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Ethane hydrogenolysis on silica-supported tantalum hydride.
Quantum-chemical study
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The structures of the (H4Si,05)O,Ta(R, RR"R”, RR™) clusters (R, R", R” = H, Me, Et,
Pr; R” = CH,), which model the basic structural units of the catalytic cycle of ethane
hydrogenolysis on silica-supported tantalum hydride, were studied by the density functional
theory (B3LYP) and the perturbation theory (MP2). The possible structure of active sites was
proposed based on comparison of experimental results with calculated data. Ethane hydro-
genolysis and metathesis proceed by a mechanism involving the formation of ethylene
n-complexes and carbenium derivatives of tantalum as intermediates.
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Activation of alkanes is still one of the most important
problems in catalytic chemistry. In recent years, a new
generation of catalysts, viz., silica-supported transition
metal hydrides, has attracted attention.!=17 These cata-
lysts are prepared by reactions of the corresponding orga-
nometallic compounds with partially dehydroxylated silica
gel followed by reduction of the resulting surface com-
plexes.38

Recently,!? it has been demonstrated that silica-sup-
ported tantalum hydride exhibits activity in hydrogenolysis
of C;—C; alkanes at moderate temperatures (25—200 °C).
This reaction is accompanied by the cleavage of the C—C
and C—H bonds followed by the formation of lower ho-
mologs up to methane from alkanes. The feature charac-
terizing the behavior of tantalum-based catalysts in that
they exhibit catalytic activity in ethane hydrogenolysis,
whereas analogous zirconium-based systems catalyze
hydrogenolysis of alkanes containing three or more car-
bon atoms in the chain.?

The aim of the present study was to investigate the
structures of the active sites and the mechanism of ethane
hydrogenolysis on silica-supported tantalum hydride by
quantum-chemical methods.

Calculation procedure
All calculations were carried out by the density functional

theory (DFT) using the B3LYP exchange-correlation functional
and by the restricted Hartree—Fock (RHF) method with inclu-

sion of electron correlation at the second-order Moller—Plesset
perturbation theory (MP2) level. To decrease the computation
time, the SBK pseudopotentiall® and the corresponding basis set
supplemented with polarization functions on all atoms were
used. Calculations were carried out with full optimization of
geometric parameters, unless otherwise indicated. All calcu-
lations were performed using the GAMESS(US) program
package.1®

Results and Discussion

Model and structure of active sites. The modified silica
surface was modeled with the (H4Si,O5)(OH), cluster.
The latter is a fragment of the SiO, crystal with the
B-cristobalite structure in which the broken bonds at the
cluster boundary are saturated with hydroxy groups?%21
(Fig. 1, a, b). The terminal OH groups thus formed were
fixed in the calculations. We chose this cluster because
the structure of silica gel used in experiments on the sur-
face modification most closely resembles the cristobalite
structure with a large number of isolated terminal OH
groups and also based on the experimental data8 provid-
ing evidence that the Ta atom is coordinated by two
O atoms.

Test calculations of large clusters demonstrated that
cluster expansion has virtually no effect on the structure
of the surface fragment. The replacement of the terminal
H atoms of the initial (H4Si,O5)(OH), cluster by organo-
metallic groups leads to an increase in the Si—O bond
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Fig. 1. Structures of B-cristobalite (a), the cluster, which models the silica surface (b), and the optimized structure of the
(H,4Si,05)0,TaH; cluster (c) (O, and H, are the fixed atoms). Here and in Fig. 2, the bond lengths are given (in A).

lengths in the first coordination sphere by 0.02—0.04 A,
whereas the bond lengths in the second coordination
sphere remain unchanged. These facts indicate that the
properties of the surface organometallic compounds are
adequately modeled by small clusters.

With the aim of determining the possible structure of
the active sites, we compared the calculated vibra-
tional frequencies of the (H4Si,05)O,TaH; (1) and
(H4Si,05)O0,TaH clusters with the experimental IR spec-
trum (Table 1). The IR spectrum has three bands in the
region of 1800 cm~! (at 1855, 1830, and 1815 cm™}),
which were assigned® to vibrations of tantalum mono-
hydride. However, the positions and intensities of these
bands are in much better agreement with the assumption
that tantalum trihydride is formed on the silica surface.
Hence, tantalum trihydrides rather than tantalum mono-
hydrides serve, most likely, as active sites.

The optimized structure of the (H4Si,05)O,TaH; clus-
ter (1) modeling the active sites is shown in Fig. 1, c.
Compared to the B3LYP method, the MP2 method pre-
dicts a somewhat larger correlation effect. However, the
difference between the values calculated according to these
two methods is <0.01 A (Table 2).

