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ABSTRACT: The mechanism of hydrogenolysis of alkanes,
promoted by Ta-hydrides supported on silica via 2 Si−O−
bonds, has been studied with a density functional theory
(DFT) approach. Our study suggests that the initial
monohydride (Si−O−)2Ta(III)H is rapidly trapped by
molecular hydrogen to form the more stable tris-hydride (
Si−O−)2Ta(V)H3. Loading of n-butane to the Ta-center occurs
through C−H activation concerted with elimination of
molecular hydrogen (σ-bond metathesis). Once the Ta-alkyl
species is formed, the C−C activation step corresponds to a β-
alkyl transfer to the metal with elimination of an olefin. According to these calculations, an α-alkyl transfer to the metal to form a
Ta-carbene species is of higher energy. The olefins formed during the C−C activation step can be rapidly hydrogenated by both
mono- and tris-Ta-hydride species, making the overall process of alkane cracking thermodynamically favored.
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■ INTRODUCTION

Low-temperature hydrogenolysis of saturated hydrocarbons is a
field of considerable interest in the petrochemical sector to
generate valuable chemicals and hydrocarbons from higher
alkanes,1 with a potential expanding to the depolymerization of
polyolefin via the microscopic reverse of Ziegler−Natta
polymerization.2 There are several known catalysts, mainly
based on late transition metals, such as Ni, Pt, Rh, Re, etc., but
they often require rather high temperatures to work effectively.3

This drawback has motivated the search for alternative catalysts
that might operate under milder conditions. In this context,
hydrides of early transition metals supported on various oxides
have shown unprecedented and striking activity,2,4 including
dinitrogen activation and hydrogenolysis of alkanes. More
specifically, Ta-hydrides have shown activity for N2 splitting,
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alkane metathesis,6 as well as for hydrogenolysis of light
alkanes7 and cyclic alkanes,8 aromatic C−H activation9 and we
recently showed that the hydrogenolysis of a mixture of alkanes
over Ta-hydrides supported on MCM-41 leads to the formation
of propane, ethane, and methane.10 Remarkably, the developed
catalysts efficiently catalyze the hydrogenolysis of alkanes at low
temperature (T < 150 °C) and low atmospheric pressure (P < 1
atm). The reaction proceeded with good catalytic activity,
TONs, and stability. Notably, the reaction was conducted in a
dynamic reactor, and the catalyst was found to have an
impressive ability to be regenerated and reused several times,
which makes the overall catalytic process sustainable. The
potential shown by these catalysts induced us to start a detailed
characterization and mechanistic understanding of these
catalysts at work.5,7,10,11

Focusing on the structure of the active species, the formation
of silica-supported bipodal tantalum monohydride, of general
formula [(SiO)2TaH], with the metal present as a highly
unsaturated Ta(III) center, is known.12 Furthermore, it has been
recently found that, in the presence of molecular hydrogen, the
monohydride [(SiO)2TaH] could be in equilibrium with the
trihydride of general formula [(SiO)2TaH3], where the metal
is present as a saturated Ta(V) center.5 However, despite this
knowledge of the nature of the active species, the possible
mechanism through which the grafted Ta-hydride(s) performs
alkane hydrogenolysis is still unclear. In continuation of our
study,10 here, we report viable mechanisms of C−C bond
hydrogenolysis in alkanes, based on DFT calculations.
To model the Ta-active species, we used clusters similar to

those of Figure 1. As a model for linear alkanes, we used n-
butane. Experimentally, it was shown that with Ta/MCM-41 it
is possible to perform the hydrogenolysis of n-butane, with a
product distribution consisting of methane, ethane, and
propane, with ratios of ca. 40/35/25 at high conversion.10

