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Abstract

Density functional theory study of propene metathesis proceeding on monomeric Mo–alkylidene centers of molybdena–alumina
is reported. Calculations have been carried out with the Gaussian 98 program, using the hybrid B3LYP functional. The applied m
active Mo sites are bonded to alumina clusters including two or four aluminum atoms. According to the calculations, two kinds of th
dacyclobutane intermediates play a role in the mechanism of propene metathesis: one with trigonal bipyramidal geometry and
with a square pyramidal structure. The latter intermediate is formed from the former and this reaction competes with the decomp
the trigonal bipyramidal molybdacyclobutane to the Mo–alkylidene center and alkene. Bothsyn andanti rotational isomers of Mo–ethyliden
centers have been considered and their reactivities toward propene are almost the same.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

A heterogeneous catalyst of olefin metathesis usu
consists of a transition metal compound deposited o
high-surface-area support [1,2]. A commonly accepted
bene mechanism of homogeneous olefin metathesis [1
has been adopted to the heterogeneous catalytic sys
[1,2,5–15]. According to this mechanism, surface me
alkylidene species react with alkene molecules giving in
mediate molybdacyclobutane complexes that decompo
new alkylidenes and the reaction products. In Fig. 1, an
ample scheme of propene metathesis is presented.

There is some experimental evidence of the existe
of metal–alkylidene and metallacyclobutane species on
surface of the heterogeneous catalysts [11–13]. These
ters can be formed after the catalyst is brought into c
tact with alkene [1,2,6,7] or cycloalkane [12–15]. Meta
alkylidene compounds have also been immobilized on
carrier [16–18].
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Fig. 1. Catalytic cycle of propene metathesis.

Several theoretical investigations of olefin metathe
[19–28] were reported; however, they are focused on the
mogeneous systems. In the case of Mo–alkylidene Schr
type catalysts, Mo(NH)(CHR)(L)2 (R = H, CH3; L = OH,
OCH3, OCF3) complexes were applied as the model ca
lysts [23–25]. On the basis of DFT studies, it was predic
that the molybdacyclobutane intermediates have a trig
bipyramidal (TBP) or square pyramidal (SP) geometry. T
SP structure of the molybdacyclobutane complex with
electron-donating L ligands was shown to be more sta
than the corresponding TBP structure [23,25]. In the c
of the catalyst with the electron-withdrawing L ligands, t
TBP intermediate was predicted to be more stable than
SP one [23] or the relative stabilities of the two molybd
cyclobutane structures were reported to be dependen
the theoretical method applied [25]. However, it was p
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posed in the latter work that the TBP structure is initia
formed from the alkylidene complex and alkene, indep
dently on the electronic properties of the L ligands. Th
results are generally consistent with the reported experim
tal investigations concerning Mo(CHR)(NAr)(OR′)2 and
W(CHR)(NAr)(OR′)2 catalysts of olefin metathesis [29,30
The metallacyclobutane complexes that had TBP or
geometry, depending on the kind of the L ligands, w
described. It was also proposed that olefin addition to
Mo–alkylidene complex yields the initial TBP metallac
clobutane, which can rearrange by a Berry-type pse
rotation to the SP structure [29].

DFT calculations of Mo(O)(L)2(C3H6) (L = Cl, OCH3,
OCF3) molybdacyclobutanes showed that the SP struc
was more stable than the TBP one in every studied case

In contrast to the homogeneous systems, the struc
of the surface alkylidene centers are not unambiguo
determined. In the case of the monomeric centers of
ported Mo catalysts, a distorted tetrahedral site with
oxo ligand, one alkylidene ligand, and two oxygen ato
connecting the molybdenum atom with the carrier was p
posed [10,12–15,31,32]. Distorted tetrahedral dioxo MVI

species or their reduced forms can be the precurso
these monomeric Mo–alkylidene sites [10,12–15,31–
The presence of pseudo-tetrahedral monomeric MoVI cen-
ters was experimentally proved for the supported Mo c
lysts [33–51]. These centers were often proposed to be d
species [33,41–52]. On the other hand, there were als
ported experimental evidence for the existence of mono
not dioxo, surface monomeric MoVI species under dehy
drated conditions [53–57].

In previous works [58–60], DFT investigations of ethe
metathesis proceeding on molybdena–alumina catalyst
performed, applying the cluster model approach [61,62
was suggested that the active alkylidene sites did not co
MoIV , because of high activation barriers of some step
the catalytic cycle involving a MoIV methylidene center [59]
In the case of the MoVI methylidene complex, the transitio
structure leading to the TBP molybdacyclobutane, as
as the transition state of the rearrangement of the TBP
termediate to the SP one, was localized [60]. It was sh
that the conversion of the TBP molybdacyclobutane to
SP one proceeded easier than the decomposition of the
intermediate to the MoVI methylidene and ethene.

