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Abstract: The reactions of Sc�(3D) with
methane, ethane, and propane in the gas
phase were studied theoretically by
density functional theory. The potential
energy surfaces corresponding to [Sc,
Cn, H2n�2]� (n� 1 ± 3) were examined in
detail at the B3LYP/6-311��G(3df,
3pd)//B3LYP/6-311�G(d,p) level of
theory. The performance of this theo-
retical method was calibrated with re-
spect to the available thermochemical
data. Calculations indicated that the
reactions of Sc� with alkanes are multi-
channel processes which involve two
general mechanisms: an addition ± eli-

mination mechanism, which is in good
agreement with the general mechanism
proposed from earlier experiments, and
a concerted mechanism, which is pre-
sented for the first time in this work. The
addition ± elimination reactions are fa-
vorable at low energy, and the concerted
reactions could be alternative pathways
at high energy. In most cases, the ener-
getic bottleneck in the addition ± elimi-

nation mechanism is the initial C�C or
C�H activation. The loss of CH4 and/or
C2H6 from Sc��CnH2n�2 (n� 2, 3) can
proceed along both the initial C�C
activation branch and the C�H activa-
tion branch. The loss of H2 from Sc��
CnH2n�2 (n� 2, 3) can proceed not only
by 1,2-H2 and/or 1,3-H2 elimination, but
also by 1,1-H2 elimination. The reactiv-
ity of Sc� with alkanes is compared with
those reported earlier for the reactions
of the late first-row transition-metal ions
with alkanes.
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Introduction

C�H and C�C activations of hydrocarbons at metal centers
are of fundamental importance in various areas of chemistry,
such as biochemistry, organometallic chemistry, and homo-
and heterogeneous catalysis.[1±2] The reactions of first-row
transition-metal ions with simple alkanes in the gas phase
have been studied by many experimental techniques (e.g.,
ion-beam mass spectrometry, ion cyclotron resonance mass
spectrometry, high-pressure mass spectrometry, flowing after-
glow methods, and collisional activation by tandem mass
spectrometry)[1±9] following the observation by Allison et al.[10]

that atomic transition-metal ions can activate C�C and C�H
bonds in alkanes. These experiments provided valuable
insights into reactions between transition-metal ions and
hydrocarbons, and substantial quantitative thermochemical
data is now available for a number of such systems. In recent
years considerable efforts have been directed at understand-

ing the mechanism and energetics of C�H and C�C bond
activation by transition-metal ions.

In the reactions of transition-metal ions with CH4, C2H6,
and C3H8, the products of Equations (1) ± (19) are observed in
general.

M��CH4 � MH��CH3 (1)

M��CH4 � MCH3
��H (2)

M��CH4 � MCH2
��H2 (3)

M��C2H6 � M(C2H4)��H2 (4)

M��C2H6 � MCH2
��CH4 (5)

M��C2H6 � MCH3
��CH3 (6)

M��C2H6 � MC2H2
�� 2H2 (7)

M��C2H6 � MH2
��C2H4 (8)

M��C2H6 � MH��C2H5 (9)

M��C3H8 � MH��C3H7 (10)

M��C3H8 � MC3H7
��H (11)

M��C3H8 � MCH3
��C2H5 (12)

M��C3H8 � MC2H5
��CH3 (13)
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M��C3H8 � MC3H6
��H2 (14)

M��C3H8 � MH2
��C3H6 (15)

M��C3H8 � MC2H4
��CH4 (16)

M��C3H8 � MCH4
��C2H4 (17)

M��C3H8 � MCH2
��C2H6 (18)

M��C3H8 � MC2H6
��CH2 (19)

Here, M� denotes a transition-metal ion. For a given metal
ion only some of these reactions may be involved under
certain conditions. These reactions have generally been
understood in terms of the mechanisms shown in Scheme 1.

For reactions M��CH4, the energetically most favorable
process observed by experiment is dehydrogenation to form
MCH2

��H2 at low energy. The proposed two main mecha-
nisms for the process are shown in Scheme 1 (top). One
involves a four-centered transition state (TS), and the other a
dihydrido species. In reactions of M� with C2H6 and C3H8, the

oxidative addition of C�H and C�C bonds to the metal center
are two fundamental steps from which a series of products
results, such as small neutral molecules (H2, CH4, C2H4, etc.)
and fragmentation ions. Most of the mechanisms proposed in
Scheme 1 (middle and bottom) involve a �-H or �-CH3 shift
after insertion of the metal ions into a C�C or C�H bond.

Although experimental techniques can provide general
mechanisms for the reactions of transition-metal ions with
small alkanes, as shown in Scheme 1, complete information on
all elementary reactions involved in such reactions is only
attainable in a few cases. The rational explanations of these
observations requires the support of accurate potential energy
surfaces (PES), and hence further theoretical studies are
needed. Extensive theoretical studies on these reactions can
not only evaluate experimental suggestions, but can also give
new findings that could not be achieved experimentally under
the considered conditions. Apparently, much more effort has
been devoted to experimental research than to theoretical
studies on these reactions, especially the detailed examination
of the PES. Recently, several theoretical studies on the
reactions of late first-row transition-metal ions with small

alkanes such as CH4, C2H6, and
C3H8 were reported.[11±15] Al-
though the reaction mechanism
of Sc� with CH4 was also re-
ported by Musaev et al. ,[16]

comprehensive theoretical
studies on the reactions of early
first-row transition-metal ions
with small alkanes are still nec-
essary, since the electronic con-
figurations of early transition-
metal ions and the strength of
spin ± orbit interactions clearly
differ from those of late first-
row transition-metal ions. Most
of the d orbitals are occupied in
late transition-metal ions, while
some of them are empty in
early transition-metal ions.
Hence distinct differences in
the reactivities of early and late
transition-metal ions can be
expected. These reactions de-
serve more detailed theoretical
studies. We chose Sc�, which
has only two valence electrons
and is the simplest transition-
metal ion, as a representative
early first-row transition-metal
ion. Here we describe in detail
the interesting properties of
the PESs of [Sc, Cn, H2n�2]�

(n� 1 ± 3) and how the scandi-
um ion activates C�H and C�C
bonds in small alkanes. We
expect to thus obtain a general
profile of the elementary mech-
anisms of early first-row tran-

Scheme 1. General mechanisms for the reactions of transition-metal ions with methane (top) and ethane
(middle), and for the CH4 and H2 eliminations of transition-metal ions with propane (bottom).
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sition-metal ions with small alkane by studying prototypes,
and to reveal the differences in reactivities between early and
late first-row transition-metal ions.

Quantum chemical ab initio calculations can in principle
provide reliable information on molecular geometries and
system energies. However, their computational complexity
usually prevents their application to large molecules. Per-
forming accurate calculations on systems involving transition
metals by ab initio molecular orbital theory is difficult, since a
relatively large number of electrons is present. As an
alternative, density functional theory (DFT)[17, 18] has recently
been widely applied to electronic structure calculations on
systems that contain transition metals. The electron correla-
tion effect in these systems is expected to play an important
role in determining the system energetics and electronic
configurations. The DFT method is particularly useful and
computationally efficient for systems with a relatively large
number of electrons that are difficult to deal with in ab initio
molecular orbital theory.[19, 20] Furthermore, the spin contam-
ination in the Kohn ± Sham single determinant reference
function proved to be relatively small. In view of the
computational effectiveness and reliability of DFT, it was
utilized throughout this work.

Methods of Calculation

We chose the B3LYP[21±24] DFT functional. This hybrid functional includes
three fitted parameters and a mixture of Hartree ± Fock exchange and DFT
exchange correlation. This model provides reasonably accurate geometries
and relative energies for organometallic systems,[25±27] and its reliability is
generally comparable to that of the MP2 method.[28±31] Furthermore it
requires far less disk space and is fast enough to allow the calculations
performed in this study. In addition, previous studies have shown that
B3LYP is highly suitable for ion ± ligand complexes.[32±34] This functional has
been widely used recently, especially for systems involving transition
metals.

