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Abstract

Degenerate propene metathesis proceeding on Mo-alkylidene centres situated on alumina is theoretically investigated, applying the B3LYP
functional. The Gaussian 98 package is used. The present results are compared with previous ones, concerning the productive metathesis.
It is concluded that on the Mo-ethylidene sites the degenerate metathesis is preferred over the productive one. This is not the case for the
Mo-methylidene centres, however. According to the calculations, the population of the Mo-ethylidene centres should be higher than in the
case of the Mo-methylidene ones and the formers are the predominant chain carriers for the degenerate metathesis. The relative energies of
mono-methyl substituted, as well as, 1,2- and 1,3-dimethyl substituted trigonal bipyramidal and square pyramidal molybdacyclobutanes are
also compared.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

A commonly accepted carbene mechanism of olefin
metathesis involves metal-alkylidene complexes and met-
allacyclobutane intermediates[1]. Originally proposed for
homogeneous systems, the carbene mechanism has been
adopted to the heterogeneous olefin metathesis[2–17]. In
Fig. 1, a mechanism of productive propene metathesis is
presented.

Productive olefin metathesis is accompanied by so-called
degenerate (or non-productive) metathesis[2,14–18]. In the
case of degenerate propene metathesis, the two schemes
presented inFig. 2 should be considered. Both in the case
of the productive and degenerate metathesis, the same ac-
tive centres, [M]=CH2 and [M]=CHCH3, are involved in
the reaction mechanism.

It was shown for heterogeneous molybdena systems that
the degenerate metathesis proceeds faster than the pro-
ductive one[14–18]. The relative rate of the degenerate
metathesis depends on the kind of the support applied[15].
For instance, on molybdena–silica systems the rate of de-
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generate metathesis of propene is about 20–90 times faster
than the rate of the productive one, while on analogous
molybdena–alumina catalysts the rate of the degenerate
metathesis is only 3–4 times faster[15].

There are several experimental evidences indicating that
the predominant chain carrier for the degenerate metathe-
sis of propene on heterogeneous molybdena catalysts is
[Mo]=CHCH3 rather than [Mo]=CH2 [2,14–17]. This is
explained by different reactivity depending on the ori-
entation of propene molecule to Mo-alkylidene centres
[14–17]. In the case of the productive metathesis, it was
proposed that the reaction of propene with [Mo]=CHCH3 is
a rate-determining step, so the population of [Mo]=CHCH3
sites is increased[14]. Thus, the productive and degener-
ate metathesis are competitive reactions of propene with
Mo-ethylidene centres, however the latter reaction does not
change the population of the [Mo]=CHCH3 centres. The
faster rate of the degenerate metathesis, in comparison to
the productive one, was explained by higher reactivity of
the molybdacyclobutane intermediates with methyl sub-
stituents in 1,3 positions, comparing to the 1,2-substituted
molybdacyclobutanes[15] (seeFigs. 1 and 2).

In the previous work [19], a detailed theoretical
study of productive propene metathesis proceeding on
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Fig. 1. Mechanism of productive propene metathesis.

molybdena–alumina catalyst was carried out, applying the
cluster model approach. The obtained results predicted,
in agreement with[14], that a reaction of propene with
Mo-ethylidene centre, leading to Mo-methylidene and
2-butene is a slower step than the pathway from propene
and [Mo]=CH2 to ethene and [Mo]=CHCH3 [19]. In the
present work, complementary DFT investigations of de-
generate metathesis of propene are reported. Details of the
reaction mechanism and energetic aspects are discussed.
The present results are compared with the previous ones
concerning the productive propene metathesis.

2. Computational

Calculations were carried out with the Gaussian 98 pro-
gram [20]. The hybrid B3LYP functional[21,22] with the
LANL2DZ basis set was used. This basis includes the
Hay–Wadt effective core potential plus double-zeta basis
[23] (applied for Mo and Al) and Dunning–Huzinaga va-
lence double-zeta basis[24] on the first row (applied for C,
H and O).

The cluster approach was applied to model the surface
active sites of propene metathesis. Alumina is represented
by a small cluster with formula Al2(OH)6, in which two
hydroxyl groups are replaced by Mo site. This model was
used in the previous works[19,25–27]and its correctness
was discussed and verified[19,26].

