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Abstract

A periodic DFT approach was used to investigate ethene metathesis on a molybdena-alumina catalyst. Ten potential monomeric Mo-methylidene
centers variously located on the (100) and (110) surfaces of γ -alumina were modeled. The Mo sites differed from one another in terms of geometry,
the number and type of Mo–O–Al linkages, and the number of free Mo=O bonds. The thermodynamic stability of the Mo-methylidene species
was compared over a wide range of temperatures, taking into account the hydration state of the surface. Depending on water vapor pressure,
structures bonded differently to the surface are stable. Moreover, the Mo sites on (110) γ -alumina are more stable than their analogues located
on the (100) face. The pathways of ethene metathesis proceeding on the Mo-methylidene centers also were studied. The various Mo species
demonstrate varying activity. Most of the Mo-methylidene centers are reactive with ethene and form molybdacyclobutane complexes, which can
exist as two coordination isomers with possible interconversion. In many cases, the molybdacyclobutane species are significantly more stable than
the reactants. Thus, metallacycle opening to restore carbene and olefin is the rate-limiting step for ethene metathesis. The large majority of the Mo
sites, although reactive with ethene, are blocked at the molybdacyclobutane step, and their catalytic reactivity is small at room temperature. Only
a small minority of sites are catalytically active. It is concluded that the most active site is located on the (100) surface and is stable in dehydrated
conditions. At higher temperatures, however, other Mo species can be active in olefin metathesis.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Supported metal oxide catalysts are applied in a number
of large-scale industrial processes based on alkene metathe-
sis [1,2]; for instance, molybdena-alumina catalysts are used
in the Shell Higher Olefins Process (SHOP), in which cross-
metathesis is a key step. A number of theoretical investiga-
tions of olefin metathesis [3–11] have confirmed the carbene
mechanism for this process [12], involving metal-alkylidene
complexes and metallacyclobutane intermediates. In the case
of the supported molybdenum systems, surface Mo-alkylidene
species are formed after contact with alkene or cycloalkane,
after thermal pretreatment of the catalyst [2,13–15]. In con-
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trast to well-defined catalytic systems of olefin metathesis, the
structures of the surface alkylidene centers are not determined
unambiguously. Identifying the active sites at a molecular level
remains an important challenge in heterogeneous catalysis. In
the case of the monomeric centers, which we consider in this
paper, a tetrahedral site with one oxo ligand, one alkylidene
ligand, and two oxygen linkages between the molybdenum
atom and the support has been suggested [2,13,16,17]. Dis-
torted tetrahedral dioxo Mo(VI) species or their reduced forms
can be the precursors of these monomeric Mo-alkylidene sites
[2,13,16–18]. Raman, EXAFS, and NEXAFS studies have con-
firmed tetrahedral coordination of the surface Mo(VI) oxide
forms [19–22], which often are proposed to be dioxo species
[19,21,22]. On the other hand, experimental evidence for the
existence of monooxo surface monomeric Mo(VI) species un-
der dehydrated conditions has been reported, based on Raman
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and IR spectroscopy [23–27]. This species can be three- or four-
coordinated to the surface [23,26,27], and analogous structures
for the Mo-alkylidene centers could be expected as well. A dy-
namic method for chemical counting of active sites led to a
recent assertion that the number of active sites is <1% of the
total number of Mo atoms [28].

Concerning the structure of intermediates, it has been shown
experimentally [29–32] that for the homogeneous Schrock cat-
alysts Mo(NAr)(CHR)(OR′)2 and W(NAr)(CHR)(OR′)2, the
metallacyclobutane intermediates have either a trigonal bipyra-
midal (TBP) geometry with a flat ring or a square pyramidal
(SP) conformation with a puckered ring. Both the stability of
the given metallacyclobutane type and the activity of the cata-
lyst are governed by, among other factors, the electronic prop-
erties of the alkoxide ligands [3,4,29–32]. In the case of the
supported catalysts, the carrier can be considered a multidentate
ligand of the metal center [33,34]. Theoretical investigations
of the molybdena-alumina system, using cluster models for the
surface, showed that both the local electronic properties of the
support and the geometry of the active sites affect the relative
stability of the molybdacyclobutane complexes and the reactiv-
ity in alkene metathesis [10,11].

In the present work, a periodic slab model was used for the
first time in a periodic DFT approach to study olefin metathe-
sis on a molybdena-alumina system. In contrast to the cluster
model, this approach avoids introducing edge effects and allows
a better description of surface relaxation effects. Monomeric
Mo-methylidene centers on alumina were modeled, applying
the recently reported γ -alumina model [35–38]. Our main aim
was to identify the geometry and location of a large family
of potential Mo-methylidene species on the surface. The key
questions are focused first on the probability of existence of
these sites, related to their relative energy, and second on their
respective metathesis activity. A central aspect of the investi-
gation is determining whether all sites are similarly active or
whether only a small fraction of them is responsible for the
catalytic activity. Therefore, we compared the stability of var-
ious proposed structures of the active sites on both the (100)
and (110) faces of γ -alumina, taking into account the hydra-
tion status of the surface. We also studied molybdacyclobutane
intermediates, the products of the addition of ethene to the re-
spective Mo-methylidene sites. For the most relevant cases, we
calculated full pathways of ethene metathesis, to gain insight
into the potential structures that dominate metathesis activ-
ity.

2. Computational methods and models

The periodic calculations were performed within the frame-
work of density functional theory (DFT), using the Vienna
Ab Initio Simulation Package (VASP) [39–41] and the Perdew
and Wang (PW91) generalized gradient-corrected exchange-
correlation functional [42]. A basis set of plane waves was
used to represent the one-electron wave functions. Atomic cores
were described with the projector-augmented wave method
(PAW) [43]. A cutoff energy of 400 eV yielded a converged
total energy. A 331 Monkhorst–Pack mesh was applied for
Brillouin-zone sampling. Transition state structures have been
localized using the nudged elastic band (NEB) method [44,45].
The stationary points were all converged with the quasi-Newton
algorithm; in two test cases, they were characterized by a fre-
quency calculation.

The models of the γ -Al2O3 surface, based on the earlier de-
veloped nonspinel bulk structure with a 5.59×8.414×8.097 Å3

box containing 8 Al2O3 units [46], were validated previously
[35,36]. The (110) plane of γ -alumina is the most exposed
surface on the particles (80%), and the (100) surface is in the
minority (17%); the (111) plane can be neglected [35,47,48].
On the other hand, the calculated surface energy for dehydrated
(100) γ -Al2O3 is lower than for dehydrated (110) γ -Al2O3
[35,36]. Both the (100) and (110) faces were taken into account
in the present study. Surfaces were modeled by a four-layer
slab, with the two bottom layers frozen in the calculated geom-
etry of the bulk and the two upper layers relaxed. The surface
unit cell dimensions were a = 8.414 and b = 11.180 Å for the
former and a = 8.097 and b = 8.414 Å for the latter, corre-
sponding to two and one unit cells used to describe the bulk
structure of γ -alumina.