In special calculations, the full geometry optimizations on all the species
involved in the reactions of scandium ion with CnH2n�2 (n� 1 ± 3) were first
performed at the B3LYP/6-311�G(d,p) level of theory without any
imposed symmetry constraints. The standard 6-311�G(d,p) basis set is
flexible enough to give a good account of longer range ion ± ligand
interactions. In addition, this basis set is large enough to generally reduce
the basis set superposition error to less than the errors inherent in the
method, so that superposition error corrections become unnecessary.

All stationary points were positively identified as minima or first-order
saddle points by evaluation of the frequencies and normal modes. Further,
several pathways between the transition structures and their corresponding
minima were characterized by internal reaction coordinate (IRC)[35]

calculations.

To analyze the sensitivity of the potential-energy surface to basis set and
correlation effects, the relative energies were also reevaluated by using the
large 6-311��G(3df,3pd) basis set. In all single-point energy calculations,
the SCF convergence criterion was set to 10�8 to give a good energy
convergence, since the basis sets used in this work include diffuse functions.
For all cited energies, zero-point energy corrections have been included.

Since the accuracy of DFT calculations also depends on the number of
points used in the numerical integration in addition to the sources of
numerical errors in Hartree ± Fock calculations, fine grids should be
employed. In the present calculations, we used the default grid, which is
a pruned (75,302) grid which has 75 radical shell and 302 angular points per
shell and results in about 7000 points per atom. All processes described
here occur on both the relevant triplet and singlet PESs. All calculations
were performed with the Gaussian98 program package[36] on an SGI 2100
server.

Results and Discussion

To check the reliability of our calculations, we first calibrated
the calculated data against available experimental values to
determine the performance of the level of theory. Then we
examined reactions of Sc� with CnH2n�2 (n� 1 ± 3) in detail,
including the geometries of the various species involved in
these reactions, the multichannel reaction mechanisms, the
PES profiles, and comparison of the reactivity of Sc� with
small alkanes to those of late first-row transition-metal ions.

Calibration of theoretical calculations : To clarify the general
reliability of the theoretical calculations, we compared the
predicted chemical properties of the present systems with
corresponding experimental data.

Ionization potential of scandium : The scandium ion has a 3D,
3d4s ground state, and the first ionization potential (IP) of
scandium is 6.56 eV.[37] The calculated IPs of Sc at the B3LYP/
6-311�G(d,p) and B3LYP/6-311��G(3df, 3pd) levels are
6.57 and 6.58 eV, respectively. The results obtained with both
basis sets are in excellent agreement with the experimental
value.

Bond dissociation energies : Accurate thermochemical data
are available in the literature for the species involved in the
reactions of transition-metal ions with small alkanes. Table 1

compares calculated bond dissociation energies (BDE) of
several species involved in the considered reactions at the
B3LYP/6-311�G(d,p) and B3LYP/6-311��G(3df,3pd) lev-
els with corresponding experimental values. To allow for a
more direct comparison to the experiment, the theoretical
BDEs were corrected to 0 K by including zero-point vibra-
tional energy. Use of the larger basis set apparently does not
improve the DBE, and this confirms that the 6-311�G(d,p)
basis set is flexible enough to describe the electronic
characters of the species involved in the reactions of Sc� with
CnH2n�2 (n� 1 ± 3). The results obtained with the two basis sets
are in good agreement, and this gives us confidence that the
B3LYP/6-311�G(d,p) level is adequate to optimize the
geometries and calculate the frequencies.

From Table 1, we found that the calculated D0 values for
Sc��R species (where R denotes an organic fragment)

Table 1. Calculated (D0) and experimental bond dissociation energies
[kcalmol�1]

Bond D0
[a] Exptl[b] Bond D0

[a] Exptl[d]

Sc��CH3 59 60 65� 5, 59� 5[c] H�H 102 104 104
HSc��CH3 57 56 61� 5 CH3�H 101 101 105
Sc��CH2 86 87 97� 6[c] C2H5�H 97 97 100
Sc��H 61 61 54� 4 C3H7�H 97 97 98
CH3Sc��CH3 57 58 57� 5 CH3�CH3 82 82 90
Sc��C2H4 34 35 40� 5 CH3�C2H5 79 79 88

CH2�CH2 168 169 174

[a] The first value was obtained at the B3LYP/6-311�G(d,p) level of
theory, and the second at the B3LYP/6-311��G(3df,3pd) level. [b] The
experimental data are from ref. [38] unless otherwise noted. [c] Ref. [39].
[d] Ref. [40].
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reproduce the experimental values. The errors introduced by
calculations for the relative energies for different isomers are
estimated to be �5 kcalmol�1 on the basis of our experience
and that of others.[41, 42]

We also inspected the values of �S2� for all species involved
in the reactions of Sc� with CnH2n�2 (n� 1 ± 3), and found the
deviation of �S2� was less than 5%. This indicates that spin
contamination was small in all calculations.

The above results lead us to conclude that the level of
theory used in this work is capable of describing the basic
electronic characteristics of the species of interest. In addi-
tion, the role of relativistic effects may be considered
insignificant for [Sc, Cn, H2n�2] (n� 1 ± 3) systems. The effects
on geometries and energies normally can be neglected for
systems containing only first- and second-row elements, and
this is also be true of the third-row elements, unless a very high
accuracy is required. In present work our goal is to describe
the interesting properties of the [Sc, Cn, H2n�2] (n� 1 ± 3) PESs
and to give the relative energies of various species rather than
their accurate total energies. It is expected that the errors due
to relativistic effects could be al-
most equal for the various species
involved in the reactions of Sc�

with CnH2n�2 (n� 1 ± 3), and these
errors would mostly cancel each
other in the calculations of the
relative energies. Therefore, we
believe that errors resulting from
relativistic effects are much less
than those due to incomplete
basis sets and can be safely ne-
glected.

Reaction of Sc� with methane :
Reactions of first-row transition-
metal ions with methane were
extensively studied by ion-beam
techniques and by ion cyclotron
resonance mass spectrometry in
the late 1980s. All first-row tran-
sition-metal ions except for Mn�

were observed to react with CH4

with similar endothermicities.[43±52]

At low energies, the most favor-
able reaction is dehydrogenation
to form MCH2

��H2. The rele-
vant reactions can be understood
in terms of the general mecha-
nisms shown in Scheme 1 (top).
Elimination of H2 proceeds via a
four-center transition state or a
metal dihydrido methylene cat-
ionic intermediate M�(H)2CH2.
The most detailed experimental
results for the reactions of Fe�[51]

and Co�,[52] including detailed re-
action mechanisms and PESs,
were reported by Armentrout
et al. They found that the barriers

of the reactions of Fe� and Co� with methane to yield FeCH2
�

and CoCH2
� were associated with the four-centered transition

state shown in Scheme 1 (top). Musaev et al. reported ab
initio studies on the mechanisms of the reactions of FeCH2

�

and CoCH2
� with H2, and the reverse of the reactions of Fe�

and Co� with CH4.[11, 12] They identified the four-centered TS
shown in Scheme 1 (top). More recently, they also studied the
reaction mechanism of Sc� with CH4 by using the CASSCF
and MR-SDCI-CASSCF methods.[16]

To comprehensively research the reactions of the early first-
row transition-metal ions with small alkanes such as CH4,
C2H6, and C3H8, and to calibrate the results given by Musaev
et al. earlier, here we study the reaction of Sc� with CH4 in
detail by using DFT theory, including geometry optimization
of various species involved on the PES of [Sc, C, H4]� , relative
energies, and reaction mechanism. Optimized geometric
parameters are shown in Figure 1. The electronic total
energies and relative energies are listed in Table 2. The
reaction process on the PES of [Sc, C, H4]� is shown in
Figure 2, and the PES of [Sc, C, H4]� in Figure 3.

Figure 1. Optimized geometries [ä, �] of species involved in the reaction of Sc� with CH4 at the B3LYP/6-
311�G(d,p) level of theory. The values in parentheses are the imaginary frequencies corresponding to the
transition vectors.
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Figure 3. The PES for the reaction of Sc� with CH4, calculated at the
B3LYP/6-311��G(3df,3dp)//B3LYP/6 ± 311��G(d,p) level of theory.