As final note, we recall here that a striking difference exists
between [(SiO)3ZrH] and [(SiO)2TaH3]. The Ta hydride
is able to cleave the C−C bond of ethane to give methane,
whereas the Zr hydride does not give methane.13 This was
explained considering that Ta hydrides can promote α-alkyl,
transfer to the metal, with formation of a tantalum (alkyl)
(carbene) species, a reactivity, which is not possible with a
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tripodal [(SiO)3ZrH] or even with a bipodal [(
SiO)2ZrH2].
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■ COMPUTATIONAL DETAILS
Cluster Calculation. All the calculations have been performed

using the M06 density functional,14 as implemented in the Gaussian09
package.15 The triple-ζ basis set TZVP16 was used for main group
elements, while for Ta we used the small-core, quasi-relativistic
Stuttgart/Dresden effective core potential with the associated valence
SDD basis set.17 Singlet and triplet spin multiplicity were compared for
the initial mono- and tris-hydride Ta-species. Since, in both structures,
the singlet state was clearly more stable, the entire study was
performed assuming a singlet spin state. All stationary points were
characterized through frequency calculations. The reported energies
correspond to Gibbs energies calculated under the ideal gas
approximation, at 298.15 K and 1 atm, unless specified otherwise.
Since we discuss several, heavily interconnected, reaction pathways, we
decided to assume the tris-hydride Ta-species of Figure 1 plus n-
butane and H2 as the reference state at 0 kcal/mol. All of the other
species are thus presented relative to this reference state, by adding/
subtracting the energy of the hydrogen, methane, ethane, ethene,
propene, and butane molecules needed to connect chemically the
species under discussion with the assumed reference state.
Periodic Calculations. The silica-supported bipodal Ta-species

was simulated using a periodic approach. The coordinates for the
optimized silica were obtained from the literature18 and a 2 × 2 super
cell was constructed with the Ta atom anchored between two silanols.
Five SiO2 layers were considered perpendicular to the surface. The box
size of 13.59 Å × 13.62 Å × 35 Å was kept fixed during the entire
simulation and the bottom three layers were frozen during the
simulation. The periodic DFT calculations were performed using a
plane wave approach, as implemented in the VASP19 5.3 code. The
GGA PBE exchange−correlation functional of Perdew−Burke−
Ernzerhof was used.20 The projector augmented plane wave21

(PAW) approach was used to describe the interactions between the
core and the valence electron. The energy cutoff for the plane-wave
basis set expansion was set to 400 eV. The Brillouin zone was sampled
with a 2 × 2 × 1 Monkhorst−Pack k-point grid. Besides minima, we
analyzed the transition states using a nudged elastic band (NEB)
approach, as implemented in VASP. There were eight intermediate
frames defined between two stationary points. The other parameters
were kept at the default value, as defined in VASP. The ion coordinates
were optimized up to residual forces within 0.01 eV/A. All of the
energies used here are total electronic energies without any entropic
correction.
Results. Considering that the small SiO cluster used in this work

could allow high and unphysical flexibility around the Ta center, first
we compare n-butane addition and the following C−H cracking step
using a periodic model, and then made comparison with the cluster
model.
Periodic DFT Calculations. The energy describing the loading of

n-butane onto the tris-hydride species 2, leading to the Ta-butyl bis-
hydride species 3 and 4, as obtained with the cluster model and the
periodic model, respectively, are compared in Figure 2. As a remark,
we compare electronic energies rather than Gibbs energies in Figure 2,

because no vibrational analysis was performed with the periodic
model. The data reported in Figure 2 clearly indicate a substantial
agreement between the cluster model and the periodic model, both in
terms of the relative stability of the various intermediates, as well as in
the energy barriers connecting them, validating calculations performed
with the cluster model. On the other hand, the periodic model has an
obviously much greater computational cost, making unpractical to use
it to model the large number of reactions considered in this work.

In conclusion, in agreement with similar tests on N2 dissociation on
an isolated surface Ta-atom,22 our tests indicate that very similar
results, and basically the same chemical scenario, is provided by the
cluster model and the periodic model.