Mo-alkylidene sites in real catalysts are formed from the pre-
cursors at low or moderate temperatures under dehydrated con-
ditions, with the catalyst pretreated in situ at high temperature,
ca. 800–1100 K [14,15,28]. For the (100) surface of γ -alumina,
a fully dehydrated surface is thermodynamically favored at such
temperatures, whereas the coverage is 3.0–5.9 OH per nm2 on
the (110) surface, according to the periodic DFT and thermo-
dynamic calculations with a vapor pressure of 1 atm assumed
[35,36]. This coverage corresponds to 1 or 2 water molecules
adsorbed per surface unit cell. Because the presence of the Mo
site on the surface is approximately equivalent to adsorption of
one or two water molecules (vide infra), and the actual metathe-
sis process is carried out in dehydrated conditions, in most cases
no water molecules have been added to the alumina surface con-
taining the models of the Mo species.

The dehydrated (100) surface exhibits five-coordinated Al
Lewis centers (AlV), arising from octahedral Al in the bulk,
with tetrahedral Al located below the surface plane. The dehy-
drated (110) surface demonstrates stronger Lewis acidity, along
with AlIV (from octahedral Al in the bulk) and AlIII centers
(from tetrahedral Al in the bulk). These various unsaturated
sites were used to attach the Mo-methylidene centers. All mod-
els considered a Mo atom at the +VI oxidation state.

To calculate the reaction and activation Gibbs free energy,
we approximated the differences between the Gibbs free ener-
gies for condensed phases by the differences in their calculated
electronic energies. Only the rotational and translational contri-
butions to enthalpy and entropy of gas molecules (i.e., water,
ethene) were taken into account; that is, we assume that the
vibrational contribution of a gas molecule is not significantly
influenced by its adsorption.

Surface deformation energies were calculated as the energy
difference between the alumina part in the Mo/γ -Al2O3 geom-
etry and the free alumina surface in its relaxed geometry,

Edef Al = EAl(frozen) − EAl(relaxed).
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Fig. 1. Mo-methylidene centers on (100) γ -alumina.
Deformation energies for the anchored Mo species have been
calculated in a similar way,

Edef Mo = EMo(frozen) − EMo(relaxed).

Interaction energies are defined as the difference between the
energy of the whole system and the energies of the respective
fragments in the Mo/γ -Al2O3 geometry,

Eint = Esystem − EAl(frozen) − EMo(frozen),

whereas adsorption energies are calculated as

Eads = Esystem − EAl(relaxed) − EMo(relaxed).

3. Results and discussion

3.1. Mo-methylidene centers on (100) γ -alumina

Fig. 1 shows the models considered for the Mo-methylidene
species on the (100) γ -Al2O3. In the first case (100_1), the
molybdenum atom is connected via two oxygen linkages with
octahedrally coordinated Al atoms (previously AlV on the bare
surface) and has one oxo ligand and the methylidene group.
Such four-coordinate Mo-alkylidene surface complexes have
been proposed to be the active metathesis sites [2,10,11,13,16,
17]. The species 100_1 can be formally described as the prod-
uct of the addition of the hypothetical Mo-methylidene complex
Mo(=O)(=CH2)(OH)2 on the bare surface. Thus, along with
Table 1
Selected bond lengths (Å) and angles (◦) for the Mo-methylidene centers on
(100) γ -alumina

100_1 100_2 100_3 100_4

Mo–C1 1.91 1.93 1.92 1.91
Mo–O1 1.72 1.72 1.72 1.71
Mo–O2 1.84 1.79 1.82 1.92
Mo–O3 1.93 – – –
Mo–O4 – 2.02 – –
Mo–O5 – – 2.06 2.21
Mo–O6 – – 3.23 2.27
Al1–O2 1.80 – 1.92 1.80
Al2–O3 1.78 – – –
Al3–O2 – 1.99 – –
O2–Mo–O3a 97 99 86 –
O2–Mo–C1 112 111 108 101

a O4 and O5 for the 100_2 and 100_3, respectively.

the Mo complex, two hydrogen atoms were added to the clean
surface of (100) alumina for stoichiometric reasons.

Selected bond lengths and angles for the optimized geom-
etry of 100_1 are given in Table 1. The predicted length of
the carbene bond is close to the value reported for a homoge-
neous Mo-alkylidene system (1.88 Å) [29] and consistent with
the results of previous cluster calculations [10,11]. The Mo–O1
distance is typical for the Mo=O double bond [49]. The differ-
ing lengths of the Mo–O2 and Mo–O3 single bonds (Table 1)
results from the formation of a strong hydrogen bond between
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Fig. 2. Deformation of the γ -alumina (100) surface upon grafting of the 100_4 Mo center. Initial bare surface (left) and reorganized substrate for the 100_4 site
(right). For clarity, the Mo site is removed, while the strongly affected Al1, O5 and O6 atoms are shown in yellow (or light grey).
the O3 atom and the surface hydrogen, as indicated by the short
O3–H distance (1.49 Å).

The next two Mo-methylidene species considered (100_2
and 100_3, Fig. 1) have very similar geometries despite their
different locations on the surface. They can be considered as the
products of the addition of the hypothetical Mo(=O)2(=CH2)
unit on the surface, with one Mo=O bond bridging an (Al, O)
pair. In these sites, the pseudotetrahedrally coordinated molyb-
denum is connected through only one oxygen bridge to a dis-
torted octahedral aluminum atom. In addition, a weak dative
bond is formed between the threefold-coordinated surface oxy-
gen (O4 in 100_2 and O5 in 100_3) and the metal center. For
both structures, the Mo–O2 distance is shorter than in the case
of 100_1, and this bond actually seems to be intermediate be-
tween single and double (see Table 1). Consequently, the Al–O2
distance (1.99 and 1.92 Å) is elongated compared with 100_1.
Another common feature of both centers is the excellent expo-
sure of the carbene bond toward an approaching alkene mole-
cule.

The last Mo-methylidene structure on the (100) face of γ -
alumina that we studied, 100_4, is located similarly to the cen-
ter 100_3 (Fig. 1), but with an additional dative bond formed
between the molybdenum and the surface oxygen atom O6.
It is not surprising that, according to the calculated distances,
all other bonds with the surface are weakened compared with
100_3 and 100_2 (Table 1). In accordance with the bond order
conservation principle, the Al1–O2 distance in 100_4 is shorter
than that in 100_3 and 100_2 (Al3–O2 in this case).

It should be noted that the structures 100_2, 100_3, and
100_4 are isomers and that each can be considered the prod-
uct of the dehydration of structure 100_1 (vide infra).