Both in the previous works and in the present studies
usually suggested pseudo-tetrahedral Mo–alkylidene ce
with the oxo spectator ligand were assumed as the c
lyst models. These models are analogous to the pse
tetrahedral Schrock catalysts.

In the present work, systematic DFT studies of the wh
catalytic cycle of propene metathesis are performed. To
best of my knowledge, such theoretical investigations h
not been reported so far, neither for homogeneous nor
erogeneous catalytic systems. The main aim of the cu
studies is a description of the details of the reaction me
-

.
s

f

-

s
-
-

-
t

nism and determination of the role of TBP and SP inter
diates in the reaction kinetics.

2. Methods

In this study, the cluster approach was applied to mo
the surface active sites of propene metathesis. All calc
tions were carried out with Gaussian 98 program [63], us
a hybrid B3LYP functional [64].

All the structures were optimized by applying the Ber
algorithm and using redundant internal coordinates [65].
LANL2DZ basis set was applied for geometry optimizati
This basis set includes the Hay–Wadt effective core po
tial [66] plus double-zeta basis set (applied for Mo and
and Dunning–Huzinaga valence double-zeta set (D95V
the first row (applied for C, H, and O). Harmonic vibrati
frequencies were calculated for each structure to confirm
potential energy minimum or the transition state involv
and to obtain the zero-point energy (ZPE) values. The
tained transition structures were additionally verified by
IRC calculations [67,68].

Additionally, single-point energy calculations were p
formed using the D95V(d) basis sets for C and O, whe
Mo and Al were described by the LANL2DZ basis. Th
basis set combination is denoted here as LANL2DZ(d
not stated otherwise, the presented energy differences
calculated according to the B3LYP/LANL2DZ(d)//B3LYP
LANL2DZ scheme. All presented energies are ZPE c
rected.

The counterpoise method [69–71] was used to estim
the basis set superposition error (BSSE). The obtained B
values are reasonable and in the case of the transition s
of alkene additions to the Mo–alkylidenes, they are in
range of 13–16 kJ mol−1 (for the B3LYP/LANL2DZ cal-
culations). However, the studied reactions should be
sidered in two directions which results in discontinuo
potential surfaces if the BSSE corrections are consiste
done [71]. For this reason, the energies reported in this w
are not BSSE corrected. On the other hand, all presente
ergies are ZPE corrected.

All structures studied in this work are neutral. Two clu
ter models of alumina, a smaller one and a bigger one, w
used to play a role of the carrier. The dangling bonds
the alumina clusters have been saturated with hydrog
The vibrations of these hydrogens (excluding vibrations w
imaginary frequencies) are included in the ZPE values
suming that their contributions are canceled when the r
tive energies are calculated.

The structures applying the smaller cluster of alum
were fully optimized to make localization of transition sta
easier. The optimized geometry of the alumina part of th
models was hardly changed, when going from one struc
to another. For instance, the Al–Al distance differs ma
mally by less than 0.07 Å. In the case of the active s
models containing the larger alumina cluster, only the
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Fig. 2. Optimized structures of the cluster models of MoVI alkylidene cen-
ters and the transition state of thesyn to anti conversion.

layer of the alumina part was allowed to be relaxed dur
geometry optimization, whereas the positions of the seco
layer oxygens and all hydrogens were frozen. Before ge
etry optimization, each hydrogen was placed 0.97 Å fr
the oxygen, in the direction of the removed Al atom.

3. Results and discussion

3.1. Cluster models of surface Mo–alkylidenes

In the previous works [58–60], a model (1) of a mono-
meric Mo–methylidene center on alumina was propo
and applied (Fig. 2). This pseudo-tetrahedral structure
ing one oxo ligand and connected with two aluminu
atoms is quite similar to the very effective four-coordin
Mo(NAr)(CHR)(L)2 Schrock catalysts, if one takes into a
count that the=O ligand in 1 corresponds to the=NAr
Table 1
Selected geometrical parametersa of the Mo–alkylidene structures

1 2s 2a 1′

Mo–C1 1.901 1.904 1.908 1.91
Mo–O1 1.726 1.728 1.728 1.74
Mo–O2 1.905 1.914 1.913 1.88
O2–Al1 1.765 1.762 1.762 1.84
C1–H1 1.096 1.103 – 1.09
C1–H2 1.092 – 1.095 1.09
Mo–C1–H1 119.8 112.4 – 119.
Mo–C1–H2 124.0 – 119.4 124.
Mo–C1–C2 – 132.0 124.5 –
O1–Mo–C1 104.0 103.1 103.6 104
O2–Mo–O3 96.8 96.8 96.7 99.4

a Bond lengths are given in Å, angles in degrees.