All the structures were fully optimised to make locali-
sation of transition states easier. The optimised geometry
of the alumina part of the models is hardly changed, when
going from one structure to another[19]. The Berny algo-
rithm with redundant internal coordinates was employed
[28]. Harmonic vibration frequencies were calculated for
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Fig. 2. Degenerate propene metathesis.

each structure to confirm the potential energy minimum or
the transition state involved, and, to obtain the zero-point
energy (ZPE) values. All presented energies are ZPE cor-
rected. The obtained transition structures were additionally
verified by the IRC calculations[29,30].

3. Results and discussion

3.1. Models of [Mo]=CH2 and [Mo]=CHCH3 sites

Models of monomeric MoVI methylidene (1) and ethyli-
dene centres (2s, 2a) on alumina were described in the
previous works[19,26,27]. In the latter case, two rota-
tional isomers can be distinguished, thesyn rotamer (2s)
and theanti one (2a). The former one is a little more
stable [19]. The proposed Mo-alkylidene centres possess
pseudo-tetrahedral structure with one oxo ligand and other
two oxygens connecting the Mo centre with alumina. Thus,
the geometry of the Mo centre is analogous to the very
effective four-coordinate Mo(NAr)(CHR)(L2) Schrock cat-
alysts [31,32], taking into account that the O= ligand in
the studied structures corresponds to the NAr one in the
Schrock complexes. The geometry details[19,27] of the
proposed models of the active sites are well consistent with
both experimental data[31] and previous theoretical results
[33–36]concerning molybdenaalkylidene complexes.

To the best of my knowledge, there is no available spectro-
scopic data concerning the surface Mo-alkylidene complexes
on alumina. However, some comparisons of the present mod-
els with similar systems are possible. It was previously
shown [19] that the calculated wavenumbers of the C–H
stretching vibrations of the alkylidene moiety of the models
are in a very good agreement with the experimental data con-
cerning surface Mo-methylidene and Mo-ethylidene com-
plexes on silica[10,11]. For instance, the four calculated and
scaled wavenumbers of thesyn-Mo-ethylidene centre are in
the range 2861–2991 cm−1, while the corresponding experi-
mental values are between 2850 and 2985 cm−1. In Table 1,
other theoretically predicted wavenumbers of harmonic vi-
brations of thesyn-Mo-ethylidene (2s) are listed. The same
scaling factor as in the previous work[19] is used to recal-
culate the wavenumbers. The calculated and scaled frequen-
cies of the CH3 deformation (1357–1435 cm−1, Table 1)
are very close, within 20 cm−1, to the bands observed in
a very recent reflectance absorbance IR spectroscopy study
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Table 1
Selected wavenumbers of the harmonic vibrations calculated for thesyn-Mo-ethylidene centre

Calculated frequency (cm−1) Scaled frequency (cm−1)a Mode

1508 1435 Antisymmetric CH3 deformation
1504 1431 Antisymmetric CH3 deformation
1426 1357 Symmetric CH3 deformation
1290 1228 CH deformation+ CH3 deformation+ Mo=C stretch+ C–C stretch
1129 1074 C–C stretch+ Mo=C stretch+ CH3 deformation
1019 970 CH3 deformation
989 941 Mo=O stretch+ CH deformation
947 901 CH deformation+ CH3 deformation
796 757 CH deformation+ antisymmetric Mo–O stretch+ antisymmetric Al–O stretch
677 644 CH deformation
647 616 Mo=C stretch+ Mo=C–C deformation

a 0.9516 scaling factor was applied.

of ethylidene on a molybdenum carbide surface[37]. The
frequency of the Mo=O stretching mode, which is a little
mixed with the C–H deformation is similar to the results
obtained by Raman spectroscopy for MoO3/Al2O3 systems
[38–44]. According to the present calculations, the Mo=C

Fig. 3. Degenerate propene metathesis on the Mo-methylidene centre1. Optimised structures of the transition states (3a and 3b) and the corresponding
TBP molybdacyclobutanes (4a and 4b). Bond lengths are given in Å.

stretching vibration is strongly mixed with the C–C stretch-
ing one, as well as with the CH3, CH and Mo=C–C defor-
mation modes. It was reported for W–alkylidyne complexes
that the W≡C stretching vibration is coupled with the C–C
stretching and CH3 deformation modes[45]. The calculated
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1228 and 1074 cm−1 wavenumbers are also not very differ-
ent from the band detected for cyclobutylidene on�-Mo2C
(1130 cm−1) [46].

