again, IRC
calculations prove the assignment of this TS to the
migration of the hydrogen atom from the silyl to the
methyl group. The rather small imaginary mode of
i317 cm21 corresponds to the motion of the hydrogen
atom away from SiH3 toward the methyl in combina-
tion with a rotation of the CH3 group.

The reaction further continues to minimum12,
whose quartet and sextet isomers are located atErel 5
212.7 kcal mol21 and 21.4 kcal mol21, respectively.
These complexes consist of the metal ion surrounded
by a methane and a silaethylene ligand. The methane
is bound through electrostatic Fe1™C interactions. In
412, the short Si™C bond of 1.81 Å in the silaethylene
ligand points to the nominal formation of a C™Si
double bond [54,55], which can then bind throughp

interaction to the metal center. Quasisymmetricp

interaction is supported by the Fe™C and Fe™Si bond
lengths (rFeC 5 2.01 Å andrFeSi 5 2.67 Å), where
the longer Fe™Si bond accounts for the larger volume
of the silicon compared to carbon. In contrast, the
silaethylene ligand does not form ap bond to the

metal in minimum612. Instead, electrostatic interac-
tion occurs between Fe1 and C(1) (rFeC(1) 5 2.00 Å),
while the SiH3 group is pointing away from the metal
(rFeSi 5 3.42 Å). From minimum12, the exit channel
13 1 CH4 (Erel 5 1.3 kcal mol21 and 23.7 kcal
mol21 for the quartet and sextet states, respectively) is
easily reached by simple dissociation. The structure of
413 is very close to that of412. This is easily
explained because no significant change in the elec-
tronic structure is expected from loss of the only
weakly electrostatically bound methane molecule.

5. Discussion

Let us first outline the general features of the
investigated PESs. (1) As evidenced from the ener-
getic demand of the calculated sextet species, the
sextet PES does not play a role for the ground-state
reactivity of the system along all four primary inser-
tion pathways. This is in good agreement with earlier
reports by Holthausen et al. [38–40], who found the
low-spin PES to dominate the activation of ethane and
propane by “bare” Fe1. Although not all of the
conceivable sextet transition structures have been
located in this study, there is no reason to doubt this
conjecture. Therefore, although the iron cation in the
entrance channel does exhibit a sextet ground state, a
spin crossing to the quartet PES occurs between the
entrance channel and the encounter complex and from
there on the whole reaction continues along the
low-spin PES. (2) In analogy to the Co1/ethylsilane
system, the quartet minima are located well below the
entrance channel. Thermochemically, formation of
413 1 CH4 is the lowest-lying exit channel at 1.3 kcal
mol21, which is for the most part due to the stability
of the neutral, but also because of thep-type interac-
tion in Fe(CH2SiH2)

1 with D0(Fe1-CH2SiH2) 5
30.2 kcal mol21. (3) On the quartet C™C bond
insertion pathway, all transition structures are calcu-
lated to lie below the entrance channel; the reaction
exothermicity for formation of413 1 CH4 is calcu-
lated to be 2.6 kcal mol21. (4) The pathways of
primary C™Si and C(1)™H bond insertions are calcu-
lated to occur at only slightly elevated energies that
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may already be reached under thermal conditions. For
the C(2)™H bond insertion pathway, however, calcu-
lated barriers of 9.9 and,9.8 kcal mol21 in excess of
the entrance-channel energy render the progression of
the reaction along this pathway unlikely. (5) In
agreement with other calculations on the activation of
nonpolar organic substrates, the initial step of inser-
tion into a bond of the substrate is not rate determin-
ing. With regard to these general aspects, the follow-
ing discussion concentrates on the quartet surface,
with the most attention paid to the rate determining
transition structures and the exit channels. The dis-
cussion follows the experimentally observed forma-
tion of individual products.

5.1. Demethanation

For the loss of CH4, only the pathway of initial
C™C bond insertion and subsequentb-hydrogen mi-
gration is calculated. The reverse pathway, i.e. pri-
mary Si™H bond insertion and subsequent methyl-
migration, is not considered for two reasons. (1)
Initial Si™H bond insertion would require formation of
a stable species where Fe1 is inserted into a Si™H
bond. As concluded above, however, such a reaction
is likely to continue directly toward insertion into
another Si™H bond and formation of the silylidene,414.
(2) Generally, it has been shown in earlier work, that
migration of an alkyl group is energetically more de-
manding than migration of a hydrogen atom [40,56,57].

The exit channel of the C™C insertion process is
located 30.2 kcal mol21 below the entrance channel,
such that the location of the transition structures
determines the reactivity of the system along this
pathway. The critical TS along the C™C bond inser-
tion surface is4TS11/12, which is located 2.6 kcal
mol21 below the entrance channel, thus being consis-
tent with a slightly exothermic reaction, in good
agreement with the experimental results.

5.2. Dehydrogenation

For loss of H2, three different reaction pathways
are conceivable of which the Si™H insertion pathway
concomitant with formation of a silylidene complex is

excluded on experimental grounds. The remaining
pathways, i.e. initial C(1)™H and C(2)™H bond inser-
tions, lead to Fe(C2H3SiH3)

1 (49) as the ionic product
complex. The critical TSs along the C(1)™H and
C(2)™H insertion pathways are4TS8/10and4TS7/8 at
35.5 and 41.4 kcal mol21, respectively. These ener-
gies are 0 K values, and it is obvious that at thermal
energies4TS8/10 may be overcome, although4TS7/8
is too high in energy to allow this pathway to
participate in the formation of H2. Therefore, it is
concluded that dehydrogenation occurs mainly via the
C(1)™H bond insertion pathway and that the barrier
height accounts for the experimentally observed
weakness of H2 loss.