one. The small alumina cluster model included in1 was
previously examined [59]. It was shown that the proper
(deprotonation energy and charge) of the two OH gro
that are replaced by the alkylidene center in1 are similar
to the properties of the OH groups connected with octa
drally coordinated aluminum of a much bigger model of
(100) face of alumina. Moreover, the geometry of the fo
membered ring of the small alumina cluster is very sim
to the geometry of the corresponding fragment of the (1
plane ofγ -alumina, if one takes into account the position
the atoms rather than their coordination. The geometry o
tetrahedral Al sites on the (110) crystal surface of alum
is quite different. Therefore, despite the fact that alumin
in 1 is tetrahedrally coordinated, it can be assumed that
small alumina cluster mimics octahedral aluminum cen
with basic OH groups.

As far as Mo–ethylidene centers are concerned, two r
tional isomers,syn (2s) andanti (2a), can be distinguishe
(Fig. 2). Both optimized species have distorted tetrahe
structures and possess Cs symmetry, similar to1. In Ta-
ble 1, selected geometrical parameters of the Mo–alkylid
models are presented. The obtained geometries are co
tent with the structures of four-coordinated Mo–alkylide
catalysts, determined both experimentally [29] and theo
cally [23,25,72,73]. The reported value of the Mo=C bond
in a Schrock-type complex is 1.880 Å [29]. It is close to t
values of the carbene bond obtained in the present work
ble 1).

In the case of thesyn-Mo–ethylidene center2s there is
a significant difference between the Mo–C–H angle (11◦)
and the Mo–C–C one (132◦). Moreover, the C–H bond dis
tance in2s is a little increased, compared to other M
alkylidenes. This suggests the existence of a small ag
interaction between the Mo and the C–H bond in theanti
position, which was also reported for Mo(NH)(CHR)(L2
complexes [25].

Theanti rotamer (2a) is less stable than thesyn one (2s);
however, the predicted energy difference of 2 kJ mol−1 is
very small. On the other hand, the calculated activation
ergy of the rotation of the ethylidene moiety from theanti
position to thesyn one is relatively high, of the order o
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Table 2
The experimental [12,13] and calculated wavenumbers of the C–H-stretching vibrations

νexp (cm−1) νcalc (cm−1) νcalc
a (cm−1)

1 1

3080 3225 3069

2945 3096 2946

1′ 1′
3211 3056

3087 2938

2s 2s

2985 3143 2991

2910 3070 2921

2890 3052 2904

2850 3007 2861

a 0.9516 scaling factor was applied.
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75 kJ mol−1. This value is in the range of reported exp
imental activation enthalpies foranti to syn conversions o
Mo(NAr)(CHR)(L)2 complexes with electron-withdrawin
L ligands [74]. However, as will be shown later, the conv
sion of theanti rotamer to thesyn one is more probable vi
propene metathesis than by the rotation of the ethylidene
and. In Fig. 2, the geometry of the transition state (TSsa) of
thesyn to anti conversion is shown.

A second model (1′) of the Mo–methylidene center is als
shown in Fig. 2. In this case, the larger cluster model of
mina was applied. This cluster, containing four alumin
atoms, was cut from the (100) surface of the crystal struc
of γ -Al2O3 [75]. In Table 1, selected geometrical param
ters of1′ are presented. The pseudo-tetrahedral geomet
the Mo–methylidene center1′ hardly differs from the geom
etry of1. The most significant difference can be noted in
case of the O–Al distance, which is 0.075 Å longer in1′.
Consequently, the Mo–O2(O3) bonds in1′ are shorter (by
0.025 Å), whereas the Mo–O1 and Mo–C1 distances
a little elongated (by 0.015 and 0.017 Å, respectively)
comparison to1. On the other hand, the angles are alm
identical in both structures (Table 1).

There is little spectroscopic evidence for the existenc
metal–carbene species on the surface of the olefin metat
heterogeneous catalysts. Shelimov and co-workers [12
reported IR data of surface Mo–alkylidenes generated
molybdena–silica catalysts. In Table 2, the experime
wavenumbers of the C–H-stretching vibrations of the alk
dene moiety are compared with the corresponding freq
cies calculated in the present work. Additionally, a sca
factor 0.9516, obtained by a least-squares fit of the ca
lated to the experimental vibrational frequencies, was u
to recalculate the theoretical wavenumbers (the last col
of Table 2). As can be seen, the vibrational frequencies
culated for the cluster models are very well consistent w
the experimental data.
f

is
]