Catalyst Initiation and Substrate Activation. We start with a
comparison of the relative stability of [(SiO)2Ta

(III)H] (1, which is a
d2 species presenting a highly unsaturated Ta(III) center), and the Ta(V)

d0 specie 2 shown in Figure 3. As a remark, the M06 functional that we
used here predicts that the preferred electronic state for the
monohydride species is a singlet, with the triplet 4.2 kcal/mol higher
in energy. This is different from what has been reported in the
literature, where the triplet is found to be more stable than the singlet.5

Indeed, test calculations performed with the BP86, B3LYP, B3PW91,
and M06L functionals, consistently predict the triplet state to be more
stable than the singlet by 1−5 kcal/mol. However, an in-depth
investigation of this point is beyond the scope of the present work, and
we used the singlet state of the monohydride in the following
discussion.

Consistent with previous calculations,5,10 the tris-hydride [(
SiO)2Ta

(V)(H)3] 2 is the most stable species, laying 26.7 kcal/mol
below 1, and 9.1 and 8.9 kcal/mol below the Ta-butyl species (3 and 4,
respectively), according to the computational protocol used in this
work. The higher stability of 4, relative to 3, can be explained
considering a more σ-donating character of the secondary alkyl in 4.
For this reason, in the following, we will consider 2 as the reference
structure at 0.0 kcal/mol in energy. The tris-hydride 2 can be reached
from 1 through the addition of H2, which is a barrierless event on the
potential energy surface, while it might have an entropically driven
barrier on the Gibbs energy surface.23 Differently, oxidative addition of
butane to 1, through the C−H activation transition states [1−3]⧧ and
[1−4]⧧, located 46.9 and 46.4 kcal/mol above 2, has a clear energy
barrier of roughly 20 kcal/mol from 1 (see Figure 3). Next, we
explored the possibility of n-butane C−H activation promoted by 2.

Two possible mechanisms can be envisaged for loading n-butane to
2: the first consists of a concerted σ bond metathesis (C−H
activation/H2 elimination) through transition state [2−3]⧧ or [2−4]⧧,
as depicted in Figure 3; and the second is a two-step reaction,
consisting of regeneration of the monohydride 1, followed by oxidative

Figure 1. Optimized geometry of the clusters used to model (a) [(
SiO)2TaH] and (b) [(SiO)2TaH3]. Distances given in Ångstroms.

Figure 2. Comparison of the energetics of the C−H bond activation of
n-butyl Ta-species 3, using a periodic model (PM values in the figure)
and a cluster model (CM in the figure). The electronic energy (in
kcal/mol) of the intermediates (in black) and of the transition state
connecting them (in red) are reported in parentheses.
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addition of butane through the previously discussed transition state
([1−3]⧧ or [1−4]⧧). According to calculations, the concerted C−H
activation/H2 elimination mechanism is clearly favored, since
transition states [2−3]⧧ or [2−4]⧧ are ∼32 kcal/mol above 2,
whereas transition states [1−3]⧧ and [1−4]⧧, are more than 14 kcal/
mol higher in energy. Activation of a terminal C−H bond, leading to
the linear Ta-alkyl species 3, is kinetically slightly favored over
formation of the branched Ta-alkyl species 4, which indicates a
scarcely selective C−H activation, favoring formation of the linear Ta-
butyl species 3.
C−C Activation from the Linear Ta-Butyl Species 3. Activation

of the Cβ−Cγ bond of 3 (β-alkyl transfer), to eliminate ethene and
give the bis-hydride Ta-ethyl intermediate 5, 15.0 kcal/mol above 3
(see Figure 3), occurs through transition state 3−5 with a barrier of
32.9 kcal/mol from 3. This is an endoergonic step, because of the
formation of the high-energy ethene molecule from the n-butyl Ta
ligand, and it basically corresponds to a depolymerization step.
However, the energy penalty associated with this step will be largely
recovered by rapid insertion of the formed ethene into one of the
largely present Ta-hydride bonds (see later discussion). Indeed, the
driving force for the reaction is the Gibbs energy balance of the overall
hydrogenation of n-butane to two ethane molecules, which is favorable
by 15.2 kcal/mol at the level of theory considered in this work.
Transition state [3−5]⧧ presents an almost-octahedral geometry at