The presence of Mo species causes a significant deforma-
tion of the surface in their vicinity. As an example of this effect,
Fig. 2 compares the clean (100) surface of γ -alumina with the
Table 2
Atomic distances (Å) for the clean and modified by the 100_4 center (100)
γ -alumina surface

Clean surface Modified surface

Al1–O4 1.85 1.83
Al1–O5 1.85 1.93
Al1–O7 1.84 1.95
Al1–O8 1.83 1.98
Al1–O9 1.91 2.67
Al2–O5 2.00 3.03
Al3–O6 1.91 1.82
Al4–O5 2.28 1.94
Al4–O6 1.91 3.05
Al4–O10 1.80 1.77
Al5–O5 2.01 1.99
Al6–O6 1.85 1.82

surface modified by the 100_4 center. Table 2 gives the most
relevant atomic distances. It can be seen that the Al1 atom,
where the molybdenum is attached via the oxygen linkage, is
shifted above the surface on formation of the Al1–O2 bond. In-
deed, the bond trans to the new Al1–O2 bond (Al1–O9) is prac-
tically broken, as demonstrated by comparing the respective
values in Table 2. In addition, the O5 atom on the modified sur-
face is no longer coordinated to the aluminum Al2, but instead
forms a new bond to the Al4 atom, which in turn is decoordi-
nated from O6, improving its capability of interacting with the
Mo atom. Thus, through a successive and cyclic redistribution
of the Al–O bond strengths, the surface can adapt itself to the
grafting of the complex and is not a static substrate. Together
with the formation of the three bonds between the complex and
the surface, three bonds are broken within the surface, while one
bond is strengthened. This capability of the surface to rearrange
its bonding pairs is a key feature for its strong interaction with
the complex and is an advantage over such compounds as silica,
in which such electronic redistribution is much more difficult.
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Fig. 3. Mo-methylidene centers on (110) γ -alumina.
Table 3
Selected bond lengths (Å) for the Mo-methylidene centers on (110) γ -alumina

110_1 110_2 110_3 110_4 110_5 110_6

Mo–C1 1.89 1.90 1.89 1.90 1.95 1.89
Mo–O1 1.71 1.70 – – 1.71 1.80
Mo–O2 1.86 1.90 1.80 1.82 1.88 1.85
Mo–O3 2.04 2.07 1.76 1.84 – –
Mo–O4 – – 2.04 1.89 – –
Mo–O5 – – – 2.72 – –
Mo–O6 – – – – 2.11 2.05
Mo–O7 – – – – 2.16 2.21
Al1–O2 1.77 1.71 1.85 1.87 1.80 1.82
Al2–O1 – – – – – 1.87
Al2–O3 1.86 – 1.96 – – –
Al3–O3 – 1.84 – 1.89 – –
Al4–O3 – 1.85 – – – –
Al2–C1 – – – – 2.22 –

3.2. Mo-methylidene centers on (110) γ -alumina

Mo-methylidene species on the (110) surface are shown in
Fig. 3, and their geometrical parameters are given in Table 3. In
all but one case, the carbene bond is shorter compared with the
Mo structures on the (100) γ -Al2O3 face.

The first model of the active site (110_1) presents a fourfold-
coordinated Mo center analogous to the structure of 100_1, with
two aluminoxi linkages and one free carbene and oxo ligands.
However, the molybdenum is connected with one tetrahedrally
coordinated aluminum atom (Al1) and one octahedrally co-
ordinated aluminum atom (Al2) instead of two octahedral Al
atoms for the (100) surface. The single Mo–O3 bond is sig-
nificantly elongated, because in this case the surface hydrogen
atom prefers to bond to O3. The Mo center 110_1 also has been
reoptimized after dissociative adsorption of one water molecule
per Mo-methylidene complex on the surface, resulting in for-
mation of a bridge hydroxyl group. The general structure of the
active site remains intact, although with several minor changes
in the geometric parameters. Because the metathesis reaction is
carried out in dehydrated conditions (see Section 2), we did not
examine this structure in ethene metathesis.

Through a combination of experimental study and DFT cal-
culations, it was shown that terminal OH groups on the (110)
γ -alumina are most reactive toward an incoming metal com-
plex [50]. The grafting reaction involving the replacement of
bridge OH groups also is possible. Therefore, we attempted to
locate the Mo center in place of one terminal and one bridge
hydroxyl. In the resulting structure (110_2; Fig. 3) the molyb-
denum has a distorted tetrahedral coordination and is connected
via two oxygen atoms with one tetrahedrally coordinated alu-
minum atom (Al1) and two octahedrally coordinated aluminum
atoms (Al3 and Al4); again, the single Mo–O3 bond is longer,
because O3 is a bridge oxygen.
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Fig. 4. Relative stabilities of the Mo-methylidene species as a function of temperature for different water vapor pressures.
The two Mo-methylidene species 110_3 and 110_4 (Fig. 3)
are different than those described earlier. The molybdenum is
still four-coordinated but has no free oxo ligand; instead, it is
threefold-bonded to the surface. In 110_3, the Mo atom is con-
nected via two oxygen linkages with tetrahedrally (Al1) and oc-
tahedrally (Al2) coordinated aluminum atoms (the same atoms
as in the 110_1 model) and interacts with a three-coordinated
oxygen atom (O4) from the support. This structure can be
viewed as a Mo(=O)2(=CH2) unit distorted by interaction with
the surface. The Mo–O2 and Mo–O3 bonds are elongated only
slightly after interaction with the Al1 and Al2 on the surface and
retain a partial double-bond character. The structure resembles
100_2, but with both oxo groups interacting with the surface.
The third Mo–O4 is a relatively weak dative bond from an oxy-
gen lone pair on the surface, toward the Mo Lewis acid center.

Model 110_4 is quite similar to 110_3, but with a different
choice of octahedral Al atom on the surface (with Al2 replaced
by Al3) for one aluminoxi linkage. This results in a strong reor-
ganization of the surface, with breaking of the Al3–O4 bond
(with both Al3 and O4 involved in the interaction with the
grafted species) and strengthening of the Mo–O4 bond. Al-
though the plane of the carbene bond is well exposed in both
structures, the geometry of 110_4 is more favorable for alkene
attack.

In the 110_5 structure (Fig. 3), the molybdenum atom shows
an oxygen linkage with the tetrahedral Al1 atom, as in the other
structures, but with two additional dative Mo–O bonds from
two bridge surface oxygen atoms, O6 and O7. Similar weak
Mo–O bonds are present in bulk MoO3 [49]. On the other hand,
the carbene bond is weakened in 110_5, due to additional inter-
action between C1 and the surface aluminum Al2 (Table 3).
Finally, the Mo-methylidene center 110_6 (Fig. 3) is the only
one in which the molybdenum is fourfold-bonded to the alu-
mina surface. The complex initially was placed in exactly the
same way as 110_5, but with the methylidene group and the
oxo ligand exchanged, resulting in formation of the O1–Al2
bond. Therefore, this molybdenum complex shows a distorted
square pyramidal geometry with two single and two dative Mo–
O bonds, along with the methylidene ligand on top. Similar to
the Mo sites on (100) γ -alumina, the Mo-methylidene species
110_3–110_6 can be considered as the products of dehydration
of the structures 110_1 and 110_2.