3.2. Propene metathesis

To enable a detailed study of the whole catalytic cy
of propene metathesis, the smaller cluster model of alum
was used. As Fig. 1 indicates, both Mo–methylidene
Mo–ethylidene centers are involved in the catalytic cycle

Propene molecules can attack the Mo–methylidene
ter 1 in four different orientations. Two of them lead
a molybdacyclobutane intermediate with the methyl s
stituent connected to the carbon atom being in the opp
position to the molybdenum in the ring (Figs. 3A and B). T

Fig. 3. Four possibilities of propene addition to the Mo–methylidene
ter 1.
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Fig. 4. Optimized structures of the minima and transition states involved in the pathways starting with propene addition to the Mo–methylidener.
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decomposition of such a molybdacyclobutane always g
another propene molecule and the molybdenamethylid
center. This case is called degenerate metathesis or no
ductive metathesis [1] and is not considered in the pre
work.

In the case of productive metathesis, there are two o
possibilities of propene addition to1, both giving a molybda
cyclobutane ring with the methyl group connected to the
bon atom adjacent to the molybdenum (Figs. 3C and D).
intermediate can decompose to ethene and thesyn- or anti-
Mo–ethylidene, depending on the orientation of the me
substituent in the ring.

Structures corresponding to potential energy minima
transition states on the reaction path of propene addition1,
leading to thesyn-Mo–ethylidene center2s, are shown in
Fig. 4. In the first step, a molybdacyclobutane intermed
3sTBP with trigonal bipyramidal geometry is formed, via
transition stateTSsTBP. The transition structure has a rin
with the predicted Mo–C1–C3–C2 dihedral angle of ab
169◦. The ring of the3sTBP molybdacyclobutane is entirel
flat. The O2, C1, and C3 atoms form the base of the trigo
bipyramid, whereas the O1 and O3 atoms are the verte
Geometry details of the presented structures are given in
ble 3.

A significant Mo–C3 bond formation in the transitio
structureTSsTBP can be seen. The calculated Mo–C3 bo
distance is 2.360 Å, whereas the final Mo–C3 bond
tance in the3sTBP molybdacyclobutane is only by 0.268
shorter (Table 3). On the other hand, the predicted decr
of the C1–C2 bond length is much higher, of the order
0.601 Å, when going from the transition stateTSsTBP to
the TBP molybdacyclobutane. Thus, the formation of
C1–C2 bond falls behind the Mo–C3 bond formation. Sim
lar results were obtained in the case of ethene addition to
Mo–methylidene center [60].
-

.

Table 3
Selected geometrical parametersa of the transition states and intermediat
for the pathway starting with the Mo–methylidene center and leading to
syn-Mo–ethylidene site

TSsTBP 3sTBP TSs TSsSP 3sSP

Mo–C1 1.953 2.094 2.311 2.077 2.19
Mo–C3 2.360 2.092 1.961 2.189 2.20
Mo–O1 1.742 1.753 1.747 1.731 1.72
Mo–O2 1.924 1.898 1.926 1.911 1.91
Mo–O3 1.976 1.994 1.983 1.977 1.91
C1–C2 2.199 1.598 1.428 1.601 1.53
C2–C3 1.433 1.634 2.251 1.564 1.53
O2–Al1 1.749 1.762 1.750 1.774 1.762
O3–Al2 1.753 1.747 1.750 1.747 1.764
O2–Mo–O3 87.4 89.2 87.8 83.5 95.1
C1–Mo–C3 91.2 83.1 93.7 74.5 62.4
C1–C2–C3 115.2 118.5 114.4 109.4 95.
Mo–C1–C3–C2 169.2 179.7 175.8 −152.3 −149.6

a Bond lengths are given in Å, angles in degrees.

To continue productive propene metathesis, the trigo
bipyramidal molybdacyclobutane3sTBP must decompos
to the syn-molybdenaethylidene center2s and ethene. The
transition state of this step, denoted asTSs, is shown in
Fig. 4. It has an almost entirely flat ring with the Mo–C
C3–C2 dihedral angle of 176◦. Analogously to theTSsTBP
structure, the Mo–C1 bond distance inTSs is less increase
than the C2–C3 one, when going from the molybdacyclo
tane intermediate to the transition structure (Table 3).