the Ta-center (see Figure 4), with the two hydride ligands in trans
position. Transition state [3−5]⧧ is rather similar to the transition
state for ethene insertion into a Ta-alkyl bond, with related mono- and
tripodal Ta-silica species.24 As the transition state is reached, ethene is
expelled from the Ta-center, and the preferred trigonal bipyramid
geometry is restored. Consistent with the mechanism proposed for
alkane hydrogenolysis on silica-supported Zr-species,25 this step is best

described as a β-alkyl transfer to the metal. On this point, we remark
that, normally, two trans-oriented hydride ligands in this type of
complex is not the preferred geometry.11a Indeed, we found that, at the
level of the intermediates 3 and 4, the trans-hydride geometry is 1
kcal/mol less stable than a cis-oriented geometry. However, at the level
of transition state [3−5]⧧, the geometry with a trans-orientation of the
hydrides is preferred by at least 2 kcal/mol. Incidentally, with trans-
hydrides, the alkyl groups would be oriented away from the SiO2
surface, eventually minimizing steric interaction with the surface.
Similar considerations can be applied to transition state [4−6]⧧ of
Figure 3.

Elimination of ethane from intermediate 5 can proceed along two
possible reaction pathways. The first corresponds to simple reductive
elimination of ethane through transition state [5−1]⧧, laying 33.8
kcal/mol above 5. The second corresponds to ethane elimination
assisted by an external H2 molecule, and it is can considered as an easy
step, since transition state [5−2]⧧ lies only 19.1 kcal/mol above 5 (see

Figure 3. Energy profile for the interconversion of the mono- and tris-hydride Ta-species, and for hydrogenolysis of n-butane. The blue cycle
corresponds to α-CH activation and the green cycle corresponds to β-CH activation. Gibbs energies (in kcal/mol) of the intermediates (in black)
and of the transition state connecting them (in red) are reported in parentheses.

Figure 4. Geometry of transition states (a) [3−5]⧧ and (b) [4−6]⧧; all
distances given in Ångstroms.
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Figure 3). Comparison between the two pathways indicates that the
latter is strongly preferred, which is reasonable, considering that it
prevents the formation of the highly unsaturated monohydride species
1.
Another possible pathway for alkanes hydrogenolysis promoted by

Ta-catalysts was proposed by us in 2000,13a and was hypothesized to
proceed through a σ-bond metathesis. We tried to locate this transition
state similar to Figure 5a; however, in all of our attempts, the system

collapsed into a monohydride and bis-alkyl Ta(V) species 7b with a
high barrier of 57.2 kcal/mol, as presented in Figure 5b. The high
barrier (57.2 kcal/mol), in comparison to the pathway low-energy
barrier (42.0 kcal/mol), presented in Figure 3, ruled out this
possibility. Furthermore, as an alternative to the β-alkyl transfer
mechanism of Figure 3, we explored the possibility of direct propane
formation through transfer of a Ta hydride of 3 to the β carbon of the
Ta-butyl moiety, along with the release of propane and the formation
of the Ta-carbene species 7c shown in Figure 5c.
This step, occurring through a concerted four-centers transition

state, has the high barrier of 65.5 kcal/mol, compared to the 42.0 kcal/
mol calculated for the β alkyl transfer to the metal, ruling out this
possibility.
In conclusion, the preferred C−C activation mechanism cracks n-

butane to ethane + ethene, regenerating the tris-hydride species 2,
through a β-alkyl transfer mechanism. This cracking step is calculated
to be endoergonic by 12.1 kcal/mol. However, rapid hydrogenation of
the formed ethene molecule to ethane by any of the plethora of Ta−H
bonds in the system (see later discussion) makes the overall process
exoergonic. As for the height of the energy barrier for the productive
pathway, 42.0 kcal/mol, it certainly is a high energy barrier even at 150
°C, which indicates that our calculated value somehow overestimates
the real energy barrier for this process.
Other Reactivity Started from the Linear Ta-Butyl Species 3.