3.3. Relative stabilities of the Mo-methylidene centers

The energies of the surface Mo complexes of identical stoi-
chiometry can be directly compared with one another. Among
the centers 100_2, 100_3, and 100_4 (Fig. 1), the latter is pre-
dicted to be the most stable. The energies of 100_2 and 100_3
are higher than that of 100_4 by 23 and 17 kJ mol−1, respec-
tively. As for the Mo-methylidene sites on the (110) γ -alumina
(Fig. 3), 110_2 has a lower energy than 110_1 (by 71 kJ mol−1),
whereas 110_6 is the most stable species among the remain-
ing Mo centers. The 110_3, 110_4, and 110_5 structures have
higher energy than 110_6 (by 61, 76, and 42 kJ mol−1, respec-
tively).

When studying the relative thermodynamic stability of the
Mo species, adequate dehydration reactions can be analyzed.
For instance, the left-side reaction presented in Fig. 4 enables
the calculation of the relative stabilities of the 100_1 and 100_4
sites. As can be seen, it is predicted that the former will be more
stable than the latter at 0 K. An analogous situation is seen in
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Scheme 1.

the Mo complexes on the (110) face, where the Mo-methylidene
center 110_2 is thermodynamically preferred over the 110_6
one (Fig. 4, right-side reaction). However the situation changes
when the temperature increases, due to the entropic effect of
the released water molecules. In both reactions, the change of
the Gibbs free energy at various temperatures and under various
water vapor pressures was calculated (Fig. 4). The calculations
indicate that at a water vapor pressure of 1 atm, the 100_4 site
becomes more stable than the 100_1 site at temperatures above
approximately 850 K. This threshold temperature decreases as
the water vapor pressure is reduced; under low-pressure condi-
tions, the “dehydrated” site can be more stable than the “hydrat-
ed” site at temperatures above approximately 500 K. As for the
(110) surface, at a water vapor pressure of 1 atm, the thermody-
namic preference for the “hydrated” complex 110_2 is observed
up to approximately 1000 K, whereas under strict dehydrated
conditions, the “dehydrated” site 110_6 can be more stable at
temperatures as low as 600 K or higher.

The threshold temperatures in the dehydrated conditions are
lower than those usually applied for the catalyst pretreatment
step [14,15,28]. If the structures and relative stabilities of the
isolated Mo(VI) oxide forms are similar to those of the Mo-
methylidene centers, then the Mo(VI) oxide species analogous
to the “dehydrated” Mo-methylidene centers should be present
in the catalyst. But taking into account that the metathesis active
sites are often formed from reduced Mo forms [14–16], deter-
mining whether the “dehydrated” Mo-methylidene centers are
present during the reaction carried out at low temperatures is
difficult.

The relative stabilities of the corresponding Mo forms on the
(100) and (110) surfaces can be determined on the basis of the
calculated energy for grafting the hypothetical Mo-methylidene
complex Mo(=O)(=CH2)(OH)2 to the alumina (Scheme 1).
The obtained reaction energy is −169 kJ mol−1 for the 100_1
center and −426 kJ mol−1 for the 110_2 center; therefore, the
latter is predicted to be more stable than the former. This can be
explained by the more unsaturated nature of the (110) surface
with low-coordinated aluminum sites and strong Lewis acid-
ity. These two quantities can be compared with the adsorption
energy for two water molecules on the clean alumina surface.
The calculated values are −176 kJ mol−1 for the (100) face and
−425 kJ mol−1 for the (110) face. Thus, the adsorption of the
Mo complex on the alumina is energetically equivalent to the
adsorption of two water molecules.

Based on the energies obtained for the reactions depicted
in Scheme 2, it can be seen that the center 100_4 has a less-
stabilizing formation energy than the 110_6 one. Therefore, the
present calculations indicate that the Mo-methylidene species
on the (110) alumina are more stable than the corresponding
ones on the (100) surface.
Scheme 2.

Fig. 5. Intermediates and transition states involved in ethene metathesis on the
Mo-methylidene center 100_1. The energies (kJ mol−1) and Gibbs free ener-
gies (in parentheses, T = 298 K, kJ mol−1), related to the reactants, are given
below the structures.

3.4. Ethene metathesis: Mo sites on (100) γ -alumina

During the catalytic cycle of alkene metathesis, a metal-
lacyclobutane intermediate is formed after a cycloaddition of
alkene and a metal-alkylidene complex, followed by the cy-
cloreversal step leading to the new alkene and another metal-
alkylidene compound. To predict the activity of the proposed
Mo-methylidene centers, we analyzed the possible conforma-
tions for the respective molybdacyclobutanes and, in selected
cases, investigated the entire pathways of degenerate ethene
metathesis.

The approach of an ethene molecule to the Mo-methylidene
center 100_1 (Fig. 1) initially results in the formation of a weak
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Fig. 6. Molybdacyclobutanes involved in ethene metathesis on the Mo-methyl-
idene center 100_2. The energies (kJ mol−1) and Gibbs free energies (in paren-
theses, T = 298 K, kJ mol−1), related to the reactants, are given below the
structures.

ethene–molybdenamethylidene complex (100_1ec, Fig. 5). The
predicted activation energy of its further conversion to the
molybdacyclobutane intermediate 100_1TBP is very low, about
11 kJ mol−1. This initial molybdacyclobutane complex has a
trigonal bipyramidal (TBP) geometry and can rearrange to
the isomeric structure 100_1SP with a square pyramidal (SP)
geometry of the metal complex. This step is expected to proceed
rather easily [10,11]. The existence of both types of molybda-
cyclobutane complexes has been experimentally [29–32] and
theoretically [3–5,9] confirmed for the homogeneous Schrock
systems and also has been predicted for the molybdena-alumina
metathesis catalyst based on cluster calculations [10,11]. The
calculated Mo–C distances in the SP structure (Fig. 5) are close
to the experimental bond lengths obtained for this class of
molybdacyclobutanes [30]. The geometrical parameters for the
TBP and SP intermediates, as well as for the transition state,
also are consistent with earlier theoretical results [10,11].