However, the trigonal bipyramidal intermediate3sTBP
can also rearrange by a Berry-type pseudo-rotation to
molybdacyclobutane complex3sSP with square pyramida
geometry (Fig. 4). The base of the square pyramid is form
by O2, O3, C1, and C3 atoms, whereas the O1 atom is
vertex. The transition state for this transformation (TSsSP)
possesses a bent ring with the Mo–C1–C3–C2 dihedra
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g
Fig. 5. Energy diagram of the pathways starting with propene addition to the Mo–methylidene center. The relative energies (kJ mol−1) are obtained accordin
to the B3LYP/LANL2DZ(d)//B3LYP/LANL2DZ and B3LYP/LANL2DZ (in parentheses) calculations.
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gle of −152◦. This is very close to−150◦, the value of
the Mo–C1–C3–C2 angle in the square pyramidal mo
dacyclobutane3sSP. Among the C1, C2, and C3 atoms, C
participates most in the motion corresponding to the im
inary frequency. The direction of the movement is oppo
to the position of the methyl group. Consequently, both
Mo–C3 and the C2–C3 bond distances are not significa
different in theTSsSP and3sSP structures, whereas the Mo
C1 and C1–C2 bond lengths inTSsSP are hardly change
in comparison with the respective distances in3sTBP (Ta-
ble 3).

In Fig. 4, structures corresponding to potential ene
minima and transition states of the reaction path for prop
addition to1, leading to theanti-Mo–ethylidene center2a,
are also presented. Their geometry details are very simil
the respective data in Table 3 for thesyn complex.

In Fig. 5, the energy diagram of propene addition to
Mo–methylidene center1 is presented. The right side of th
diagram corresponds to the reaction path leading to thesyn-
Mo–ethylidene complex2s, whereas the left side concer
the pathway leading to theanti-Mo-ethylidene structure2a.

In the case of the path leading to thesyn-product, the
predicted activation energy of propene addition to mol
denamethylidene center1 is 46 kJ mol−1. The calculated
energy change for this reaction is 6 kJ mol−1.

The predicted activation barrier of the conversion
3sTBP to the syn-Mo–ethylidene center2s and ethene
is only 26 kJ mol−1 (Fig. 5). Conversion of the3sTBP
intermediate to the square pyramidal one is exother
(�E = −51 kJ mol−1) with the predicted activation ba
rier of only 4 kJ mol−1 higher than for the step leadin
to 2s and ethene. However, the reverse transformatio
3sSP to the TBP intermediate has a relatively high a
vation energy of 81 kJ mol−1. Moreover, it seems that th
SP molybdacyclobutane cannot decompose directly to
Mo–alkylidene center and alkene, while avoiding the T
intermediate [25,29,60]. Several attempts were undert
to localize a transitions state of a direct decomposition
the SP intermediate to the Mo–alkylidene center and alk
however, they all failed. Thus, the possibility of the co
version of the TBP intermediate to the SP one is disadva
geous, because the reverse step, which is necessary to r
the metathesis active site, is endothermic with a relati
high activation barrier.

The transition state of the movement of3sTBP to 3sSP,
in the direction of the methyl substituent in the ring, has a
been localized. The activation barrier is by about 3 kJ mo−1

higher than in the case of the rotation through theTSsSP.
The overall reaction of the Mo-methylidene center1 with

propene leading to the2s center and ethene has a very lo
energy change (1 kJ mol−1), as can be expected for th
double-bond metathesis. On the other hand, the overal
mation of the square pyramidal intermediate3sSP from 1
and propene is clearly exothermic (�E = −45 kJ mol−1).

It is seen in Fig. 5 that the left side of the energy d
gram, which concerns the pathway leading to theanti-Mo–
ethylidene center, is very similar to the right side. The o
significant difference is the energy barrier of propene a
tion to 1. The barrier is 7 kJ mol−1 higher for the pathway
leading to theanti rotamer. Therefore, the formation of th
syn center during propene metathesis is more probable
the formation of theanti one, although one can predict th
theanti center is also generated, by taking into account
the difference between the energy barriers is small.

In the decomposition pathways of the TBP intermedia
both to thesyn center and to theanti one, additional minima
being ethene–molybdenaethylideneπ -complexes have als
been localized. However, these minima are very shallow.
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Fig. 6. Optimized structures of the minima and transition states involved in the pathways starting with propene addition to thesyn-Mo–ethylidene center.
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reactions of their decompositions to the corresponding M
ethylidene sites and infinitely distant ethene are exother
with almost zero activation barriers, if the energy witho
ZPE correction is taken into account. If the ZPE is add
the barriers become negative. For clarity, theseπ -complexes
are not included in Figs. 4 and 5. In the case of interac
of propene or 2-butene with the Mo–alkylidene species
well as the interaction of ethene with the Mo–methylide
center1 [60], any analogous minima have not been localiz

To continue the catalytic cycle of propene metathe
(Fig. 1), propene addition to the Mo–ethylidene center m
take place. As was noted in the case of the Mo–methylid
center, propene molecules can attack the Mo–ethylid
center (2s, 2a) at four different positions. Two of them ar
the first steps of nonproductive metathesis that reprod
propene molecules. On the other hand, productive meta
sis leads totrans-2-butene orcis-2-butene, depending on th
mutual positions of methyl substituents in the molybda
clobutane intermediate.