Four minima M1 ±M4 and three first-order saddle points
MTS 1 ±MTS 3 are located along the reaction path (Figure 1).
Initially, the ion ±molecule complex M 1 is formed as Sc�(3D)
and CH4 approach each other. The ground state of this

complex is a triplet and has C3v

symmetry. This result agrees
with that found by Musaev
and Morokuma.[16] It is calcu-
lated to be 17.2 kcalmol�1 more
stable than the Sc�(3D)�CH4

entrance channel. The singlet
state of M 1 is less stable than
the triplet state by
13.3 kcalmol�1. Along the reac-
tion coordinate lies the C�H
insertion species M2 [i.e.,
Sc�(H)(CH3)], the key inter-
mediate in this reaction, which
is 15.2 kcalmol�1 more stable
than the original entrance chan-
nel and lies 2.0 kcalmol�1 above
M 1. As expected, M 2 has Cs

symmetry, and its ground state
is a singlet. Thus, we conclude
there must be effective spin ±
orbit coupling interactions that
allow intersystem crossing from
the triplet to the singlet state
during insertion of Sc� into the
C�H bond to lead the system to
the energetically most favor-
able PES. Minima M 1 and M 2
are connected by the C�H
bond-insertion transition state
MTS 1. We tried to optimize its
geometries in both the singlet
and triplet states, but only the
structure of the singlet state was
located, and the triplet state
was not found, despite careful
searches. We also optimized the

triplet geometry of MTS 1 at the MP2/6-311�G(d,p) level of
theory, but this was also unsuccessful. This indicates that the
intersystem crossing could occur prior to the appearance of
the saddle point. As shown in Figure 1, MTS1 has a three-
membered-ring TS structure in which the C�H bond is
breaking and the C-Sc-H bridging structure is forming. The
C�H bond in MTS 1 is elongated by 0.495 ä and the Sc��C
and Sc��H lengths are shortened by 0.402 and 0.562 ä
relative to those in M 1. This TS structure is characterized by
an imaginary frequency of 1126i cm�1, and the transition
vector corresponds to the expected components of the
reaction coordinate in which Sc� is inserting into the C�H
bond. The barrier height from M1 to MTS 1 is calculated to be
24.6 kcalmol�1.

Minimum M 2 can directly decompose by breaking of the
Sc��C bond to form Sc�H and a CH3 radical. Competing with
this process is the cleavage of the Sc��H bond to yield Sc�CH3

and an H atom. Our calculations indicate these two processes
have similar energy requirements (see Figure 3). Minimum
M 2 can be also converted to the next minimum structure on
the PES of [Sc, C, H4]� , M 3, which is a precursor from which
molecular hydrogen will be eliminated. It lies 11.9 kcalmol�1

Table 2. Electronic total energies E [hartree] and relative energies �E [kcalmol�1] of the species involved in the
reaction Sc��CH4 at different levels of theory.

Species B3LYP/6-311�G(d,p) B3LYP/6 ± 311�G(3df, 3pd) ZPE
E �E E �E

Sc��CH4 � 800.913214 0.0 � 800.916689 0.0 27.96
M 1 � 800.940021 � 16.09 � 800.945195 � 17.16 28.69
M 2 � 800.930551 � 15.16 � 800.934947 � 15.74 23.68
M 3 � 800.885690 12.56 � 800.890239 11.89 23.25
M 4 � 800.798155 63.78 � 800.801821 63.66 19.54
MTS 1 � 800.893344 8.02 � 800.897775 7.43 23.51
MTS 2 � 800.884529 12.35 � 800.889211 11.59 22.31
MTS 3 � 800.789774 68.63 � 800.793389 68.54 19.13
Sc�CH3� H � 800.834568 42.04 � 800.838782 41.58 20.65
Sc�H�CH3 � 800.837101 40.79 � 800.841108 40.46 20.99
Sc�CH2�H2 � 800.862913 23.04 � 800.870095 20.72 19.44
Sc�(H)2(1A1)�CH2(3B1) � 800.719257 98.07 � 800.724071 95.93 16.49

Figure 2. Reaction process on the PES of [Sc, C, H4]� , calculated at the B3LYP/6-311��G(3df,3dp)//B3LYP/6-
311�G(d,p) level of theory. The values in parentheses are the energies [kcalmol�1] relative to the separate
reactants.
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above the entrance channel. As shown in Figure 1, M3 has a
C1-symmetric structure in which an H2 unit is bound to an
Sc�CH2 moiety by primarily electrostatic interaction. Note
that the geometry of M 3 is very different from those given
early by Musaev et al.[11, 12, 16] for the corresponding adducts of
Fe�CH2, Co�CH2, and Sc�CH2 with H2, which have C2v

symmetry and a coplanar structure. In the present calcula-
tions, the geometric parameters of the ScCH2

� and H2 units in
M 3 resemble those of the free species. Minima M 2 and M 3
are connected by the saddle point MTS 2, which lies
11.6 kcalmol�1 above the reactants. The structure of this
transition state is similar to that of M 3, and indicates that
MTS 2 is very loose. As a result, the energy of MTS 2 is only
0.3 kcalmol�1 above M3. The barrier height from M 2 to
MTS 2 is 26.8 kcalmol�1, slightly higher by 2.2 kcalmol�1 than
that of the initial C�H bond activation. Saddle point MTS2 is
a four-membered-ring TS corresponding to the activation of
the second C�H bond in CH4 and formation of H2, similar to
the case of the [M, C, H4]� PES given by Musaev and
Morokuma[16] earlier. The imaginary frequency of this TS is
603i cm�1. The associated normal mode corresponds to
motions of two hydrogen atoms.

Proceeding along the reaction coordinate, M 3 can decom-
pose directly into the products ScCH2

��H2, and this channel
is confirmed to be the lowest energy process on the PES,
endothermic by 20.7 kcalmol�1. Alternatively, M3 can be
converted to M 4, a minimum corresponding to the metal
dihydrido methylene cation intermediate proposed in
Scheme 1 (top). In M 4, Sc� has inserted into the H�H bond.
It has C2v symmetry (Figure 1) with two perpendicular planes
formed by Sc(H)2� and CH2 units. Although M 4 is less stable
by 63.7 kcalmol�1 than the entrance channel, it is a stable
structure, as confirmed by vibrational analysis. Direct disso-
ciation of M4 leads to the dihydrido species Sc�(H)2 and a
methylene radical. This dihydrido species has, in fact, been
observed by Bushnell et al.[53] However, stable dihydrido
species similar to M4 were not found for Co�(H)2 and Fe(H)2�

in previous studies by Holthausen et al. ,[13±15] Musaev
et al. ,[11, 12] and Bauschlicher et al.[54] These earlier studies
did not support the presence of such dihydrido species in the
reactions of late first-row transition-metal ions with alkanes.
This can be understood in terms of differences in D0(M��H).
For Fe� and Co�, the D0 values are 49 and 46 kcalmol�1,
respectively, while D0(Sc��H) is 61 kcalmol�1. The higher D0

value could be responsible for the existence of the dihydrido
species Sc(H)2� in the reactions of Sc� with alkanes.

Minima M3 and M 4 are connected by the saddle point
MTS 3, in which Sc� is inserting into the H�H bond. The TS
has Cs symmetry, and its relative energies with respect to M 3
and M 4 are 56.6 and 4.8 kcalmol�1, respectively. Evidently,
this process is only available under high-energy conditions.
Compared to the structure of M3, the H�H and C�Sc
distances in MTS 3 are significantly longer, but the CH2 unit
remains almost unchanged. The imaginary frequency for this
TS is 603i cm�1. The exit channel of M 4 is formation of
Sc�(H)2 and CH2, which is endothermic by 95.9 kcalmol�1

relative to the entrance channel.
From Figure 2, it is clear that the H2 elimination reaction is

the most energetically favorable channel under low-energy

conditions; it consists of two elementary steps: oxidative
addition of the C�H bond to the metal center to form
Sc�(H)(CH3) and rearrangement of the insertion product.
Our calculations indicate that the energy demand of the
rearrangement process is slightly higher than that of the initial
C�H activation. This result is in qualitative agreement with
earlier experimental findings.