The formation of the TBP intermediate from the Mo-
methylidene center 100_1 and ethene is only moderately
exothermic (�E = −25 kJ/mol). The further step in the
metathesis mechanism—opening the molybdacyclobutane—is
here just the reverse reaction for our degenerate ethene metathe-
sis model. Thus, it is moderately endothermic, and its activa-
tion energy is reasonable (24 kJ mol−1). Consequently, high
metathesis activity for the 100_1 center would be predicted.
However, the transformation of the TBP molybdacyclobutane
to the SP isomer is predicted to be highly exothermic (by
60 kJ mol−1), in agreement with the earlier cluster calcula-
tions for this system [10]. The estimated Gibbs free energy of
100_1SP, related to the Mo-methylidene + ethene, is clearly
negative (−30 kJ mol−1) at 298 K. Once the SP isomer is
formed, the metallacycle opening becomes strongly endother-
mic and activated (barrier, 84 kJ mol−1); thus, this species ac-
cumulates on the surface at low temperature, resulting in poor
metathesis catalytic activity. If the temperature is increased,
the free energy difference is reduced (−14 kJ mol−1 at 373 K
and 9 kJ mol−1 at 473 K) due to an entropic loss of adsorbing
ethene; however, the activation barrier should remain high.

The reaction of ethene with the Mo-methylidene cen-
ter 100_2 results in formation of the molybdacyclobutane
100_2TBP (Fig. 6). In this case, significant reconstruction
of the Mo center is observed. The initially terminal oxo lig-
Fig. 7. Intermediates and transition states involved in ethene metathesis on the
Mo-methylidene center 100_3 and 100_4. The energies (kJ mol−1) and Gibbs
free energies (in parentheses, T = 298 K, kJ mol−1), related to the reactants,
are given below the structures.

and O1 becomes bonded to a surface aluminum in the final
molybdacyclobutane structure. The reaction is predicted to be
highly exothermic and irreversible, because the predicted Gibbs
free energy is −74 kJ mol−1 at 298 K and −35 kJ mol−1 at
473 K. Consequently, this intermediate is even more stable (by
50 kJ mol−1) than the corresponding square-pyramidal molyb-
dacyclobutane, in which the free oxo ligand is again recovered
(Fig. 6). Thus, the Mo-methylidene center 100_2 does not seem
to be a suitable model of the metathesis active site, because of
excessive stability of the molybdacyclobutane intermediate; in-
deed, the energy barrier for the metallacycle opening would be
higher than 74 kJ mol−1.

Although the geometry of 100_3 is very similar to that of
100_2 (Fig. 1), their reactivity differs significantly, according
to our calculations. The formation of the first molybdacyclobu-
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tane product (100_3TBP, Fig. 7) from 100_3 and ethene is
moderately exothermic (with a small positive Gibbs free en-
ergy change at 298 K) and involves a very low activation
barrier (5 kJ mol−1). Therefore, this structure is predicted to
be a reactive intermediate, easily splitting backward into the
Mo-methylidene site and ethene, in contrast to the situation
for 100_2TBP. The key difference is that 100_3TBP can-
not be further stabilized by an additional oxo-Al interaction
as 100_2TBP can. At an early stage of ethene addition to
100_3, the ethene-molybdenamethylidene complex 100_3ec is
formed. Its stability is close to that of 100_3TBP. The square-
pyramidal molybdacyclobutane 100_3SP, which is of lower
energy than the TBP isomer (by 27 kJ mol−1), also has been
localized. The former is predicted to be in thermodynamic
equilibrium with the reactants (i.e., Mo-methylidene + ethene
[�G = −6 kJ mol−1 at 298 K]). Based on its relative energy
(Fig. 7), we can conclude that reverse isomerization to the
TBP intermediate followed by the cycloreversal step is possi-
ble even at low temperatures. The overall calculated barrier for
the metallacycle opening from 100_3SP is 36 kJ mol−1; there-
fore, the Mo-methylidene species 100_3 seems to be a good
candidate for the active site of olefin metathesis.

From Tables 1 and 4, changes in selected geometrical pa-
rameters along the reaction pathway on (100) γ -alumina can
be seen. In most cases, the formation of the TBP intermediates
via the TS structures involves elongation of the single Mo–O
bonds compared with the corresponding Mo-methylidene sites.
Exceptions are the Mo–O2 bond for the 100_2 series and the
Mo–O3 bond for the 100_1 series. In the latter case, however,
the Mo–O3 distance is increased in the TS structure. Further
formation of the SP molybdacyclobutanes almost restores the
initial values of the Mo–O bond lengths; this also holds true for
the O2–Mo–O3 angle, whereas its value is clearly decreased in
the TS and TBP structures.

Due to its rigidity, the surface imposes constraints on the
geometry of the Mo centers. We compared the surface metalla-
cycle species with an ideal gas-phase system Mo(=O)(C3H6)-
(OH)2, in which the OH model ligands are completely free
(Table 4). It is striking to see that the quantities considered
for 100_1TBP are very close to those for the ideal TBP sys-
tem. The calculated energy of TBP formation (−33 kJ mol−1)
is also not far from the respective value for 100_1TBP (−25
kJ mol−1), although, rather fortuitously, excellent consistency
is observed with the 100_3TBP structure (−34 kJ mol−1). It
should be noted, however, that not only geometrical constraints,
but also the local electronic properties of the support influ-
ence the relative stability of the TBP molybdacyclobutanes
[10,11]. Nevertheless, the most relevant species for metathe-
sis reactivity are the SP metallacycles. Among these SP surface
sites, the geometry of 100_1SP is most similar to that of the
ideal gas-phase model structure SP, whereas the geometries
of the other SP centers differ more significantly (e.g., elon-
gated Mo–O3, reduced O2–Mo–O3 bite angle). The energy of
gas-phase model SP (−96 kJ mol−1), related to the reactants
(Mo-methylidene + ethene), is also closest to the relative en-
ergy of the 100_1SP molybdacyclobutane (−85 kJ mol−1).
Table 4
Selected bond lengths (Å) and angles (◦) for the molybdacyclobutanes and
transition states on (100) γ -alumina. A comparison with ideal gas systems
Mo(=O)(C3H6)(OH)2

System Mo–O2 Mo–O3a O2–Mo–O3a O2–Mo–Cb

100_1TS 1.89 1.98 87 107; 77
100_1TBP 1.93 1.93 87 90; 85
100_1SP 1.85 1.94 95 137; 90
100_2TBP 1.79 2.14 77 98; 101
100_2SP 1.80 2.08 91 134; 97
100_3TS 1.89 2.15 78 110; 83
100_3TBP 1.90 2.15 77 107; 84
100_3SP 1.84 2.04 85 132; 93
TBP (ideal) 1.95 1.93 89 83; 89
SP (ideal) 1.91 1.91 108 136; 83

a O4 and O5 for the 100_2 and 100_3 series, respectively.
b For each pair, the first value corresponds to the O2–Mo–C1 angle.