In Fig. 6, transition states and intermediates of the p
way starting with thesyn center2s and leading to thetrans
andcis isomer are presented. The corresponding geom
details concerning thetrans pathway are shown in Table 4

In Fig. 7, the energy diagram of propene addition to2s
is presented. The right side of the diagram correspond
the pathway leading totrans-2-butene, whereas the left sid
concerns the pathway leading to thecis isomer. As we can
see, the formation of the molybdacyclobutane intermedi
(4stTBP, 4scTBP) from the Mo–ethylidene center2s and
propene is more endothermic (�E = 21 and 28 kJ mol−1,
respectively) than the corresponding step starting with c
ter 1. The predicted activation energy of propene addit
to thesyn-Mo–ethylidene center on the reaction path le
ing to trans-2-butene is 42 kJ mol−1. In the second case, th
corresponding value is about 6 kJ mol−1 higher. However,
the situation is different if we consider the decomposition
-

Table 4
Selected geometrical parametersa of the transitions states and intermedia
for the pathway starting with thesyn-Mo–ethylidene center and leading
the trans product

TSstTBP 4stTBP TSst TSstSP 4stSP

Mo–C1 1.966 2.088 2.336 2.195 2.20
Mo–C3 2.270 2.096 1.953 2.077 2.19
Mo–O1 1.748 1.753 1.742 1.731 1.72
Mo–O2 1.924 1.900 1.925 1.913 1.91
Mo–O3 1.991 1.995 1.980 1.974 1.91
C1–C2 2.196 1.641 1.442 1.566 1.54
C2–C3 1.445 1.600 2.204 1.601 1.53
O2–Al1 1.750 1.761 1.749 1.774 1.762
O3–Al2 1.750 1.747 1.753 1.749 1.764
O2–Mo–O3 87.6 89.0 87.0 83.6 95.1
C1–Mo–C3 91.8 82.5 90.4 74.0 62.2
C1–C2–C3 112.1 116.6 112.2 108.6 95.
Mo–C1–C3–C2 175.3 −179.4 169.9 −155.1 −149.2

a Bond lengths are given in Å, angles in degrees.

the molybdacyclobutane intermediates (4stTBP, 4scTBP)
to the Mo–methylidene center1 and 2-butene. At this step
the formation ofcis isomer has the activation barrier abo
5 kJ mol−1 lower than in the case of thetrans isomer (Fig. 7).
However, the conversion of the TBP intermediate to the
one (the movement toward the carbon without the me
substituent) has the activation barrier lower (Fig. 7). Si
larly to the pathway presented in Fig. 5, these steps are
exothermic with the energy change of about−60 kJ mol−1.
Therefore, the reverse steps have relatively high activa
barriers (Fig. 7). It is worth noting that in both cases,
activation barrier of propene addition to the Mo–ethylide
center is lower than the barrier of propene addition to
Mo–methylidene center1 (Fig. 5).

In Fig. 8, transition states and intermediates concern
the pathway starting with theanti-Mo–ethylidene center2a
and leading totrans- andcis-2-butene are shown. The o
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g
Fig. 7. Energy diagram of the pathways starting with propene addition to thesyn-Mo–ethylidene center. The relative energies (kJ mol−1) are obtained accordin
to the B3LYP/LANL2DZ(d)//B3LYP/LANL2DZ and B3LYP/LANL2DZ (in parentheses) calculations.
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tained structures are fully analogous to the geometries
sented in Fig. 6.

In Fig. 9, an energy diagram of propene addition to
anti-Mo–ethylidene center is shown. The right and left si
of the diagram correspond to the pathway leading totrans-
2-butene andcis-2-butene, respectively. As we can see, b
pathways are very similar to the pathways of propene
dition to thesyn-Mo-ethylidene center (Fig. 7). Where th
anti rotamer is concerned (Fig. 9), the predicted activa
energy of the first step of the path leading tocis-2-butene is
by 2 kJ mol−1 higher than for the pathway starting with t
-syn rotamer (Fig. 7). In the case of the pathways resultin
formation oftrans-2-butene, the corresponding difference
hardly of about 1 kJ mol−1. In the case of the pathway sta
ing with thesyn rotamer, the barrier of decomposition of t
TBP intermediate totrans-2-butene is 4 kJ mol−1 lower than
for pathway beginning with theanti one. The correspondin
step leading tocis-2-butene has almost the same activat
energy in both pathways (Figs. 7 and 9) but in the latter c
(Fig. 9), the reaction is 7 kJ mol−1 more exothermic. How
ever, according to the present calculations, one can gene
conclude that the predicted reactivity of thesyn andanti ro-
Fig. 8. Optimized structures of the minima and transition states involved in the pathways starting with propene addition to theanti-Mo–ethylidene center.
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Fig. 9. Energy diagram of the pathways starting with propene addition to theanti-Mo–ethylidene center. The relative energies (kJ mol−1) are obtained
according to the B3LYP/LANL2DZ(d)//B3LYP/LANL2DZ and B3LYP/LANL2DZ (in parentheses) calculations.
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tational isomers in propene metathesis is approximately
same. In all the cases of the transformations of the TBP
termediates to the SP structures, the movement toward
carbon that does not possess the methyl substituent h
barrier by 2–4 kJ mol−1 lower than in the case of the respe
tive rotation in the opposite direction.