Reaction of Sc� with ethane : Tonkyn et al. found that C2H6

reacts with all first-row transition-metal ions, except for Mn�

in 100 Pa of He.[4] The main products are listed in Equa-
tions (4) ± (9). To explain the earlier experimental results and
to generalize the mechanism postulated in Scheme 1 (middle),
Holthausen et al. reported two examples of theoretical
investigations on the reactions of the late first-row transi-
tion-metal ions Fe� and Co� with ethane.[13, 14] Their calcu-
lations indicated that: 1) These reactions process along both
the C�C and C�H activation branches; 2) Each branch is
composed of two elementary steps: C�C or C�H bond
activation and subsequent isomerization of the inserted
species by a �-H shift; 3) The rate-determining steps of the
two branches are the isomerizations of the intermediate
insertion products, rather than the initial C�C or C�H
activation.

Two questions arise: 1) Is a reaction mechanism similar to
that of late first-row transition-metal ions with ethane also
applicable to early first row transition ions? 2) Do other
reaction channels exist for the reactions of early first-row
transition-metal ions with ethane? To answer these questions,
we studied the reactions of Sc� with ethane in detail. After
careful searching, we found two new reaction channels: 1,1-H2

elimination and concerted elimination of CH4, in which C�C
and C�H bonds are activated synchronously with a higher
activation barrier than the individual C�C and C�H activa-
tion channels.

Double-dehydrogenation mechanisms in the reactions of
M� (M�Fe, Co) with C2H6 to form MC2H2

�� 2H2 were not
reported in earlier studies by Holthausen et al.[13, 14] However,
spontaneous double dehydrogenation was observed experi-
mentally in the reactions of first-row transition-metal ions
such as Sc� and Ti� with ethane.[55] Hence we also investigated
double-dehydrogenation mechanism in the reaction of Sc�

with C2H6.
Our calculations located ten intermediates E 1 ±E 10 and

eleven first-order saddle points ETS 1 ±ETS 11 on the PES of
[Sc, C2, H6]� . Their main geometric parameters are shown in
Figures 4 and 5, respectively.

Intermediate E 1 is an initial ion ±molecule complex
formed when Sc�(3D) and C2H6 approach each other. Similar
to the initial adduct of Sc� with methane M 1, the ground state
of E 1 is also a triplet, and it is 16.2 kcalmol�1 more stable than
the isolated reactants. The corresponding singlet state is
13.2 kcalmol�1 less stable. This complex has C2 symmetry,
similar to those of the ethane complexes of Cu� and Co� given
by Rosi et al.[56] and Holthausen and Koch,[13] but unlike those
of the ethane complexes of Cr�, Fe�, Ni�, and Mo�, which
have Cs symmetry.[14, 56, 57] The C2H6 unit in E 1 remains almost
undisturbed compared to free C2H6, and this indicates that the
interaction between Sc� and C2H6 is essentially electrostatic,
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as evidenced by the long distance between Sc� and C or H
atoms. Our calculations indicate that E 1 is a common initial
adduct for three subsequent activation branches: C�C bond
activation, C�H bond activation, and synchronous C�C and
C�H bond activations.

Reaction channels following initial C�H bond activation :
The C�H bond activation branch on the PES of [Sc, C2,

H6]� starts from the initial ion ±molecule complex E 1. Along

the reaction coordinate, E 1 can be converted to the C�H
inserted species E 2 via the C�H activation transition state
ETS 1. This C�H inserted species is calculated to be
7.2 kcalmol�1 more stable than E 1. We attempted to optimize
the saddle points of both singlet and triplet states of the C�H
inserted species, but only the saddle point for the singlet state
of ETS 1 was located. Despite numerous attempts to locate a
triplet state for C�H bond activation, the input structures all
collapsed into E 1 or E 2. This is similar to the insertion of Sc�

Figure 4. Optimized geometrical parameters [ä, �] for the intermediates on the PES [Sc, C2, H6]� at the B3LYP/6 ± 311�G(d,p) level of theory.

Figure 5. Optimized geometries [ä, �] for the first-order saddle points on the PES of [Sc, C2, H6]� at the B3LYP/6-311�G(d,p) level of theory. The values in
parentheses are the imaginary frequencies corresponding to the transition vectors.
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into a C�H bond of methane, and indicates that intersystem
crossing between triplet and singlet could occur before the
saddle point. Saddle point ETS 1 has C1 symmetry, and the
transition vector associated with the imaginary frequency of
1083i cm�1 confirms it as the correct saddle point for the C�H
bond insertion process. The breaking C�H bond is elongated
to 1.570 ä in ETS 1.

Once E 2 is formed, it can follow various possible channels
by decomposition or isomerization. We found that five
channels I ±V are accessible to E 2. Channel I involves �-H
migration to form the intermedi-
ate E 4 via the saddle point ETS 3,
in which the breaking C�H bond is
elongated to 1.601 ä and the form-
ing H�H bond is shortened to
1.049 ä. The imaginary frequency
of ETS 3 is 1022i cm�1. Note that
E 4 is a complex between cationic
scandium± ethylene and molecu-
lar hydrogen, in which the H�H
bond length resembles that of free
H2. This complex differs from
species C in Scheme 1 (middle),
the generally proposed dihydrido
species in which the metal ion has
already inserted into the H�H
bond. Although we also found
such a minimum on the PES of
[Sc, C2, H4]� , denoted E 5, this
dihydrido species is formed after
E 4 and is 15.6 kcalmol�1 less sta-
ble than E 4. Intrinsic reaction
coordinate (IRC) analysis con-
firmed that the forward product
from ETS 3 is E 4 rather than E 5.
This TS involves a five-membered-
ring structure. The barrier height
from E 2 to ETS 3 is
16.5 kcalmol�1, almost equal to
that of the first C�H bond activa-
tion.

Along the reaction coordinate,
we found that three paths i ± iii are
open to E 4, as shown in Figure 6.
Path i is direct dissociation of E 4
to form H2� Sc(C2H4)� (1,2-H2

elimination). This path is exother-
mic by 5.3 kcalmol�1 relative to
the reactants, and it is the ener-
getically most favorable reaction
channel. This result is in good
agreement with earlier experimen-
tal finding. Path ii involves the
isomerization of E 4 to dihydrido
species E 5 via saddle point ETS 4
with a barrier of 17.4 kcalmol�1.
Intermediate E 5 is only
2.3 kcalmol�1 more stable than
ETS 4. The imaginary frequency

associated with the transition vector of ETS 4 is 950i cm�1. As
shown in Figure 5, it is an H�H inserted transition state. The
exit channel of E 5 is formation of Sc�(H)2�C2H4, which is
endothermic by 20.1 kcalmol�1 relative to the entrance
channel, and energetically less favorable than the 1,2-H2

elimination path i. Path iii is responsible for the double
dehydrogenation reaction [Eq. (7)]. Along the pathway,
another C�H activation TS, ETS 5, follows E 4. In this TS
the length of the breaking C�H bond is 1.497 ä. Its imaginary
frequency is 850i cm�1. The barrier height from E 4 to ETS 5 is

Figure 6. Reaction process following initial C�H activation for the reaction of Sc� with C2H6.
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22.6 kcalmol�1. The IRC calculations indicate that the for-
ward product from ETS 5 is the intermediate E 6, a complex
between molecular hydrogen and the product of C�H
insertion of Sc� into ethane. Two product paths � and �

leading from E 6 were located. Path � is the double
dehydrogenation reaction, which also involves a �-H migra-
tion transition state, ETS 6, similar to the 1,2-H2 elimination
path mentioned above. This TS lies 11.8 kcalmol�1 above the
entrance channel and is 18.7 kcalmol�1 less stable than ETS 3,
the first-order saddle point of the first �-H migration. This
indicates that in the reaction of Sc� with ethane double
dehydrogenation is more difficult than 1,1-H2 and 1,2-H2

elimination. The forward product from ETS 6 is the inter-
mediate E 7, a productlike complex whose exit channel is
ScC2H2

�� 2H2, endothermic by 16.1 kcalmol�1 relative to the
entrance channel. Path � also involves �-H migration, via
ETS 7 with an imaginary frequency of 346i cm�1. However, the
geometry of ETS 7 is very different from that of ETS 6. In the
former, Sc� is bonded to the two H atoms, whereby the
geometry of the Sc�(H)2 unit is close to that of the
corresponding free species. In the latter, the second hydrogen
molecule is forming. Our calculations indicate that ETS 7 is
31.2 kcalmol�1 higher in energy than the separate reactants,
and 19.4 kcalmol�1 less stable than ETS 6. So path � will be
accessible only under high-energy conditions. An IRC calcu-
lation was performed from ETS 7, and the forward product is
intermediate E 8, an additive complex composed of the three
species Sc�(H)2, H2, and C2H2, whose direct dissociation into
three fragments requires 61.4 kcalmol�1.