3.2. Mechanism of degenerate metathesis of propene

When degenerate metathesis reaction proceeds via
Mo-methylidene centre, propene molecule can add to the
carbene bond in two ways that differ in orientation of the
methyl group. The calculated geometries of the correspond-
ing transition states (3a and3b) are shown inFig. 3. They
have nearly flat rings with the predicted Mo–C1–C3–C2
dihedral angles of about−179 and 173◦, respectively. The
localised transition states lead to molybdacyclobutane in-
termediates (4a and4b, Fig. 3) with entirely flat rings and
trigonal bipyramidal geometry (TBP). The O2, C1 and C3
atoms form the base of the trigonal bipyramid, whereas the
O1 and O3 atoms are the vertexes. Both the obtained tran-
sition structures and the molybdacyclobutane intermediates

Fig. 4. Degenerate propene metathesis on the Mo-methylidene centre1. Optimised structures of the transition states (5a and 5b) and the corresponding
SP molybdacyclobutanes (6a and 6b). Bond lengths are given in Å.

have geometries analogous to the corresponding structures
previously calculated for productive propene metathesis
[19].

Decomposition of the molybdacyclobutane intermediate
to Mo-methylidene centre and propene is the next step of
degenerate metathesis. Thus, structures4a and 4b can de-
compose to [Mo]=C3H2 and C1H2=C2H–CH3. Because of
Cs symmetry of4a and 4b, this pathway is identical with
the pathway of the reverse reaction, leading via transition
states3a and3b to [Mo]=C1H2 (1) and C3H2=C2H–CH3.

Analogously as in the case of productive propene metathe-
sis [19], the TBP molybdacyclobutane can rearrange to
the square pyramidal (SP) one. InFig. 4, the calculated
structures of the SP intermediates6a and6b, as well as the
corresponding transition states5a and5b are presented. O2,
O3, C1 and C3 atoms form the base of the square pyramid
in 6a and6b, whereas O1 atom is the vertex. According to
both previous results[19,27] and present investigations, the
SP molybdacyclobutanes can decompose to the respective
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Fig. 5. Four possibilities of propene addition to the Mo-ethylidene centre during the degenerate metathesis.

Mo-methylidene complexes and propene only via the TBP
intermediate. This is also consistent with suggestions of
Schrock and co-workers[31] and other theoretical results
[34].

In Fig. 5, possible orientations of attacking propene
molecule towards the Mo-ethylidene centres are shown.
Only degenerate metathesis is taken into account. Consid-
ering A and B orientations, we can notice that the same
rotational isomer of [Mo]=CHCH3 will be reproduced after
one catalytic cycle. There are also two other possibilities:
the anti rotamer can be obtained from thesyn one (Fig. 5,
C) and vice versa (Fig. 5, D).

Geometries of the transition states (7s and7a) of propene
addition to thesyn- and anti-Mo-ethylidene complex (A
and B cases) together with the predicted structures of the
corresponding TBP molybdacyclobutanes (8s and 8a) are
presented inFig. 6. The calculated geometries are fully anal-
ogous to those obtained for the reactions proceeding on the
Mo-methylidene centre. The8s and 8a TBP intermediates
have the Cs symmetry, so the decomposition pathway is iden-
tical to the reverse reaction8s(8a) → 2s(2a) + C3H6. The
mentioned metathesis reactions can be accompanied by rear-
rangements of the TBP molybdacyclobutanes via transition
states9s and9a to the SP intermediates10s and10a (Fig. 7).

Propene addition in C manner to thesyn-Mo-ethylidene
centre2s (Fig. 5) leads to TBP intermediate12, via tran-
sition state11 (Fig. 8). Further decomposition of12 to the
anti-Mo-ethylidene complex2a and propene involves tran-

sition state13. Considering the reverse transformation, i.e.
2a+C3H6 → 12 → 2s+C3H6, one can notice that it repre-
sents the D case of propene addition (Fig. 5). Rearrangement
of the TBP intermediate12 to the SP molybdacyclobutane
15, which is competitive to the ring decomposition, involves
transition state14 (Fig. 8).

In Fig. 9, an energy diagram of degenerate propene
metathesis on the Mo-methylidene centre1 is shown. The
pathways on the left and right side of the diagram concern
the two possible orientations of propene molecule during
its addition to the Mo=C bond. It is seen that both sides of
the diagram are almost identical.