On the basis of the results obtained, it can be conclu
that the decomposition of the square pyramidal molyb
cyclobutane to the Mo–alkylidene center and the resp
tive alkene occurs via the trigonal bipyramidal molybda
clobutane. This is consistent with the previous calculati
for ethene metathesis [60], as well as with the suggest
of Schrock and co-workers [29] and the theoretical
sults of Wu and Peng concerning homogeneous Mo
talysts [25]. According to the earlier theoretical studies
ethene metathesis [60], it can also be stated that the
vation barriers of propene addition to the Mo–alkylide
centers are higher than the activation energy of ethene
dition to the Mo–methylidene center (�E = 30 kJ mol−1,
from the B3LYP/LANL2DZ calculations; however, in [60
values of�H ◦

298, not�E, were reported).
Many expressions, both macro- [32,76–79] and micro

netic [8,9,80,81], were applied to describe propene meta
sis. The model based on the elementary steps of the
bene mechanism [8] seems to be the most accurate
this model, the product desorption (or decomposition of
molybdacyclobutane intermediate) was shown to be the m
likely rate-determining step [8]. It was proposed and
perimentally confirmed [8,9] for the reaction proceeding
Re2O7/Al2O3 catalysts. The present calculations concern
the molybdena–alumina catalyst suggest that the kinetic
the process studied is somewhat more complex (Figs.
and 9). Both possible structures of the molybdacyclobu
a

-

-

-

,

intermediates (TBP and SP) can play a role in the kinetic
the overall reaction.

3.3. Cross-metathesis of ethene and 2-butene

On the basis of the present results (Figs. 5, 7, and
cross-metathesis of ethene and 2-butene can also be
cussed. As can be seen from Fig. 5, the predicted
vation energies of ethene addition to bothsyn and anti
Mo–ethylidene centers are about 25–26 kJ mol−1, accord-
ing to the B3LYP/LANL2DZ calculations (31–32 kJ mol−1

if LANL2DZ(d) basis set is used). This is less than t
activation barrier for the cycloaddition of ethene with M
methylidene complexes (30 kJ mol−1, according to the
B3LYP/LANL2DZ calculations in [60]). The activation ba
riers for decomposition of the trigonal bipyramidal inte
mediates to the Mo–methylidene complex and propene
about 10 kJ mol−1 higher. They are also higher than the
spective barriers of the undesirable conversion of the T
structure to the SP one.

On the other hand, the activation energies of the cy
addition of 2-butenes with the Mo–methylidene center
approximately three times as high as the corresponding
ergies of decomposition of the respective TBP molyb
cyclobutanes to propene and the Mo–ethylidene com
(Figs. 7 and 9). The latter have activation barriers lower t
the barriers of the corresponding transformations to the
molybdacyclobutanes. One can also see that thecis reactant
adds a little easier to the Mo–ethylidene center than thetrans
one.

Therefore, it depends on the reactant and the kind of
Mo–alkylidene center, which elementary step has the hig
activation barrier in the given pathway. It is also predic
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Fig. 10. Optimized structures of the TBP and SP molybdacyclobutane
volved in pathways starting with propene addition to the Mo–methylid
center—the larger cluster model.

that the shorter the alkene chain, the more facile its add
to the Mo–alkylidene center.

3.4. TBP and SP molybdacyclobutane intermediates—the
larger cluster of alumina

The TBP and SP intermediates involved in the reac
path of propene addition to the Mo–methylidene cen
leading to thesyn product, also have been studied with a
plication of the larger cluster of alumina. In Fig. 10, t
structures of the3sTBP′ and 3sSP′ molybdacyclobutane
are shown. Their selected geometrical parameters are
lected in Table 5. Similarly to1′ and 1, the O–Al bonds
in 3sTBP′ and 3sSP′ are elongated (0.061–0.080 Å) a
Mo–O2(O3) distances are shorter (0.023–0.040 Å), c
pared to the respective structures attached to the sm
alumina cluster. The Mo–C and Mo–O1 bond lengths
less changed (0.009–0.023 Å).