The second pathway from E 2 (pathway II) also involves an
H-migration transition state, ETS 8. This TS has some
similarity to ETS 3, in that the �-H migration in ETS 3 is
replaced by a �-H migration. Transition state ETS 8 is a four-
membered-ring TS, with a barrier of 26.7 kcalmol�1,
10.2 kcalmol�1 higher than that of �-H migration. The
forward product of ETS 8 is intermediate E 9, a complex of
ethyl scandium carbene cation with molecular hydrogen,
whose dissociation also leads to loss of H2. This H2 loss
channel is referred as 1,1-H2 elimination, as opposed to the
1,2-H2 elimination mentioned above. This channel is endo-
thermic by 12.8 kcalmol�1.

The third reaction channel from E 2 (pathway III), involves
the four-centered TS ETS 9, in which the C�C bond is
breaking and the H atom bound to the scandium atom is
migrating to the methyl carbon atom (see Figure 5). The IRC
calculations from this TS, following the transition vector in
both directions, indicate that it connects E 2 and E 10, a
complex of scandium carbene cation with methane. Both the
methane moiety and the scandium carbene unit in E 10 are
only slightly distorted compared to the geometric parameters
of free CH4 and Sc�CH2 in Figure 1. The geometry of E 10 is
different from those of the corresponding complexes of
Co�CH2 and Fe�CH2 with CH4 found earlier,[12,13] which have
C2v and Cs symmetries, respectively, and C-Co-C and C-Fe-C
angles of 180.0�. The methane unit in E 10 is coordinated to
the Sc�CH2 species in an �3 fashion with a C-Sc-C angle of
103.8�. Its energy is 10.1 kcalmol�1 lower than the energy of
the separate reactants. The barrier height from E 2 to ETS 9 is
60.6 kcalmol�1, which is much higher than for channels I and

II discussed above. Therefore, the process is highly disadvan-
tageous from an energetic viewpoint. The dissociation of E 10
can lead to the loss of CH4, which requires a energy of
13.8 kcalmol�1. This indicates that CH4 loss from the reaction
of Sc��C2H6 could occur along the initial C�H bond
activation branch. This reaction mechanism is presented for
the first time on the PES of [Sc, C2, H6]� . Similar cases were
not found in the reactions of Fe� and Co� with ethane.[13,14]

Although this CH4 elimination channel is energetically less
favorable at low energy, it could be an alternative path for the
CH4 loss mechanism proposed in Scheme 1 (middle) under
high-energy conditions.

The last two channels from E 2 (channels IV and V) are
direct fragmentation processes with rupture of the Sc�C bond
to form Sc�H�C2H5 or of the Sc�H bond to form Sc�C2H5�
H. These two processes are endothermic by 35.6 and
38.2 kcalmol�1, respectively, and require almost equal energy
(see Figure 6). The high-energy requirements indicate these
two processes are energetically less favorable under low-
energy conditions.

The reaction process along the initial C�H activation
branch for the reaction of Sc� with C2H6 is summarized in
Figure 6, and the corresponding energetic profile is shown in
Figure 7.

Figure 7. Energetic profile along the initial C�H activation branch in the
reaction of Sc� with C2H6.

From Figure 7, it is clear that 1,2-H2 elimination is energeti-
cally most favorable at low energy along the initial C�H
activation channel for the reaction of Sc� with C2H6. The rate-
determining step for this channel is the initial C�H activation.
This is in contrast with the 1,2-H2 losses in the reactions of Fe�

and Co� with ethane, where the energetic bottleneck is the
isomerization of the C�H inserted species.

Reaction channels following initial C�C bond activation :
Along the C�C bond activation branch, the next minimum
structure after the initial complex E 1 is intermediate E 3, a
dimethyl species in which Sc� has inserted into the C�C bond.
The inserted species has C2 symmetry and, as expected, its
ground state is a singlet, with a relative energy 35.1 kcalmol�1

below that of the separate reactants. Note that E 3 is an overall
minimum on the PES of [Sc, C2, H6]� . Intermediates E 1 and
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E 3 are connected by the first
saddle point ETS 2, which cor-
responds to C�C bond activa-
tion with an activation barrier
of 26.3 kcalmol�1. The ground
state of ETS 2 is a triplet with
an energy 4.9 kcalmol�1 lower
than than that of the corre-
sponding singlet state. So we
conclude there must be effec-
tive spin ± orbit coupling inter-
actions that allow intersystem
crossing from the triplet to the
singlet after ETS 2. The energy
of ETS 2 is 9.9 kcalmol�1 higher
than that of ETS 1, the C�H
activation TS. Thus, from a
purely energetic point of view, C�C bond activation is less
favorable than C�H bond activation. We found that ETS 2 has
a C2v-symmetric structure in which the C�C distance is
elongated by 0.665 ä and the Sc�C distance is shortened by
0.417 ä relative to E 1. From these parameters it is clear that
ETS 2 is a three-membered-ring transition state. The imagi-
nary frequency of this saddle point is 254i cm�1, and the
corresponding transition vector indicated by vibration anal-
ysis corresponds to the breaking of the C�C bond and the
reorientation of the methyl groups.

Once E 3 is formed, it can follow two possible production
channels immediately by isomerization or decomposition.
The direct rupture of the Sc�C bond in E 3 can lead to
Sc�CH3�CH3, as proposed in Scheme 1 (middle). The
process is endothermic by 57.3 kcalmol�1. The isomerization
of E 3 is an energetically more favorable reaction path which
involves three-center transition state ETS 10. As shown in
Figure 5, ETS 10 is an H-migration transition state on the PES,
in which a hydrogen atom is moving from one carbon atom to
the other, and lengths of the breaking and forming C�Hbonds
are 1.412 and 1.538 ä, respectively. The corresponding
imaginary frequency is 1333i cm�1. Vibration analyses also
showed that the corresponding transition vectors are com-
pletely consistent with the notion of 1,3-H migration. The
relative energy of ETS 10 is 0.5 kcalmol�1 above the entrance
channel. The forward product from ETS 10 is E 10. Once E 10
is formed, two possible channels are open. One is its direct
dissociation to form ScCH2

�(1A)�CH4, which requires
13.8 kcalmol�1, and the overall reaction Sc�(3D)�C2H6 �
ScCH2

�(1A)�CH4 is endothermic by 3.7 kcalmol�1. The
other is the isomerization of E 10 to form the C�H inserted
species E 2 via the four-membered-ring TS, ETS 9. Evidently,
in this case the C�C activation branch has already crossed into
the C�H activation branch, and the subsequent process has
been analyzed above. The reaction process along the C�C
activation branch is shown in Figure 8, and the corresponding
energetic profile in Figure 9.