It was proposed[16,17] that the reactivity of the
[Mo]=CH2 site depends strongly on the orientation of
propene molecule and propene addition leading to the pro-
ductive metathesis is preferred. So, it is a little surprising
that the predicted activation barrier of propene addition to
1 in non-productive way is practically the same as for the
productive metathesis leading to the2s centre—in the latter
case the value is even 1 kJ mol−1 higher [19]. However, in
the case of the degenerate metathesis, the transformation of
the TBP molybdacyclobutane (4a, 4b) to the SP one (6a,
6b) proceeds easier than decomposition of the former to the
Mo-methylidene centre1 and ethene (Fig. 9). Taking into
account a much lower energy of the SP intermediate, com-
paring to the TBP one, it can be predicted that degenerate
propene metathesis causes a rearrangement of a portion of
the active Mo-methylidene sites into much more stable and
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Fig. 6. Degenerate propene metathesis on the Mo-ethylidene centres2s and2a (A and B cases). Optimised structures of the transition states (7s and7a)
and the corresponding TBP molybdacyclobutanes (8s and 8a). Bond lengths are given in Å.

less active SP molybdacyclobutanes. On the other hand, in
the case of the productive metathesis, the calculated energy
barrier of the TBP molybdacyclobutane decomposition to
Mo-ethylidene centre and ethene is ca. 10 kJ mol−1 lower
(B3LYP/LANL2DZ) than the barrier of its undesired trans-
formation to the stable SP intermediate[19]. This is the
reason that, according to the present calculations, degener-
ate propene metathesis on Mo-methylidene centre does not
seem to be preferred over the productive one.

Propene addition in A manner to thesyn-Mo-ethylidene
centre2s (Fig. 5, A) has about 3 kJ mol−1 lower activation
energy (Fig. 10) than in the case of the reaction proceed-
ing on the Mo-methylidene centre (Fig. 9). What is im-
portant, in the former case, the decomposition of the TBP
molybdacyclobutane to metathesis products is preferred by
about 11 kJ mol−1 over the undesired transformation to the
SP intermediate. The predicted energy barrier of propene
addition in B manner to theanti-Mo-methylidene centre
(Fig. 5, B) is about 8 kJ mol−1 higher than in the case A
(Fig. 10).

When propene reacts withsyn-Mo-ethylidene site in such
a way that theanti rotamer is obtained (Fig. 5, C), the cal-
culated barrier of this addition is 6 kJ mol−1 higher than in
the case A (Fig. 10). The reverse reaction, transforming the
anti-Mo-ethylidene centre into thesyn one (the D case) oc-
curs a little easier. Both in the cases C and D, the second
metathesis step, i.e. decomposition of the TBP molybda-
cyclobutane is kinetically preferred over the conversion of
the TBP intermediate to the SP one (Fig. 10). Because the
anti-Mo-ethylidene centre is less stable and can be easily
transformed via degenerate metathesis into thesyn rotamer
and the pathway leading to thesyn-Mo-ethylidene centre via
productive propene metathesis on1 is kinetically preferred
over the competitive pathway leading to theanti rotamer
[19], one can expect the population of thesyn species being
higher than that of theanti one.

It was previously shown for productive propene
metathesis proceeding on the Mo-ethylidene centre that
the transition state of decomposition of the TBP molyb-
dacyclobutane to the Mo-methylidene centre and 2-butene
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Fig. 7. Degenerate propene metathesis on the Mo-ethylidene centres2s and2a (A and B cases). Optimised structures of the transition states (9s and9a)
and the corresponding SP molybdacyclobutanes (10s and 10a). Bond lengths are given in Å.

is the highest point on the pathway, including conversion
to the SP intermediate[19]. Energy of this TS is over
50 kJ mol−1 (B3LYP/LANL2DZ) higher than energy of
the Mo-ethylidene and propene. Comparing those results
with the calculated pathways of the degenerate metathesis
(Fig. 10), especially the cases A and C, it is clear that the
degenerate metathesis of propene on the Mo-ethylidene
centres proceeds faster than the productive metathesis. It
is consistent with the reported experimental results for
heterogeneous molybdena catalysts[14–18].

According to the calculations[19], during the pro-
ductive propene metathesis, the Mo-methylidene centres
change to the Mo-ethylidene ones easier than in the case
of the vice versa process. Thus, the population of the
Mo-ethylidene species should be higher than that of the
Mo-methylidene one and the former is the predominant
chain carrier for the degenerate metathesis. This statement
is consistent with experimental results obtained from in-
vestigations using deuterium-labelled olefins[14–17]. As
was concluded above, the dominant species should be the
syn-Mo-ethylidene one.