The calculated energy change of the reaction:1′ +
C3H6 → 3sTBP′ is 38 kJ mol−1 (according to both B3LYP
LANL2DZ(d)//B3LYP/LANL2DZ and B3LYP/LANL2DZ
calculations). This value is about 30 kJ mol−1 higher than in
the case of the corresponding structures with the smaller
mina cluster (Fig. 5). On the other hand, the formation of
3sSP′ molybdacyclobutane from1′ and propene is exothe
mic and the predicted energy change is almost the sam
in the case of the formation of3sSP (−46 kJ mol−1 from the
B3LYP/LANL2DZ(d)//B3LYP/LANL2DZ calculations and
−33 kJ mol−1 from the B3LYP/LANL2DZ calculations)
Although the choice of the alumina cluster influences
relative energy of the TBP intermediate, it is very like
that the general picture of the reaction mechanism will
change with a change of the cluster model, as long as
transformation of the TBP molybdacyclobutane to the
one competes with decomposition of the former one to
Mo–alkylidene center and alkene.

It is known that the percentage of the active metath
sites is usually very low (less than 1% of the transition m
atoms) and their structure and localization is not unamb
-

r

s

Table 5
Selected geometrical parametersa of the TBP and SP molybdacyclobutan
for the pathway starting with the Mo–methylidene center and leading t
syn-Mo–ethylidene site—the larger cluster model

3sTBP′ 3sSP′

Mo–C1 2.110 2.204
Mo–C3 2.109 2.217
Mo–O1 1.776 1.741
Mo–O2 1.869 1.887
Mo–O3 1.954 1.888
C1–C2 1.600 1.539
C2–C3 1.628 1.541
O2–Al 1.833 1.842
O3–Al 1.808 1.842
O2–Mo–O3 92.3 97.4
C1–Mo–C3 82.0 62.4
C1–C2–C3 117.9 96.1
Mo–C1–C3–C2 179.1 −149.2

a Bond lengths are given in Å, angles in degrees.

ously determined [1]. Although it is believed that the (11
plane ofγ -Al2O3 is preferentially exposed, the mixture
the (110), (100), and (111) faces is often considered [82
In this investigation, it has been assumed that the rea
proceeds on monomeric Mo centers, each connected
two octahedrally coordinated aluminum atoms of (100) a
mina surface [59]. However, both other structures and o
localization of the active sites are possible. For example
active Mo–alkylidene centers can be formed in place of m
acidic OH groups [1,84]. In such cases, the calculation
sults can be somewhat different, because the relative s
ities of the TBP and SP molybdacyclobutanes should be
fluenced by the local electronic properties of the carrier.
carrier is an equivalent of the alkoxy ligands of the homo
neous Schrock catalysts and it is known that the electr
properties of these ligands affect the relative stabilities
the TBP and SP molibdacyclobutane complexes [23,25
Nevertheless, it seems that the complex picture of the k
ics of propene metathesis will be maintained in any c
because of the possible existence of different molybd
clobutane intermediates that can rearrange each other.

4. Conclusions

In the present DFT investigation, the carbene mechan
of propene metathesis proceeding on monomeric Mo ce
of molybdena–alumina catalysts has been studied. To en
a detailed study of the reaction paths, a simple cluster m
of γ -alumina was used.

Based on the current calculations and the cluster mo
applied, it can be concluded that the mechanism of prop
metathesis is more complex than is usually assumed in
crokinetic models. As it was previously shown for ethe
metathesis [60], two structures of the molybdacyclobut
intermediates are distinguished: TBP and SP. The for
structure is the product of cycloaddition of the reactant w
the Mo–alkylidene center, which can decompose to the p
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uct and another Mo–alkylidene complex. The latter struc
is formed directly from the former one and this transform
tion competes with the decomposition of the TBP molyb
cyclobutane to the metathesis product. The decompos
of the SP molybdacyclobutane to the Mo–alkylidene ce
and alkene occurs via the TBP intermediate.

According to the results obtained, the reactivities of
syn Mo–ethylidene complex and theanti rotamer in propene
metathesis are very similar.

The activation barriers of propene addition to the M
alkylidene centers are higher than those for ethene met
sis, whereas the predicted barrier of ethene addition to
Mo–ethylidene center is a little lower than in the case
its addition to the Mo–methylidene center during ethe
metathesis. The activation energies of the cycloadditio
2-butene with the Mo–methylidene center are the high
among the studied activation barriers of alkene addition
the Mo–alkylidene sites.

Further investigations applying larger cluster models
taking into account various possible localizations of the
tive sites on the carrier are in progress.
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