From Figure 9, we note that the initial C�C bond activation
is an energetic bottleneck for CH4 loss at low energy in the
reaction of Sc� with C2H6. This is similar to the 1,2-H2 loss
from Sc��C2H6, but different from CH4 loss from the
reactions of Fe� and Co� with C2H6.[13, 14]

Figure 9. Energetic profile along the initial C�C bond activation branch
(����) and the synchronous C�C and C�H activation branch (�±�±) for the
reaction of Sc� with C2H6.

Reaction channels following synchronous C�H and C�C
activation : The C�C and C�H activation mechanisms of
ethane by Sc� discussed above are both addition ± elimination
mechanisms which involve two consecutive elementary steps:
oxidative addition of the C�C or C�H bond to the metal
center and subsequent reductive elimination of small mole-
cules. However, we also found another new reaction channel
involving concerted C�C and C�H activation. The three-
membered-ring TS ETS 11 was identified as a transition
structure by one imaginary frequency of 690i cm�1. From the
geometries of ETS 11 (Figure 5), it is clear that the new
mechanism is a radical substitution reaction in which attack of
Sc� at a C atom of ethane leads to C�C bond activation and
cleavage. This resembles closely the nucleophilic substitution
mechanism for C�Cl bond activation found by Bickelhaupt
et al.[58] However, in the latter case, the chloride leaving group
coordinates to the metal atom, whereas in the present case the
methyl leaving group abstracts a hydrogen atom from the
methyl group. The transition vector of ETS 11 corresponds to
the expected components of the reaction coordinate: break-
ing of the C�C bond and migration of the H atom from one C

Figure 8. Reaction process following initial C�C bond activation for the reaction of Sc� with C2H6.
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atom to the other. The ground state of this TS is a triplet, and
thus differs from the C�C and C�H activation TSs, the ground
states of which are singlets. The relative energy of ETS 11 is
41.7 kcalmol�1 above the entrance channel, and the corre-
sponding singlet state is 10.3 kcalmol�1 less stable. To confirm
connection of two minima by ETS 11, a careful IRC calcu-
lation starting from this TS was performed along both the
forward and reverse directions on the triplet PES of [Sc, C2,
H6]� . The calculated results indicate that the forward
direction leads to the triplet state of E 10, while the reverse
direction leads to E 1. However, since the ground state of E 10
is a singlet, intersystem crossing could occur in the course of
the conversion of ETS 11 to E 10. The activation energy from
E 1 to ETS 11 is 57.9 kcalmol�1. Although this process requires
much higher energy than the consecutive C�C and C�H
activation processes, it could be an alternative pathway for
C�C and C�H activation under high-energy conditions.
Similar to the C�C activation branch, this concerted activa-
tion branch can also cross into the C�H bond activation
branch by isomerization of E 10. The reaction process starting
from the concerted pathway is shown in Figure 10, and the
corresponding energetic profile in Figure 9.

In summary, the calculations show that three activation
branches for the reaction of Sc� with C2H6 are available along
the reaction coordinate: C�H activation, C�C activation, and
synchronous C�H and C�C activation. Detailed mechanisms

Figure 10. Reaction process following synchronous C�C and C�H activa-
tion for the reaction of Sc� with C2H6.

of reductive eliminations of H2 and CH4 from the reaction of
Sc� with C2H6 were also elucidated. The loss of H2 starts with
C�H activation, and under low-energy conditions it proceeds
according to a 1,2-H2 addition ± elimination mechanism in
which the energetic bottleneck is the isomerization of the
C�H inserted species, while under the high-energy conditions
the 1,1-H2 addition ± elimination mechanism could be a
alternative path for the loss of H2. Double dehydrogenation
in the reaction of Sc� with C2H6 is less energetically favorable
than single H2 elimination. The loss of CH4 can proceed via all
three activation branches. The energetically most favorable
branch for CH4 loss starts with initial C�C bond activation
followed by the 1,3-H migration, which is the energetic
bottleneck. The next most favorable path starts from C�H
bond activation followed by isomerization of the C�H
inserted species, and the least favorable path is synchronous
C�C and C�H bond activation.

Reaction of Sc� with C3H8 : The reactions of atomic transition-
metal ions with propane have been paid more attention,
because propane is the smallest alkane for which exothermic
reactions are observed at thermal energies.[39] Although more
experimental and theoretical studies have been devoted to the
reactions of transition-metal ions with propane than any other
hydrocarbon,[6±8, 15, 59±60] they focused on several late transi-
tion-metal ions. As far as we know, no theoretical study is
available on the reactions of early transition ions with
propane. Here we present a detailed study on the reaction
of Sc� with C3H8.

Regardless of the complexity of the reaction M��C3H8,
the mechanisms proposed in Scheme 1 (bottom) are similar to
those of the reactions of M� with CH4 and C2H6 in many
respects, that is, most of them involve C�C and C�H bond
cleavage to form various smaller neutral molecules and
fragment ions. Moreover, our detailed studies confirmed that
the mechanisms found in the reactions of Sc� with CH4 and
C2H6 generally apply to the reaction Sc��C3H8. In this
section, we describe the detailed reaction mechanisms of
Sc��C3H8, and only particular characteristics that are differ-
ent from the reactions of Sc� with CH4 and C2H6 are discussed
further.

The reaction of Sc� with propane can start along four
branches: C�C activation, primary C�H activation, secondary
C�H activation, and synchronous C�C and C�H activation.
Along the four activation branches various intermediates and
the first-order saddle points on the PES of [Sc, C3, H8]� are
located. The optimized structures of various intermediates
and transition states involved in the reaction Sc��C3H8 are
shown in Figures 11 and 12, respectively. The reaction process
schemes and the corresponding PESs along the four activation
branches are shown in Figures 13 ± 20.

Initially, the interaction between Sc� and C3H8 occurs as
they approach one another to form an ion ±molecule addition
complex. Three stable minima P 1 ±P 3 for the initial complex
are found on the PES of [Sc, C3, H8]� . This differs from the
corresponding adducts of Fe�[15] and Ni�[59] with C3H8, for
which only one minimum is found in each case. Minima P 1,
P 2, and P 3 have C2v, C1, and Cs symmetry, respectively, as
shown in Figure 11. Their ground states are all triplets. As
expected, however, the ground states of both C�C and C�H
inserted species and subsequent species on the PES lie on the
corresponding singlet surface. Hence, intersystem crossing
between the singlet and triplet PESs must take place in the
oxidative addition of the C�C or C�H bond to the metal center.

Reaction pathway following initial C�C activation : The de-
tailed mechanism along the initial C�C activation branch is
shown in Figure 13. Intermediate P 1 is a Sc� propane
complex, which acts as a precursor of C�C activation. The
propane unit in this complex is almost undisturbed compared
to free propane. This intermediate can be converted to the
C�C inserted species P 4 via the C�C cleavage transition state
PTS 1. The ground state of this TS is a triplet, and it lies
7.3 kcalmol�1 above the separate reactants. The correspond-
ing singlet is 6.9 kcalmol�1 less stable. The C�C distance in the
ground state TS is elongated to 1.957 ä, and the correspond-
ing transition vector indicated by vibration analysis corre-



Reactions of Sc with Alkanes 484±501

Chem. Eur. J. 2003, 9, No. 2 ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0902-0495 $ 20.00+.50/0 495

sponds to the breaking of the C�C bond and reorientation of
the methyl groups. The imaginary frequency of the saddle
point is 323i cm�1. The barrier height from P 1 to P4 is
29.2 kcalmol�1. Once P 4 is formed, various production
channels are open. As shown in Figure 13, four channels
from P4, denoted a ± d, were found along the initial C�C

activation branch, and each of them involves isomerization of
P 4 with an H-migration transition state. Channels a and b
both involve CH4 elimination, and c and d involve loss of C2H4

and C2H6, respectively.
The energetically most favorable reaction path a produces

methane and Sc� ethylene complex and is exothermic by

Figure 11. Optimized geometrical parameters [ä, �] for the intermediates on the PES [Sc, C3, H8]� at the B3LYP/6-311�G(d,p) level.
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20.4 kcalmol�1. The channel involves the five-membered-ring
transition state PTS 2, in which an H atom is migrating from
the terminal ethyl C atom to the methyl C atom to form the
productlike intermediate P 5, which is a complex of Sc�(C2H4)

with methane. The calculated barrier height from P 4 to PTS 2
is 26.4 kcalmol�1, 2.8 kcalmol�1 lower than the first step of the
channel, C�C bond activation. Channel b is similar to
channel a, but the H atom migrating to the methyl C atom

Figure 12. Optimized geometries [ä, �] of the first-order saddle points on the PES of [Sc, C3, H8]� at the B3LYP/6 ± 311��G(d,p) level. The values in
parentheses are the imaginary frequencies corresponding to the transition vectors.