The other possible reactivity we considered for 3 as starting species are
shown in Figure 6. They correspond to the activation of the Cα−H
and Cβ−H bonds of the Ta-butyl species 3, to give the Ta-carbene
species 8, and the tantalacycloalkane species 9, 10, and 11, all cases
occurring with the elimination of H2. Keeping in mind that transition
state [3−5]⧧, corresponding to the C−C activation step, resides at
42.0 kcal/mol (see Figure 3), Cα-H activation leading to the Ta-
carbene species 8, through transition state [3−8]⧧ at 44.2 kcal/mol, is
slightly disfavored, relative to the C−C activation step [3−5]⧧, while
Cβ−H or Cδ−H activation to the Ta-cycloalkane species 9 and 11,
through transition state [3−9]⧧ and [3−11]⧧ at 30.9 and 36.8 kcal/

mol, is clearly preferred. Differently, Cγ−H activation to the Ta-
cyclobutane species 10, through transition state [3−10]⧧ at 52.4 kcal/
mol, can be excluded. The formed intermediates 8, 9, and 11 can
either react backward with H2 to regenerate 3, or proceed further to
form the high-energy Ta(III) monoalkyl species 12 and 13, re-entering
the C−C breaking cycle. Noteworthy, the pathways shown in Figure 6
also indicate possible isomerization routes converting the n-butyl Ta
species 3 into the isobutyl Ta species 12, which is an additional step
that can impact the final distribution of the products. Alkyl Cα-transfer
from the Ta-butyl species 13 to give the Ta(methylidene)(n-propyl)
species 20 occurs through the high-energy transition state [13−14]⧧,
laying at 52.0 kcal/mol. Considering that H2 addition to 13 is
practically barrier less, and that 13 can be easily reversed to 8, 9, or 11
through transition states clearly lower in energy than [13−1]⧧, C−C
breaking through α-alkyl transfer is not competitive with the β-alkyl
transfer discussed in the previous section.

While the above results indicate that the most favorable C−C
breaking step occurs through β-alkyl transfer to the metal, they also
indicated that several transformations of the Ta-butyl species 3 are
clearly favored relative to the β-alkyl transfer. For example, β-H
transfer with concerted H2 elimination to give the Ta-metallacycle 9
proceeds through the lower-energy transition state [3−9]⧧. However,
the foreseeable evolution of 9 is to the Ta(III)-butyl species 12 or 13,
which means reintroducing 9 into the main catalytic cycle. There is
another possibility by introducing external hydrogen, so that 9 may
transform into 4 via transition state [9−4]⧧, but this barrier is 33.9
kcal/mol. This indicates that the Ta species could undergo a
remarkable number of nonproductive reactions, with the proposed
productive β-alkyl transfer a rare event in comparison. An example of
this type of reactivity is in the nonproductive degenerate metathesis of
olefins promoted by Ru-catalysts.26 Overall, these results indicate that,
after the substrate is loaded onto the catalyst, it can equilibrate in many
different species, as shown in Figure 6, with the most stable
intermediate corresponding to the bis-hydride Ta(V)-alkyl species 3

Figure 5. Alternative mechanisms for C−C cleavage. Gibbs energies
(in kcal/mol) of the intermediates (in black) and of the transition state
connecting them (in red) are reported in parentheses.

Figure 6. Possible reactivity starting with the activation of a C−H
bond of the n-butyl Ta-species 3. Gibbs energies (in kcal/mol) of the
intermediates (in black) and of the transition state connecting them
(in red) are reported in parentheses.
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(or, by barrierless H2 addition to 12, to the analogous Ta-species 4).
Evolution of these intermediates is through the C−C breaking β-alkyl
transfer of Figure 3.
C−C Activation from the Branched Ta-Butyl Species 4.