Catalytic cycle of ethane hydrogenolysis. The catalytic
cycle of alkane hydrogenolysis is shown in Scheme 1. The
key step of the catalytic cycle is o-bond metathesis in-
cluding intramolecular exchange, where the coordination

Table 1. Calculated and experimental® vibrational frequencies
(v/em~!) of the (H4Si,05)0,TaH; and (H,4Si,05)0,TaH clus-
ters in IR spectra

Vibration Calculation Experiment
mode B3LYP MP2

v(TaHj3) 1913, 1844 1917, 1850 1855, 1815
vas(TaH3) 1864 1868 1830
vi(TaDy) 1358, 1305 1361, 1310 —
vas(TaD3) 1325 1328 —
v(TaH) 1804 1810 —
v(TaD) 1280 1284 —

Table 2. Calculated and experimental® Ta—O bond lengths (d/A)

Cluster Calculation Experiment
B3LYP MP2

(H4Si,05)0,TaH; 1.910, 1.901  1.910, 1.907 1.893

(H4Si,05)0,TaH  1.887, 1.887  1.893, 1.892 1.893

number of the metal atom (a four-center transition state)
remains unchanged.!” However, as we have demonstrated
earlier,22 the occurrence of such catalytic cycles on tanta-
lum monohydride seems to be unlikely.
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We proposed the catalytic cycle of ethane hydro-
genolysis based on tantalum trihydride 1 (Scheme 2). The
optimized structures of the clusters, which model the main
intermediates and transitions states (TS) of this cycle, are
shown in Fig. 2. The nature of all stationary points was
confirmed based on analysis of the matrices of second
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Fig. 2. Optimized structures of the clusters, which model the main intermediates (2—7) and transitions states (TS-1—TS-7) of the catalytic cycle of ethane
hydrogenolysis (for each TS, the imaginary frequency corresponding to the reaction coordinate is given).
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Fig. 3. Profile of the potential energy surface of ethane hydrogenolysis (AE and AG,qg are indicated by
dashed and solid lines, respectively). The structures of the clusters and transition states (TS) are shown in

Scheme 2 and Fig. 2.

derivatives of energy with respect to coordinates. In addi-
tion, the intrinsic reaction coordinate (IRC) analysis of
the reaction pathways was carried out for all transition
states.2324 Since both methods gave very similar results,
only the profile of the potential energy surface calculated
at the B3LYP level is presented in Fig. 3.
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The first step of ethane hydrogenolysis (see Scheme 2
and Fig. 2) involves metathesis of the C—H bond pro-
ceeding through transition state TS-1 to form complex 2.
Hydrogen elimination affords a complex with n2-coordi-
nated ethylene (3). The hydrogen transfer in the latter

complex gives rise to electron-deficient (gp, = 0.44) Talll
complex 4. The subsequent cleavage of the C—C bond
and the B-methyl transfer to the Ta atom afford Schrock-
type carbene 5.25 It appeared that in complex 5 in which
the Ta atom is in a low oxidation state (g, = 0.46) and
has a small number of d electrons, the carbene ligand has
a high electron density (qc = —0.21). The subsequent
interaction of hydrogen with Schrock-type complex 5 gives
rise to complex 6 (g, = 0.23). In the course of addition at
the Ta=C bond, hydrogen is much earlier bound to the
Ta atom than to the C atom. In transition state TS-5 and
equilibrium structure 6, the overlap populations of the
Ta—H bond are 0.42 and 0.72, respectively, whereas these
values for the C—H bond are 0.14 and 0.64, respectively.
Analogously to the first step, the latter two steps of the
process also involve c-bond metathesis and proceed
through four-center transition states TS-6 and TS-7
with regeneration of tantalum trihydride 1 and elimina-
tion of methane. Due to the relatively low activation bar-
riers (AG*,93 = 15—30 kcal mol~!), the catalytic cycle of
ethane hydrogenolysis (AGyg = —15 kcal mol~!) can be
performed under the experimental conditions outlined
(150 °C).17

To summarize, calculations of the reaction pathways
demonstrate that ethane hydrogenolysis may proceed at a
high rate according to the mechanism involving the for-
mation of nt-complexes and carbenium complexes of tan-
talum. The proposed catalytic cycle of ethane hydro-
genolysis, which is constructed based on silica-supported
tantalum trihydride, can be invoked to explain hydro-
genolysis and metathesis of alkanes.
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