Table 5
Deformation energies of the Mo(=O)2(C3H6) fragment (Edef Mo) and alumina
surface (Edef Al), as well as the interaction (Eint) and adsorption (Eads) ener-
gies (kJ mol−1)

100_2SP 100_3SP

Edef Mo 135 149
Edef Al 122 218
Eint −295 −393
Eads −38 −26

Among the SP molybdacyclobutane species considered on
(100) γ -alumina, 100_3SP is the least stable at −61 kJ mol−1

(35 kJ mol−1 less stable than the gas-phase model). This
is the key point explaining its high reactivity. Its energy is
higher than that of the very similar structure 100_2SP, by
12 kJ mol−1. To explain this difference, we decomposed the
energy of both systems into the energy to distort the molecule
part Mo(=O)2(C3H6), the energy to distort the surface, and
the interaction energy between the distorted entities (Table 5).
The deformation energies are clearly higher for 100_3SP (es-
pecially the alumina surface) than for 100_2SP. This energy
loss is not entirely balanced by the gain in the interaction en-
ergy, and thus the center 100_3SP is less stable than 100_2SP,
as can be seen by comparing the respective adsorption energies.
Thus, the constraint imposed by the rigid alumina surface and
the energy cost of its deformation are the key factors in the cre-
ation of Mo centers resulting in a moderate stabilization of the
SP metallacycle and hence high reactivity.

Among the species 100_2, 100_3, and 100_4 (Fig. 1), the
latter is most stable; however, the energy differences are not
large (see Section 3.3). According to our calculations, the cy-
cloaddition of ethene on 100_4 leads to the same molybdacy-
clobutane as in the case of the Mo-methylidene center 100_3;
that is, 100_3TBP is obtained. Therefore, breaking of the Mo–
O6 bond is required for formation of the molybdacyclobutane
product, and the species 100_4 can be considered a less ac-
tive conformation of 100_3. We also have found a molybda-
cyclobutane conformation with a puckered ring and distorted
pentagonal pyramidal geometry (100_4cb, Fig. 7). Its forma-
tion from the Mo-methylidene complex 100_4 and ethene is
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Fig. 8. Intermediates and transition states involved in ethene metathesis on the
Mo-methylidene center 110_1. The energies (kJ mol−1) and Gibbs free ener-
gies (in parentheses, T = 298 K, kJ mol−1), related to the reactants, are given
below the structures.

slightly less exothermic than the formation of 100_3SP from
100_3 and ethene. But 100_4cb has lower energy than 100_3SP
(by approximately 10 kJ mol−1), and if formed, actually may be
considered the most stable species on the pathway starting from
100_3.

Under dehydrated conditions, the species 100_4 is the most
stable; however, it can easily rearrange in 100_3, which appears
as a reaction precursor state (�E = 17 kJ mol−1). From 100_3,
the metathesis reaction is easy, mainly because the formation
of the metallacyclobutane is equilibrated at room temperature
(from �G calculations), thereby allowing a reduced barrier
for the cycloreversal step. The larger free energy reaction bar-
rier for this 100_3 site at room temperature is 36 kJ mol−1,
which corresponds to the cycloreversal step. In the presence
of water, the 100_1 species is formed where the preferred
metallacyclobutane conformation is more stable than reactants
by �G = 30 kJ mol−1; thus, the reactivity is significantly de-
creased. Water appears as a poison, requiring a thermal treat-
ment to reactivate the catalyst. At moderately higher reaction
temperatures, the “hydrated” Mo species also may exhibit an
activity in metathesis, if it is still stable.

3.5. Ethene metathesis: Mo sites on (110) γ -alumina

We return to the Mo species stable under moderately hy-
drated conditions, 110_1 and 110_2. The ethene-molybdena-
methylidene complex 110_1ec is the initial intermediate of
ethene addition to the Mo-methylidene center 110_1 (Fig. 8).
The ethene complex is slightly less stable than 100_3ec, and
Fig. 9. Molybdacyclobutanes involved in ethene metathesis on the Mo-methyl-
idene centers 110_2 (110_2TBP, 110_2SP) and 110_4 (110_4cb). The energies
(kJ mol−1) and Gibbs free energies (in parentheses, T = 298 K, kJ mol−1),
related to the reactants, are given below the structures.

its Mo–Cethene and C–C distances are intermediate between
the corresponding values for 100_1ec and 100_3ec (Figs. 5, 7,
and 8). Conversion of 110_1ec to the TBP molybdacyclobu-
tane 110_1TBP is almost barrierless and involves an energy
gain of 20 kJ mol−1 (Fig. 8); however, analogous to the path-
way for ethene metathesis on 100_1, the subsequent SP molyb-
dacyclobutane complex 110_1SP can be readily formed. The
transformation is exothermic by 44 kJ mol−1, and the estimated
Gibbs free energy relative to the reactants is −35 kJ mol−1 at
room temperature. The metallacycle opening step is endother-
mic and activated (barrier 69 kJ mol−1), thereby blocking the
reaction; 110_1 is poorly active at room temperature. Again,
the thermodynamic stability of 110_1SP decreases with tem-
perature, and �G = −19 and 4 kJ mol−1 at 373 and 473 K,
respectively.

The Mo-methylidene center 110_2 is predicted to be much
more stable than the 110_1 one. Both TBP (110_2TBP) and SP
(110_2SP) molybdacyclobutanes (Fig. 9) have been optimized
as the potential intermediates of ethene metathesis proceeding
on 110_2; however, the calculated energy of ethene addition
to this Mo site, leading to the TBP molybdacyclobutane, is
highly endothermic (�E = 50 kJ mol−1; �G = 105 kJ mol−1).
Therefore, on the basis of this result, we can conclude that the
110_2 site has a rather low activity (if any) in olefin metathesis.

The calculated relative energy of the SP molybdacyclobu-
tane 110_2SP (�E = −67 kJ/mol) is not very different from
the corresponding values reported earlier and is close to the
results obtained with the cluster calculations [10,11]. The pre-
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Fig. 10. Intermediates and transition states involved in ethene metathesis on the
Mo-methylidene center 110_3. The energies (kJ mol−1) and Gibbs free ener-
gies (in parentheses, T = 298 K, kJ mol−1), related to the reactants, are given
below the structures.

dicted geometries of the molybdacyclobutane rings for the se-
ries 110_1 and 110_2 (Figs. 8 and 9) are similar to the corre-
sponding molybdacyclobutane structures on the (100) surface
of γ -alumina (Figs. 5–7).