Activation of the Cβ−Cγ bond of 4 eliminates propene and give the
bis-hydride Ta-methyl intermediate 6, 5.4 kcal/mol above 4 (see
Figure 3). This is again an endoergonic step, because of the formation
of a high-energy propene molecule from the i-butyl ligand, which will
be compensated by hydrogenation of the formed propene. Formation
of 6 occurs through transition state [4−6]⧧ with a barrier of 33.6 kcal/
mol from 4, which is only 0.7 kcal/mol higher than the barrier for the
Cβ−Cγ activation step from 3 (see Figure 3). Also, in this case, the
following methane liberation step assisted by a H2 molecule to
regenerate the tris-hydride Ta-species 2, through transition state [6−
2]⧧, is clearly favored than simple reductive elimination of methane, to
give the monohydride Ta-species 1 through transition state [6−1]⧧.
Consistently with C−C activation from the linear Ta-butyl species 3,
transition state [4−6]⧧ presents an almost-octahedral geometry at the
Ta-center, with the two hydride ligands in trans (see Figure 4b), and
can be classified as classic β-methyl transfer to the metal. It can be also
considered as the transition state for secondary insertion of propene
into a Ta-methyl bond, and the methyl of propene is placed in an open
part of space, with minimal steric repulsion with other groups at the
catalytic site, as typical in propene polymerization.27 Also in this case,
the olefin is expelled from the Ta-center as it is formed.
In conclusion, the preferred C−C activation mechanism from the

Ta-isobutyl moiety cracks n-butane to propene + methane,
regenerating the tris-hydride species 2. Similarly to the cracking of
n-butane to ethene and ethane, the C−C breaking step with formation
of methane and propene is endoergonic, by 6.0 kcal/mol in this case.
Hydrogenation of the formed propene to propane by the mono- or
tris-hydride species 1 and 2 makes the overall process exoergonic.
Finally, comparison between β-alkyl transfer from the linear Ta-

alkyl species 3, through transition state [3−5]⧧ at 42.0 kcal/mol, and
the branched Ta-alkyl species 4, through transition state [4−6]⧧ at
42.5 kcal/mol, again indicates low selectivity in the hydrogenolysis of
n-butane, which is consistent with the experimental results.
Other Reactivity Started from the Branched Ta-Butyl

Species 4. The other possible reactivity, by considering 4 as the
starting species, is shown in Figure 7. It corresponds to activation of
the Cα−H and of the internal Cβ−H bonds of the Ta-butyl species 4,
to give the Ta-carbene species 15, and the tantalacyclopropane species
16, in both cases with elimination of H2. We did not consider
activation of the methyl Cβ−H bond, since it would lead to the Ta-
cyclopropane species 9, a case already considered in Figure 6, and we
did not consider activation of the Cγ−H bond of 4, giving a
tantalacyclobutane intermediate, since we assume this to be a high-
energy step, based on the results reported in Figure 6.
Focusing on the considered C−H activation steps, and keeping in

mind that transition state [4−6]⧧, corresponding to the C−C
activation step, is observed at 42.5 kcal/mol (see Figure 3), Cα−H
activation leading to the Ta-carbene species 15, through transition
state [4−15]⧧ is competitive with the C−C activation step of Figure 3,
while the Cβ−H activation to the Ta-cyclopropane species 16, through
transition state [4−16]⧧ at 33.2 kcal/mol, is clearly preferred. Thus,
also in case of the branched Ta-butyl species, the productive C−C
activation step of Figure 3 is clearly slower than other nonproductive
isomerization pathways. Using the Ta(III) species 12 as a representative
system, we also investigated if C−C activation could occur with a
mechanism different from those of Figure 3, specifically through an α-
alkyl transfer to the metal, leading to the formation of Ta-carbene
species such as 17 and 18 in Figure 7. These transformations could
possibly result in low energy barrier, since they convert highly
unsaturated Ta(III) species into saturated Ta(V) species.
However, the data reported in Figure 7 indicate that the formation

of the Ta-carbene species 17 and 18 are rather high in energy
transformations, since transition states [12−17]⧧ and [12−18]⧧ are
∼50 kcal/mol in energy, although the specific barrier for the α-alkyl
transfer step from 12 amounts to roughly 20 kcal/mol only. Even this
barrier is too high, compared to the barrier for the backward