5.3. Loss of SiH4

Two of the reaction pathways calculated lead to
formation of the ionic product species Fe(C2H4)

1

concomitant with loss of neutral SiH4, i.e. primary
Si™H and C(2)™H bond insertions. In both pathways,
Fe(C2H4)(SiH4)

1 is the key intermediate that has, in
fact, two obvious possibilities to dissociate by loss of
silane or ethylene, respectively. However, the hypo-
thetical formation of Fe(SiH4)

1 is thermochemically
handicapped due to the superior stability of the
Fe(C2H4)

1 complex. Whereas small amounts of
Fe(C2H4)

1 are indeed observed in both sector-MS
and FTICR experiments, no indication for formation
of Fe(SiH4)

1 is found, even in collisional activation
experiments. The critical TSs toward formation of
Fe(C2H4)(SiH4)

1 are 4TS3/4 and 4TS4/7 along the
C™Si and C(2)™H bond-insertion pathways, respec-
tively. The former is located 3.4 kcal mol21 above the
ground-state entrance channel, although for the latter,
a limit of only ,41.3 kcal mol21 is known. Because
4TS3/4 is located slightly above the entrance channel,
this is a 0 Kenergy and it is thus quite plausible that
the reaction may occur at room temperature, although
with a presumably low reaction rate. This is in good
agreement with the experimental data that show only
very minor intensities of the Fe(C2H4)

1 fragment
(1–4%). As for the second conceivable pathway, only
an energy limit for4TS4/7 is known and it cannot be
determined unambiguously whether or not the C(2)™H
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bond insertion pathway contributes to the observed
Fe(C2H4)

1 fragment. However, a comparison to the
related Co1/ethylsilane system indicates that the TS
for the C(2)™H bond insertion pathway is distinctly
higher in energy than the TS of the C™Si bond
insertion pathway, and thus does not contribute to the
silane loss [25]. Although comparison between both
metals is somewhat difficult, as is demonstrated by
the different experimental results, the hitherto calcu-
lated reaction pathways show very similar features for
iron and cobalt. It is therefore reasonable to assume
that this similarity can be transferred to the C™Si bond
insertion pathway, i.e. Fe(C2H4)

1 is preferentially
formed via the C™Si bond insertion pathway.

5.4. Comparison of the product channels

For all four pathways, the migration TSs are much
higher in energy than the respective product channels.
In addition, the TSs of the C™Si, C(1)™H, and C™C
bond-insertion pathways are located in the same
energy range, given the error of the calculations of66
kcal mol21. Thus, strong competition can be expected
between these routes. Although quantitative assess-
ment of the branching ratios is difficult, demethana-
tion is suggested as the dominating channel. In con-
trast, dehydrogenation and loss of silane are predicted
as minor products. The calculations find the corre-
sponding TSs4TS8/10 and 4TS3/4 at a very small
energy splitting of only 0.6 kcal mol21 with a pref-
erence for4TS3/4 of the silane loss. This energy
splitting is clearly within the error of the calculations
and several reasons are conceivable for the contradic-
tory preponderance of H2 loss in the experiments: (1)
within the error of the calculations4TS8/10 may be
calculated too high in energy and4TS3/4 too low, or
(2) because all energies are given at 0 K, entropy
effects may reverse the sequence of the two TSs when
including the experimental temperatures of 298 K.

6. Conclusions

The reaction of Fe1 with ethylsilane is investigated
at the B3LYP/Ahlrichs level of theory. Qualitative
and semiquantitative agreement is reached between

the experiments and the calculations in that all exper-
imentally observed products are calculated to be
formed along exothermic or slightly endothermic
pathways at 0 K, the latter being so close in energy to
the entrance channel that the associated barriers are
surmountable at room temperature (298 K). More-
over, loss of CH4 after primary C™C bond insertion is
the dominating product, both experimentally and in
the calculations. The favored pathways of the losses
of H2 and SiH4 are the C(1)™H and Si™H bond
insertions, respectively. Primary C(2)™H insertion is
ruled out for the dehydrogenation product but may
occur to some extent en route to the formation of
Fe(C2H4)

1. Both the C(1)™H and Si™H bond insertion
pathways are associated with comparable energy de-
mands such that unambiguous assignment of the
computationally preferred product is not possible
within the accuracy of the calculations.

In addition, the present work allows some more
general evaluation of the performance of DFT calcu-
lations as a tool to interpret and/or predict the reac-
tivity of transition-metal containing systems. As
shown from the above Fe1/ethylsilane example,
B3LYP does indeed allow one to describe these
systems as qualitatively correct. In fact, although
dissimilar channels may exhibit different systematic
errors, these seem to cancel each other out to a large
extent in the present system. In comparison to our
earlier work on Co1/ethylsilane, however, where only
a qualitative agreement between theory and experi-
ment was reached, it remains to note that despite all
progress in recent years, the quantitative description
of competing processes with DFT is, in many cases,
still problematic. Nevertheless, at present, even high-
level ab initio theoretical approaches cannot guaran-
tee a less erratic quantitative description of branching
ratios; consequently DFT appears as a good compro-
mise between the desired accuracy of the calculations
and the existing computational resources.
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