Reactions of Sc with Alkanes 484±501

Chem. Eur. J. 2003, 9, No. 2 ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0902-0497 $ 20.00+.50/0 497

comes from the methylene rather than the terminal methyl
group. This process involves the four-membered-ring transi-
tion state PTS 3, which connects intermediates P 4 and P 6, a
scandium ethyl carbene cation. The barrier height for this
process is 36.4 kcalmol�1, higher by 10.0 kcalmol�1 than the
corresponding isomerization process in channel a. Channel c
also involves a four-membered-ring transition state, namely,
PTS 4, in which a C�H bond of the methyl group is breaking
and the Sc�H bond is forming. Following the path in both
directions shows that this TS connects intermediates P4 and
P 7, a complex of the methyl hydride of cationic scandium with
ethylene. In the earlier studies by Holthausen and Koch[15] and
Yi et al.[60] , intermediates similar to P 7 were not found in the
reactions of several late transition-metal ions, such as Fe� and
Ni�, with propane. Evidently the early and late transition-
metal ions follow qualitatively different paths in their
reactions with propane. The barrier height from P4 to PTS 4
is 17.1 kcalmol�1, 12.1 kcalmol�1 lower than that of C�C bond
activation. Channel d produces ethane and scandium carbene
cation. The transition state PTS 5 involved in this process
resembles PTS 3. In both cases, an H atom is migrating
between two �-C atoms, but the origins of migration are
different. In the second channel the H atommigrates from the
methylene to the methyl group, while in the fourth channel
the migrating H atom comes from the methyl group. The
activation energies in the two processes are almost equal.

The energetic profile along the C�C bond activation branch
is shown in Figure 14. The energetic bottleneck along this
activation branch is the initial C�C bond activation.

Reaction pathway following initial primary C�H bond activa-
tion : The reaction process along the initial primary C�H bond
activation branch is shown in Figure 15, and the correspond-

ing energetic profile in Figure 16.
The precursor in which Sc� will
insert into the primary C�H bond is
intermediate P 2, which is slightly
more stable by 0.4 kcalmol�1 than
P 1, the precursor of C�C bond
activation. A TS structure of the
primary C�H bond activation,
namely, PTS 6, was identified as a
first-order saddle point connecting
P 2 and P 9, a C�H inserted species.
We attempted to optimize the struc-
tures of the triplet and singlet staes
of this TS, but only the singlet TS
structure was located after a careful
search. In the ground state of PTS 6,
the breaking C�H bond is elongat-
ed to 1.576 ä. The barrier height of
primary C�H bond activation is
21.0 kcalmol�1, 8.2 kcalmol�1 lower
than that of C�C bond activation.
Four product channels e ± h from
P 9 were found. As shown in Fig-
ure 14 they are four dehydrogen-
ation reactions. Channel e is a 1,2-
H2 elimination reaction, which in-
volves the five-membered-ring TS

PTS 7, in which a C�H bond of the methylene group is
breaking and the H�H bond is forming. The structure of this
TS resembles that of the productlike intermediate P 10, a
complex of cationic scandium±propylene with H2. So PTS 7 is
a late saddle point on the PES along the primary C�H
activation path. The barrier height from P 9 to PTS 7 is
16.3 kcalmol�1, lower by 4.7 kcalmol�1 than that of primary
C�H bond activation. Channel f involves the dihydrido
intermediate P 11, which is a complex of the dihydrido Sc�

species with propylene. The geometry of the intermediate is
very similar to E 5 found in the reaction of Sc� with C2H6.
However, the corresponding dihydrido minima M�(H)2C3H6

for Fe�[15] and Ni�[60] can not be located on the PES of
[M, C3, H8]� , and this case is similar to P 7, that is,

Figure 14. Energetic profile along the initial C�C bond activation branch
in the reaction of Sc� with propane.

Figure 13. Reaction process following initial C�C activation on the PES of [Sc, C3, H8]� .
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Figure 16. Energetic profile along the initial primary C�H activation
branch in the reaction of Sc� with propane.

M�(H)(CH3)(C2H4). Intermediates P9 and P 11 are connect-
ed by PTS 8, a four-membered-ring TS. The barrier height
from P 9 to PTS 8 is 15.4 kcalmol�1, slightly higher than that
from P 9 to PTS 7. The structure of P 11 apparently differs
from that of P 10 (see Figure 11). In P 11 two H atoms form
covalent bonds with cationic scandium, while in P 10 the
corresponding two H atoms have almost formed molecular
hydrogen. Intermediate P11 exits by direct dissociation into
the products Sc�(H)2 and CH2�CHCH3. The third and fourth
possible channels from intermediate P 9 (g and h) are 1,1-H2

and 1,3-H2 elimination channels via PTS 9 and PTS 10,
respectively. Both TSs have four-membered-ring structures,

and their forward products are
P 12 and P 13, respectively,
two productlike intermediates.
The barrier heights of the
two processes are 26.8 and
18.4 kcalmol�1, respectively.

Figure 16 shows that the sad-
dle point PTS 6 correspond-
ing to the initial primary
C�H bond activation is the
energetic bottleneck. This case
is similar to the C�C activation
branch.

Reaction pathway following ini-
tial secondary C�H activation :
The initial complex of the sec-
ondary C�H activation branch
on the PES of [Sc, C3, H8]� is
P 3, which is the most stable of
the three ion ±molecule com-
plexes of Sc� and C3H8 found in
this work. This complex has Cs

symmetry and is calculated to
be 0.8 and 0.4 kcalmol�1 stable
than P 1 and P2, the initial
complexes of C�C and primary
C�H activation, respectively.
Along the secondary C�H bond

activation branch, this initial ion ±molecule complex can be
inverted to the C�H bond inserted species P 14. This process
involves the secondary C�H insertion TS PTS11. Similar to
primary C�H activation, only a singlet TS structure corre-
sponding to secondary C�H bond activation is located on the
PES of [Sc, C3, H8]� . In this TS, the breaking C�H bond is
elongated to 1.540 ä. The imaginary frequency of the saddle
point is 1092i cm�1, and vibration analysis indicates that the
transition vector mainly corresponds to breaking of the
second C�H bond and formation of the Sc�H bond. The
barrier height from P 3 to PTS 11 is 17.6 kcalmol�1, lower by
3.4 kcalmol�1 than that of primary C�H bond activation.
Along the reaction coordinate, the insertion intermediate P 14
can rearrange into four isomers, P6, P 15, P 16, and P 17 via
four channels i ± l, respectively. The isomerization of P 14 to
P 6 along the channel i is connected by the four-membered-
ring TS PTS 12, in which C�C and Sc�H bonds are breaking
and a C�H bond is forming. The direct dissociation of P 6
leads to CH4� Sc��CHCH3. This is an alternative pathway
for CH4 elimination to the initial C�C activation branch (see
Figure 14). However, the activation barrier of this process is
as high as 58.6 kcalmol�1, much higher than that of the two
CH4 elimination routes along the initial C�C activation
branch. Two further isomerizations from P14 are channels j
and k, to form intermediates P 15 and P 16 via PTS 13 and
PTS 14, respectively. These processes are quite similar:
channel j involves 2,2-H2 elimination, and channel k
1,2-H2 elimination. The activation energy is 26.0 kcalmol�1

for the former, and 25.1 kcalmol�1 for the latter. The
last channel from P 14 (channel l) involves the dihydrido

Figure 15. Reaction process following initial primary C�H activation on the PES of [Sc, C3, H8]� .
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minimum P 17, in which the HSc�H unit binds to propylene
electrostatically. Structures P 14 and P17 are connected by the
saddle point PTS 15. The barrier from P 14 to PTS 15 is
15.2 kcalmol�1, that is, the lowest activation barrier among
the four isomerization reactions from P 14. The exit channel of
P 17 is its simple dissociation to form Sc�(H)2�
CH2�CH�CH3.