conversion of 12 to 15 and 16, which amounts to only 5 kcal/mol. In
conclusion, this suggests that the C−C activation step can only
proceed through the β-alkyl transfer to the metal of Figure 3 (both
blue and green cycles). Focusing on the closure of the catalytic cycle,
an alternative to the mechanism proposed in Figure 3 could consist in
intermediates 5 and 6 promoting C−H activation of another free n-
butane molecule, with methane release through a σ-bond metathesis
step, releasing ethane or methane and reforming an alkyl species. In
this case, the trihydride Ta species 2 would not reform, and the Ta-
butane will remain the key intermediate. We explored this possibility
for the transformation from 6 to 3 (see Figure 8). However, these

possible results are unlikely, since the activation energy for this step,
through transition state [6−3]⧧, requires the high energy barrier of
55.5 kcal/mol, while methane release promoted by H2, through
transition state [6−2]⧧, has a barrier of only 39.7 kcal/mol,
respectively.

Reactivity of the Formed CC Bonds. One peculiarity of the
proposed mechanism for C−C activation from linear and branched
Ta-butyl bonds is the formation of ethene and propene, as outlined in
Figure 3. For this reason, we investigated the reactivity of ethene with

Figure 7. Possible reactivity starting with the activation of a C−H
bond of the i-butyl Ta-species 4. Gibbs energies (in kcal/mol) of the
intermediates (in black) and of the transition state connecting them
(in red) are reported in parentheses.

Figure 8. Alternative mechanism for catalytic cycle closure. Gibbs
energies (in kcal/mol) of the intermediates (in black) and of the
transition state connecting them (in red) are reported in parentheses.

ACS Catalysis Research Article

dx.doi.org/10.1021/cs5001703 | ACS Catal. 2014, 4, 1868−18741872



the mono- and tris-hydrides Ta species 1 and 2 (see Figure 9),
although we expected these processes to be of rather low energy.
Reactivity with Ta-alkyl bonds is already comprised in Figure 3, if the
reaction profiles are read backward.

In the case of the monohydride Ta-species 1, ethene coordinates
strongly to the Ta center, forming the tantalocyclopropane
intermediate 19, 44.3 kcal/mol below 1. According to calculations,
this is a barrierless event, which indicates that olefins can trap the
monohydride Ta-species 1 as effectively as H2 does. Intermediate 19
either can insert the coordinated ethene directly into the Ta−H bond
through transition state [19−20]⧧ with a barrier of 26.7 kcal/mol, or
can react with an external H2 molecule, through transition state [19−
6]⧧ and a barrier of only 12.8 kcal/mol.
Both pathways are clearly viable under the experimental conditions

used, if the olefins formed during the C−C activation step (ethene and
propene) are able to trap the monohydride species 1 before H2. In the
case of the tris-hydride Ta-species 2, we could not find an ethene
coordination intermediate, confirming again that the tris-hydride Ta-
species is not willing to deform from a trigonal bipyramid geometry to
an octahedral geometry to create the coordination position for the
incoming olefin. Thus, there is direct insertion of ethene into one of
the Ta−H bonds of 2, with transition state [3−5]⧧ resembling those
shown in Figure 4. The energy barrier for this transformation amounts
to only 5.7 kcal/mol, and the low-energy intermediate 6 precipitates
formed the systems. Overall, the ability of ethene to trap unsaturated
Ta(III) species eventually present in the reactor, as well as the ability to
insert into one of the plethora of the Ta−H bonds of any of the
saturated Ta(V) species present in the reactor, could explain the
absence of olefins in the products mixture.
An Overall View of Alkanes Hydrogenolysis on Ta-Hydride

Species. The results achieved in this paper, combined with the
computational results, relative to alkane hydrogenolysis discussed in a
recent publication,10 allows us to have a comprehensive view of the
overall reactivity of alkanes in these systems. We briefly recall that, in
the hydrogenolysis of alkanes, such as butane, on Ta-hydride
complexes, the successive formation and disappearance of propane
and ethane is observed, with methane as the only product at long
reaction times.13a This overall behavior is consistent with the chemical
scenario depicted by our calculations. The initial formation of ethane
can be rationalized considering the Cβ-alkyl transfer discussed in