In the case of ethene addition to the Mo-methylidene center
110_3, the ethene-molybdenamethylidene complex 110_3ec is
a very shallow minimum on the potential energy surface, be-
cause its formation is exothermic by only 6 kJ mol−1 (Fig. 10).
The conversion of the ethene complex to the molybdacyclobu-
tane intermediate 110_3cb1 involves a low energy barrier
(19 kJ mol−1), which is, however, higher than for the afore-
mentioned transition states. The predicted activation energy
of the cycloreversal step (37 kJ mol−1) is still moderate, but
the rearrangement of 110_3cb1 to the much more stable con-
former 110_3cb2 is more likely. The latter has a puckered ring,
whereas the ring in the former is flat. Actually, 110_3cb1 is a
transition state between two puckered conformers, symmetrical
to each other, one of which is 110_3cb2. The predicted energy
and Gibbs free energy of the molybdacyclobutane 110_3b2,
relative to the initial Mo-methylidene center and ethene, are
almost the same as for 110_1SP (Fig. 8), again implying mod-
erate catalytic activity.

Note that the bond between the molybdenum and the three-
coordinated oxygen atom O4 (Figs. 3 and 10) is almost broken
in the molybdacyclobutane 110_3cb1 (2.68 Å), in contrast to
the Mo-methylidene center 110_3 and the second molybda-
cyclobutane 110_3cb2, in which the Mo–O4 bond is recov-
ered. The geometrical parameters of the rings in 110_3cb1 and
110_3cb2 (Fig. 10) are close to the corresponding values for the
TBP and SP molybdacyclobutanes, respectively (Figs. 5–9).

The molybdacyclobutane complex 110_4cb (Fig. 9), which
has a trigonal bipyramidal geometry, is a potential interme-
diate involved in ethene metathesis proceeding on the Mo-
methylidene center 110_4. But its formation is predicted to be
irreversible, because the calculated energy of ethene addition
to the 110_4 is −115 kJ mol−1, and the estimated Gibbs free
energy is negative at temperatures as high as 473 K. There-
fore, this center seems to be highly reactive toward alkenes, but
rather poorly active (if at all) in alkene metathesis, at least at low
temperatures. Although 110_4 has a geometry similar to that of
110_3, the carbene bond in the former is much better exposed
for the alkene attack. It was recently shown, based on cluster
calculations, that the geometrical parameters of Mo-alkylidene
sites influence their reactivity toward ethene [11]. The sum of
the three angles that define the face where the alkene enters
(here O2–Mo–C1 + O3–Mo–C1 + O2–Mo–O3; see Fig. 3) can
be a convenient descriptor of the reactivity. The higher this sum,
the better the exposure of the carbene bond toward alkene. In-
deed, the sum of these angles is significantly larger for 110_4
(357◦) than for 110_3 (336◦), indicating the geometrical rea-
sons for the differing activities.

The cycloaddition of ethene on the Mo-methylidene center
110_5 leads to the molybdacyclobutane intermediate 110_5cb1
with a flat ring (Fig. 11). Its formation is moderately exother-
mic and involves an energy barrier of 20 kJ mol−1. The pre-
dicted activation energy for the splitting of 110_5cb1 to the
Mo-methylidene + ethene is approximately 46 kJ mol−1. As in
most other cases, a second molybdacyclobutane structure with
a puckered ring (110_5cb2) also has been localized, which can
be in thermodynamic equilibrium with the reactants or prod-
ucts at room temperature. Its splitting to the Mo-methylidene +
ethene through the isomeric structure 110_5cb1 requires at least
73 kJ mol−1 to pass the overall activation barrier. This possibil-
ity is not excluded at moderate and high temperatures, when the
equilibrium is shifted toward Mo-methylidene + ethene.

Because the bond between the molybdenum and the two-
coordinated surface oxygen O7 is broken in 110_5cb1 (com-
pare 110_5, Fig. 3, Table 3), the molybdenum is pentacoor-
dinated, and the complex has a trigonal bipyramidal geome-
try. The Mo–O7 interaction is present again in the 110_5cb2
molybdacyclobutane (Fig. 11), where the molybdenum is hexa-
coordinated. The geometry of this complex can be described as
a distorted pentagonal pyramid.

Note that the relative energies of 110_5cb1 and 110_5cb2
are quite close to those of 100_3TBP and 100_3SP, respec-
tively (Figs. 7 and 11). But although the thermodynamics of the
reaction are similar in both cases, the energy barrier is signifi-
cantly higher for 110_5, and an ethene complex is not formed
here. This difference in activity can be discussed in terms of
steric hindrance during the initial interaction between ethene
and the Mo center. Again using the sum of the three angles
mentioned earlier (here O1–Mo–C1 + O2–Mo–C1 + O1–Mo–
O2; Figs. 1 and 3), this parameter is 338◦ for 100_3 and 317◦
for 110_5. Therefore, the higher activity of the former can be
explained by an easier access of ethene to the carbene bond.
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Fig. 11. Intermediates and transition states involved in ethene metathesis on the
Mo-methylidene center 110_5. The energies (kJ mol−1) and Gibbs free ener-
gies (in parentheses, T = 298 K, kJ mol−1), related to the reactants, are given
below the structures.

Fig. 12. The transition state and molybdacyclobutane complex involved in eth-
ene metathesis on the Mo-methylidene center 110_6. The energies (kJ mol−1)
and Gibbs free energies (in parentheses, T = 298 K, kJ mol−1), related to the
reactants, are given below the structures.

Moreover, breaking of the single Mo–O bond in 110_5TS and
110_5cb1 (Fig. 11) also can contribute to the higher activation
barrier.

The surface complex 110_6cb (Fig. 12) is the only molyb-
dacyclobutane structure localized as the potential intermediate
of ethene metathesis on the Mo-methylidene 110_6 (Fig. 3).
The molybdenum in 110_6cb is hexacoordinated, and the Mo–
C and C–C distances are similar to the corresponding bond
lengths in the SP molybdacyclobutanes (Figs. 5–9). The for-
mation of 110_6cb is irreversible at room temperature, and the
predicted activation energy of this step is 53 kJ mol−1. The
cycloreversal step involves a much higher activation barrier
of 137 kJ mol−1. Therefore, 110_6, which is the most stable
Table 6
Energy barriers (�E

‡
1 and �E

‡
2 , kJ mol−1; see Scheme 3) and Gibbs free en-

ergy barriers (�G
‡
1 and �G

‡
2, kJ mol−1, T = 298 K; see Scheme 4) for the

cycloaddition and cycloreversion steps, respectively, during ethene metathesis
proceeding on the potentially active Mo-methylidene centers. In each case the
most stable metallacycle is considered. Structures 100_2, 110_2 and 110_4 are
discarded because poorly active. 100_4 is a precursor of 100_3

Site �E
‡
1 �E

‡
2 �G

‡
1 �G

‡
2

100_1 11 84 54 84
100_3 5 36 (46a) 30 36 (46a)
110_1 5 69 34 69
110_3 19 102 68 102
110_5 20 73 75 73
110_6 53 137 108 137

a The formation of 100_4cb is assumed.

Scheme 3.

Mo-methylidene center among the “dehydrated” species on the
(110) surface, can be active in olefin metathesis only at high
temperatures.