The reaction process following secondary C�H bond
activation is shown in Figure 17, and the energetic profile in
Figure 18. Figure 18 shows that the energetically most favor-
able reaction channel is Sc�(3D)�C3H8 � P 3 � PTS 11 �
P 14 � PTS 15 � P17 � Sc�(H)2�C3H6. In this channel,
the initial secondary C�H bond activation is the energetic
bottleneck.

Figure 18. Energetic profile along the initial secondary C�H activation
branch in the reaction of Sc� with propane.

Reaction pathway following synchronous C�H and C�C
activation : On the PES of [Sc, C3, H8]� we find that, like
Sc��C2H6, the C�H and C�C bonds in propane can be also
activated by Sc� synchronously while the two reactants
approach one another. The concerted mechanism differs
from the general consecutive mechanism of C�C and C�H
activation, and could be a common channel for the reactions
of transition-metal ions with alkanes. Two concerted channels
were located along this branch. One is from P3 to P 6 via
saddle point PTS 16, in which attack of Sc� on a methyl carbon
atom of propane leads to C�C cleavage, and at the same time
the methyl leaving group abstracts a hydrogen atom from the
ethyl group. From the geometry of PTS16 (Figure 12), it is
clear that the C�C bond is breaking and an H atom is

migrating from the methyl to
the methylene group with a
barrier of 55.7 kcalmol�1. The
other channel is from P 2 to P 8
via transition state PTS 17 with
a barrier of 59.9 kcalmol�1. In
PTS 17, Sc� attacks the methyl
carbon atom of propane, and at
the same time the ethyl leaving
group abstracts a hydrogen
atom from the methyl group.
The geometry of PTS 17 is
striking similar to that of
PTS 16. Our calculations show
that the ground states of both
PTS 16 and PTS 17 are triplets,
so we conclude crossing be-
tween the triplet and singlet
PESs occurs after the saddle
points. Intermediates P6 and
P 8 are respectively precursors
for direct loss of CH4 and C2H6.
Both these channels for syn-
chronous C�C and C�H acti-
vation by Sc� require much
higher activation energies than
the successive activation of the
C�H and C�C bonds on the
PES and are unfavorable under
low-energy conditions. Howev-

er, the concerted reaction channels could be alternative
pathways for the C�C and C�H activation of propane at
higher energy. The reaction process and energetic profile are
shown in Figures 19 and 20, respectively.

In summary, the reaction of Sc� with C3H8 is very similar to
that of Sc� with C2H6, and involves two types of mechanisms:
consecutive activation of C�C and C�H bonds (addition ±
elimination mechanism) and the concerted activation of
C�C and C�H bonds. The former can process along three
branches: C�C activation, primary C�H activation, and
secondary C�H activation, each of which consists of two
elementary steps: initial C�C or C�H activation of propane
by Sc� to form inserted intermediates, and their subsequent
isomerization. In these channels, which are energetically
favorable at low energy, the initial C�C and C�H bond

Figure 17. Reaction process following initial secondary C�H activation on the PES of [Sc, C3, H8]� .



FULL PAPER D. Zhang, C. Liu et al.

¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0902-0500 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 2500

Figure 20. Energetic profile along the synchronous C�H and C�C
activation branch in the reaction of Sc� with propane.

activations are generally the energetic bottlenecks. The latter
involves an elementary step with a much higher activation
barrier than the former. Although the concerted path is less
favorable at low energy, it could be an alternative channel for
the loss of small molecules such as CH4 and C2H6 from Sc��
C3H6.

Conclusion

The gas-phase reactions of Sc� with CH4, C2H6, and C3H8

have been systemically studied by using density functional
theory. Our calculations provide further insight into the
elementary steps of the mechanisms of C�C and C�H
activations. The B3LYP/6-311��G(3df,3pd)//B3LYP/6-
311��G(d,p) level of theory used here seems to be capable
of describing the quantitative properties of the PESs of [Sc,
Cn, H2n�2]� (n� 1 ± 3). The experimental bond dissociation
energies of several species involved in the reactions of Sc�

with CnH2n�2 (n� 1 ± 3) were reproduced. The errors intro-
duced by calculations for the relative energies for different
isomers are estimated to be �5 kcalmol�1. Most of the
reaction mechanisms proposed earlier on the basis of
experimental findings have been confirmed. Moreover, we
also found some new mechanisms for Sc�-mediated C�C and
C�H activations. It seems reasonable that mechanisms similar

to the reactions of Sc� with CnH2n�2 (n� 1 ± 3)
could also apply to the reactions of Sc� with
larger alkanes, and to the reactions of other first-
row transition-metal ions with alkanes. Further
studies on the reactions of late first-row tran-
sition-metal ions are planned.

The following are the main conclusions drawn
from the present theoretical calculations:
1) The ground states of the reactants Sc�(3D)�

CnH2n�2 (n� 1 ± 3) are triplets, while the
ground states of the intermediates for in-
sertion of Sc� into C�C and C�H bonds are
singlets for all three systems. Hence, forma-
tion of the inserted species are spin-forbid-
den. This indicates that PES crossing occurs
in the course of Sc� insertion into C�C and
C�H bonds, and that the interaction between

Sc� and CnH2n�2 (n� 1 ± 3) is strong as they approach each
other. All subsequent rearrangements proceed along the
singlet surfaces.

2) Crossing between the singlet and triplet surfaces occur
before the saddle point for C�H activation, and after the
saddle points for C�C and synchronous C�C and C�H
activation.

3) The reactions of Sc� with alkanes are multichannel
processes which involve two types of mechanisms: the
addition ± elimination mechanism and the concerted
mechanism. The former involves two consecutive elemen-
tary steps: oxidative addition of a C�C or C�H bond to the
metal center to form inserted species and subsequent
reductive elimination of small molecules such as H2, CH4,
and C2H6 after various isomerizations. The concerted
mechanisms for CH4 and C2H6 elimination from the
reactions of Sc� with C2H6 and C3H8 are alternative
pathways to the general mechanism proposed earlier.
However, the activation energies of the concerted pro-
cesses are higher than those of the consecutive processes.

4) The loss of CH4 and/or C2H6 from Sc��CnH2n�2 (n� 2 and
3) can proceed along both the initial C�C activation
branch and the C�Hactivation branch. The loss of H2 from
Sc��CnH2n�2 (n� 2, 3) can proceed not only according to
1,2-H2 and/or 1,3-H2 elimination mechanisms, but also by a
1,1-H2 elimination mechanism.

5) In the energetically favorable addition ± elimination reac-
tion channels, the energetic bottlenecks are generally the
initial C�C or C�H bond activation rather than the
isomerization of the inserted intermediates. The concerted
reactions involve only one elementary step, which is
available only at high energy.

6) The oxidative addition of the C�C or C�H bond to the
metal center in the reactions of Sc� with all three alkanes
occur via a three-membered-ring transition state. While
reductive eliminations of small molecules proceed via
multicenter transition states, in most cases these involve
four- or five-membered-ring structures.

7) Based on the similar reactivity of Sc� with three small
alkanes, the results presented here can serve as a template
for the reactions of Sc� with larger alkanes, or of other
transition-metal ions with alkanes. The minima and

Figure 19. Reaction process following synchronous C�C and C�H activation on the PES of
[Sc, C3, H8]� .



Reactions of Sc with Alkanes 484±501

Chem. Eur. J. 2003, 9, No. 2 ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0902-0501 $ 20.00+.50/0 501

transition state geometries obtained here could act as
model structures for searching for analogues in other
systems composed of transition-metal ions and an alkane.
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