Figure 3, which leads to the formation of ethene that is rapidly
hydrogenated to ethane. The disappearance of ethane at longer
reaction times can be rationalized by its hydrogenolysis through the
energetically more expensive Cα-alkyl transfer mentioned in Figures 5
and 6 and discussed in detail in ref 10. Let us mention here that the
reverse of this step is often considered as a critical step in Fischer−
Tropsch synthesis, as well as in the nonoxidative coupling of methane
to ethane and hydrogen.2,11c

Furthermore, the calculations reported in this manuscript allow us
to have a more comprehensive picture of lower and higher alkanes
hydrogenolysis promoted by Ta and by comparison Zr, silica-
supported bipodal species. We recall the experimental evidence that
ethane hydrogenolysis is not possible with Zr silica-supported bipodal
species, while it is possible with the Ta analogues.13 On the other
hand, hydrogenolysis of butane was catalyzed by both Zr and Ta
species. This induced us to hypothesize a different mechanism
between Zr and Ta.13,25

Subsequent DFT calculations, together with those reported in this
paper, suggest that the hydrogenolysis of higher alkanes, such as
butane, could proceed through similar C−C β-alkyl transfer for both
Zr and Ta.

We previously reported on the hydrogenolysis of small alkanes, such
as ethane and propane, and we proposed an α-alkyl transfer
mechanism for ethane, with formation of a Ta-carbene species, since
it cannot undergo β-alkyl transfer.10 Indeed, in the case of butane, the
α-alkyl transfer, corresponding to the transformation from 13 to 14 in
Figure 6 has a higher energy barrier, compared to the β-alkyl transfer
step 3 → 5 and 4 → 6. This α-alkyl transfer with the formation of a
metal-carbene species is not viable with bipodal Zr-species, because it
would request the formation of a formal Zr(V) species.

■ CONCLUSIONS

In this paper, we have investigated the mechanism of n-butane
hydrogenolysis promoted by Ta-hydride(s) supported on silica,
with a particular focus on the C−C activation step. The main
conclusions that can be derived from the present study are as
follows:
(i) The starting monohydride Ta(III) can be trapped barrier

less by molecular hydrogen to the corresponding tris-hydride
Ta(V).
(ii) The addition of alkane to the metal has a remarkable low

activation barrier, even in the case of highly unsaturated
monohydride Ta(III), so that the most likely mechanism
corresponds to C−H activation from the tris-hydride Ta(V)

with concerted elimination of molecular hydrogen.
(iii) The most likely mechanism for the C−C activation step

corresponds to a classic β-alkyl transfer from the Ta-alkyl
moiety, with liberation of an olefin, while C−C activation
through α-alkyl transfer to the metal from the Ta-alkyl ligand,
with formation of a Ta-carbene species, is not competitive in
large alkanes.
(iv) Nevertheless, there is a series of possible trans-

formations, including isomerization between linear and
branched alkyl Ta-species, which are faster than the productive
C−C activation step through β-alkyl transfer from the Ta-alkyl
species. These transformations are nonproductive and are
thermodynamically biased toward bis-hydride Ta-alkyl species,
from which C−C activation can start.
(v) Consistent with the experiments, there is very scarce

selectivity between the activation of the Cα−Cβ or Cβ−Cβ′
bonds of n-butane, initially leading to methane and propene,
and to ethane and ethene, respectively.
(vi) Hydrogenation of the olefin (initially formed) by Ta-

hydride species is an easy step, and it makes the overall process
thermodynamically favored.

Figure 9. Reactivity of ethene with the mono- and tris-hydride Ta
species 1 and 2. Gibbs energies (in kcal/mol) of the intermediates (in
black) and of the transition state connecting them (in red) are
reported in parentheses.
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(vii) Finally, the formed ethane can undergo an energetically
more-expensive hydrogenolysis through α-alkyl transfer to the
metal, with the formation of Ta-carbene intermediates.
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