3.6. Metathesis activity of the Mo sites: A summary

The metathesis activity of the Mo-methylidene species on
γ -alumina strongly depends on their geometries and locations.
This statement is consistent with the results of previous theo-
retical studies based on the cluster approximation [10,11]. On
the other hand, obtaining some relevant structures in which the
molybdenum is three- or four-fold bonded to the surface was
not possible using those finite cluster models. The current pe-
riodic DFT calculations, based on more reliable models of the
γ -alumina surface, provide comprehensive information on the
metathesis active sites on the molybdena-alumina system.

According to the present calculations, the Mo-methylidene
species on the (100) surface of γ -alumina can be active at room
temperature if they are dehydrated (100_3 structure). On the
other hand, the Mo centers on (110) γ -alumina are rather poorly
active, but they are stable complexes. Table 6 summarizes the
calculated activation barriers for ethene metathesis. The defin-
itions of the activation parameters are explained in Schemes 3
and 4. As shown, 100_3 is the best candidate for the metathesis
active site at room temperature. The most stable “dehydrated”
Mo species on the (110) face (110_6) can be active only at high
temperatures, whereas the most active species on this surface
are 110_1 and 110_5. But the latter is less stable than 110_6 by
42 kJ mol−1, and the poorly active “hydrated” species 110_2 is
much more stable than 110_1 (by 71 kJ mol−1).
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Scheme 4.

The reported apparent activation energies of propene meta-
thesis on molybdena-alumina catalysts are in the range of 7–
37 kJ mol−1 [14–16,51]. A true activation energy of 34 kJ mol−1

was derived from experimental kinetic data, applying the
Langmuir–Hinshelwood model [52]. This value is close to the
activation barrier predicted for ethene metathesis on the Mo-
methylidene 100_3 sites (Table 6), whereas the other sites
studied involve much higher barriers, due mainly to the easy
formation of the more stable molybdacyclobutane form. Ac-
cording to our results, the stable molybdacyclobutane forms are
in thermodynamic equilibrium with the reactants/products at
room temperature (100_3SP, 110_5cb2) or at higher tempera-
tures (100_1SP, 110_1SP, 110_3cb2, 110_6cb). Therefore, a
significant part of the potentially active Mo sites are present
during metathesis reaction in the form of the stable molybda-
cyclobutane species, a low energy point in the potential energy
surface, thereby blocking the reactivity of a large fraction of
sites. Only two Mo species (100_3 and 110_5) exhibit ther-
moneutral molybdacyclobutane formation. Among these, only
100_3 shows a low barrier and is active at room temperature;
it can be readily formed from the most stable 100_4 species
on this surface. (This formation requires only 17 kJ mol−1.)
This species is in low concentration for two reasons: The
(100) surface is a minority face on γ -alumina particles, and
the grafted complexes on this termination are less stable than
that on the majority (110) surface. This predicted small number
of catalytically active sites is fully consistent with their very
low concentration determined experimentally for molybdena-
alumina systems (<1% of the total Mo atoms) [28]. Moreover,
the 100_4 site is stable only under dehydrated conditions, and
thus traces of water should destroy the catalytic activity.

4. Conclusions

We have used a periodic slab model for the first time to
investigate ethene metathesis on molybdena-alumina catalyst
through a periodic DFT approach. We modeled numerous po-
tential monomeric Mo-methylidene centers located differently
on the (100) and (110) surfaces of γ -alumina. In these struc-
tures, the molybdenum is twofold-, threefold-, or fourfold-
bonded to the surface. According to our DFT calculations and
thermodynamic analysis, the relative stabilities of different Mo-
methylidene species depend on temperature and water vapor
pressure. We also can predict that the Mo sites on the (110) sur-
face are more stable than their analogues located on the (100)
face.
We examined the activity of the Mo-methylidene centers by
investigating the pathways for ethene metathesis. Our calcula-
tions show a large range of reactivity toward alkenes for the
considered Mo sites on both the (100) and (110) surfaces of
γ -alumina. The metathesis activity of the Mo-methylidene cen-
ters depends strongly on their geometries and locations on the
γ -alumina surface. Most Mo-methylidene centers are reactive
with ethene and form the molybdacyclobutane species.

The energy of the formation of two key molybdacyclobutane
intermediates from Mo-methylidene and ethene are decisive
factors in the efficiency of a given Mo site in the metathesis re-
action. The first molybdacyclobutane species is formed directly
after the addition of ethene to the carbene bond, and its splitting
to Mo-methylidene+ethene would be a continuation of the cat-
alytic cycle of ethene metathesis; however, isomerization of the
first molybdacyclobutane to a second, more stable structure is
more likely. This step can be considered a reversible deactiva-
tion route, because the cycloreversal can proceed only via the
first molybdacyclobutane intermediate.

In many cases, the molybdacyclobutane species are signifi-
cantly more stable than the reactants. Thus, metallacycle open-
ing to restore carbene and olefin is the rate-limiting step in
olefin metathesis. The large majority of sites, although reac-
tive with ethene, are blocked at the molybdacyclobutane step,
with low catalytic reactivity at room temperature. Among the
10 grafted complex structures studied, only 100_3 and its pre-
cursor 100_4 are catalytically active at room temperature. The
role of the alumina solid support, compared with a coordina-
tion complex, is to impose a constraint on the Al–O–Mo bonds,
thereby deforming the Mo environment. The reduced stability
of the metallacycle on the 100_3 site, and hence its high cat-
alytic activity, are related to the large deformation imposed by
the surface on the coordination of the Mo atom.

Water acts as a poison for the molybdena-alumina catalyst
because, among other possible effects caused by moisture, the
hydrated sites are less catalytically active. The most active Mo-
methylidene center (100_3 or 100_4) is stable on the (100)
surface only under dehydrated conditions. This surface is a mi-
nority termination for γ -alumina particles (17%). Moreover,
the grafted Mo complexes are less stable on this termination
than on the (110) surface. Thus, the proportion of such sites
should be very low. At higher temperatures, however, other Mo
species on both γ -alumina faces can exhibit activity in olefin
metathesis.

In this work, we have studied 10 potential Mo-methylidene
centers on the two alumina surfaces that predominate on alu-
mina particles. These structures are proposed to be representa-
tive of the types of sites present on the catalyst. In real catalysts,
various surface irregularities could be present, which would in-
crease the number of possibilities; thus, we do not claim to have
described the exact structure of the active site. Our key finding
is that the various Mo species show strikingly different activi-
ties, as a function of the constraints imposed on the complex by
the grafting site. Therefore, only a small fraction of the Mo sites
are very active. Better chemical control of the grafting process
is needed to produce “single-site” catalysts with higher activ-
ity.
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Thus, our DFT calculations provide insight into the structure
of surface active sites, their relative stability and reactivity, and
the role of the substrate to constraint the surface species.
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