It was postulated[15] that the relative rates of the pro-
ductive and degenerate metathesis are controlled by activ-
ities of the molybdacyclobutane intermediates. The results
of the previous[19] and present calculations confirm this
statement, however a more detailed explanation is given. For
the reaction proceeding on the Mo-ethylidene centre, both
calculated energy of the TBP intermediate and the activa-
tion energy of its decomposition to the metathesis products
are higher for the productive metathesis than for the degen-
erate one. What is also important, in the former case, the
undesired transformation of the TBP molybdacyclobutane
to the SP one is kinetically preferred in comparison to the
conversion of the TBP intermediate to the metathesis prod-
ucts. This is not true, however, in the case of the degenerate
metathesis (Fig. 10).

3.3. Relative energies of molybdacyclobutane intermediates

In Fig. 11, the relative energies of mono-methyl substi-
tuted molybdacyclobutanes are shown, whereas inFig. 12,
the values for dimethyl substituted ones are presented. The
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Fig. 8. Degenerate propene metathesis on the Mo-ethylidene centres2s and 2a (C and D cases). Optimised structures of the transition states (11, 13)
leading to the BP molybdacyclobutane12, as well as the geometry of the transition structure14 and the corresponding SP molybdacyclobutane15. Bond
lengths are given in Å.

energies of the intermediates involved in productive metathe-
sis are taken from the previous study[19]. As one can see,
the energy orders for the TBP and SP intermediates are not
the same. In the case of the mono-methyl substituted rings,
the TBP complexes with the methyl substituent in position
2, being intermediates of the degenerate metathesis, have a
little higher energies than the molybdacyclobutanes with the
substituent in position 1.

1,3-Dimethyl substituted TBP molybdacyclobutanes that
are intermediates of degenerate metathesis are generally
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Fig. 9. Energy diagram (kJ mol−1) of degenerate propene metathesis on the Mo-methylidene centre1.

more stable than the 1,2-dimethyl substituted ones. The
order of the calculated relative energies of the TBP inter-
mediates does not match exactly the order of the energy
barriers of the corresponding reactions of propene addition
to the Mo=C bond. However, comparing the energy dia-
grams (Fig. 10 and the results published in[19]) with the
relative energies of the TBP intermediates, one can con-
clude that despite of the complex kinetics of the process,
approximate predictions of the reactivity can be done on
the basis of the TBP molybdacyclobutane energies.
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Fig. 11. The relative energies (kJ mol−1) of the mono-methyl substituted molybdacyclobutanes.

In the case of the SP molybdacyclobutanes, the puckered
conformation of the ring allows to minimise the repulsion
between the methyl substituents. They adopt pseudo-axial
or pseudo-equatorial positions. For the mono-methyl sub-
stituted intermediates, the equatorial position is preferred
(Fig. 11). Stereoselectivity of olefin metathesis is often
explained on the basis on favoured stereo conformation
of alkyl substituted molybdacyclobutanes[14–17,47]. The
molybdacyclobutane leading to thetrans product have the
1,2-methyl substituents in equatorial positions, whereas
the methyl groups in the molybdacyclobutane leading to
the cis configuration adopt one equatorial and one ax-
ial position. The latter intermediate has higher energy
than the former one (Fig. 12). There is also a second
possible structure of molybdacyclobutane leading to the
trans product. This structure has both substituents in ax-
ial positions and its energy is 10 kJ mol−1 higher than
in the case of the intermediate with the methyl groups
in equatorial position (Fig. 12). The equatorial positions
of the substituents in the ring are also favoured for the
1,3-dimethyl-substituted molybdacyclobutanes involved
in the degenerate metathesis. In contrast to the corre-
sponding BP structures, the 1,3-SP intermediates did not
have lower energies than the 1,2-dimethyl substituted
ones.

Generally, for the process studied, the kinetic predic-
tions should rather be based on the BP intermediate ener-
gies than on the SP molybdacyclobutane ones, because the
latter structures do not rearrange directly to the metathesis
products.

Fig. 12. The relative energies (kJ mol−1) of the dimethyl substituted
molybdacyclobutanes.
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4. Conclusions

The calculated mechanism of the degenerate propene
metathesis proceeding on Mo-alkylidene centres situated
on alumina is analogous to the previously predicted for the
productive metathesis. On the basis of the relative energies
of the intermediates and the transition states, it is concluded
that on the Mo-ethylidene centres the degenerate metathe-
sis is favoured over the productive one. This is not true,
however, in the case of the Mo-methylidene sites.

It is also predicted that the population of the Mo-ethylidene
centres is higher than in the case of the Mo-methylidene
ones and the formers are the predominant chain carriers for
the degenerate metathesis. These statements are consistent
with the reported experimental results.
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