y A
LA,

ELSEVIE

Journal of Molecular Catalysis A: Chemical 175 (2001) 215-225

JOURNAL OF
MOLECULAR
CATALYSIS

A: CHEMICAL

HVINO3 10N

www.elsevier.com/locate/molcata

Theoretical study on ethene metathesis proceeding
on Mo"! and Mo'Y methylidene centres of
heterogeneous molybdena-alumina catalyst

Jarostaw Handzlik*, Jan Ogonowski

Institute of Organic Chemistry and Technology, Cracow University of Technology, ul. Warszawska 24, PL 31-155 Krakow, Poland

Received 9 January 2001 ; accepted 5 May 2001

Abstract

Theoretical studies on ethene metathesis reaction proceeding on molybdenamethylidene centres of molybdena-alumina
catalyst are reported. Calculations were carried out with the Gaussian 94 program, using density functional theory. Models
of active sites containing Mo"! and Mo!" (both singlet and triplet state) have been developed. Molybdenum in these centres
is attached to a cluster of formula Al,(OH)e, which represents alumina. The thermodynamics of the reactions of ethene with
MoV and Mo!V carbene centres were calculated. The reaction pathways of ethene addition to Mo"! and Mo'Y methylidene
complexes were also investigated. In these calculations simpler structures of the carbene and molybdacyclobutane complexes
have been applied, in which the bonds between molybdenum and the carrier are replaced by hydroxyl groups. It was concluded
that active centres of ethene metathesis do not contain Mo!V because of high energy barriers of some elementary steps of the

process. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Olefin metathesis can be carried out in the presence
of both homogeneous and heterogeneous catalytic
systems [1,2]. The reaction proceeds according to
the carbene mechanism [3] and active carbene com-
plexes are present in the reaction environment. Metal
carbene reacts with olefin, thus forming the metalla-
cyclobutane complex. Subsequent decomposition of
the metallacyclobutane leads to formation of a new
olefin and a carbene structure.

Many theoretical investigations of the structures and
reactivity of the olefin metathesis catalysts were re-
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ported [4—15]. They all concern Mo"! alkylidene com-
plexes playing a role in homogeneous catalysis. God-
dard and co-workers [4-6] investigated Cr, Mo and
W alkylidene complexes and thermodynamics of their
reactions with ethene. The authors applied generalised
valence bond method. An ab initio Hartree—Fock
study on the structures and electronic properties of
metal alkylidene complexes including Mo, W and Re
was reported by Cundari and Gordon [7,8]. Bencze
and Szilagyi [9-11] applied molecular mechanics in
modelling of tungsten catalysts. Addition of ethene to
tungsten methylidene complex W(CH>)(Cl)4 was in-
vestigated by Sodupe et al. at the Hartree—Fock level
[12]. They localised the ethene-tungsten-methylidene
complex, which was thought to be an intermediate
in the formation of the metallacyclobutane. Folga
and Ziegler [13] applied density functional theory to
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study the structures of Mo(X)(CH3)(L), alkylidene
and Mo(X)(CH,CH,CH)(Ly) (X = O, NH; L = Cl,
OCHj3, OCF3) molybdacyclobutane complexes. They
discussed the reaction path of molybdacyclobutane
formation via ethene attack on the CNO face of the
alkylidene complex (X = NH). The authors concluded
that in the presence of the electron-withdrawing
ligands (L. = OCF3) a trigonal-bipyramidal (TBP)
molybdacyclobutane is formed. On the other hand,
the electron-donating ligands (L = OCH3) result in
the formation of a square-pyramidal (SP) molybda-
cyclobutane. Schrock and co-workers [14] carried out
SCF-X,-SW calculations on Mo(NH)(CH;)(OH);
and Mo(NH)(CH3)(OCHj3); alkylidene complexes
and Mo(NH)(CH,CH>CH3)(OH); molybdacyclobu-
tane complex. In their work the electronic properties
of the complexes were studied and concerted alkyli-
dene rotation and molybdacyclobutane formation via
olefin attack on the COO face of the Mo¥! imido
alkylidene complex was considered. Ab initio and
density functional theory study on ethene addition to
Mo(NH)(CHR)(L), complexes (R = H, CH3; L =
OCH3, OCF3) was reported by Wu and Peng [15].
They localised transition structures leading to the for-
mation of TBP molybdacyclobutanes and proved that
there is a significant preference for ethene to attack
the CNO face over the COO face of the Mo alkylidene
complex. They also showed that the calculated activa-
tion enthalpy of ethene addition to the complex with
OCFj ligands is lower than in the case of the addition
to the complex possessing OCH3 ligands. According
to their calculations, the TBP geometry of molyb-
dacyclobutane is slightly more stable than the SP
geometry if L = OCFj3. If molybdacyclobutane pos-
sesses electron-donating ligands (L = OCHj3), the SP
geometry is much more stable than the TBP geometry.

On the other hand, theoretical studies on olefin
metathesis proceeding on heterogeneous catalysts
have not been reported so far. Such investigations
could help to answer some questions concerning het-
erogeneous systems. In contrast with homogeneous
catalysts, the structures of active centres of hetero-
geneous catalysts are usually not well defined. The
reason is the fact that the number of active sites of
heterogeneous catalysts is only a small fraction of the
amount of transition metal atoms on the surface [1,2].
In the case of the active sites of heterogeneous molyb-
dena catalysts, Mo valence is not ultimately proved.

There are many experimental evidences that the sur-
face alkylidene centres contain MoV! [1,2,16,17], but
other possible Mo valences cannot be categorically
excluded. For instance, in the case of MoQ3/SiO»
catalyst treated with tetramethyltin, Mo!V surface
alkylidene complex was proposed [18].

When investigating a reaction proceeding on a het-
erogeneous catalyst by quantum chemical methods,
one of the main problems is modelling the infinite
catalyst system. One approach to solve this problem
is applying the cluster model [19-34]. This approach
allows to perform minima and transition-state geom-
etry optimisations and frequency calculations with
using high-level theoretical methods. Therefore, it is
particularly suited to tackle local phenomena, such
as describing interactions of reactants with active
sites of the catalyst [19-23,27-29,31,33-35]. An-
other problem is the choice of the optimal theoretical
method. Such a method must be sufficiently accurate
in describing electronic properties of the system, on
the one hand, and the good computational efficiency
should be guaranteed, on the other hand. Density
functional theory methods satisfy these requirements,
especially if systems containing transition metals are
investigated [35-38].

In the previous work [39] density functional the-
ory was applied to investigate ethene and propene
metathesis reactions proceeding on monomeric Mo V!
and MoV sites of M0oO3/Al, 03 catalyst. In the present
work, more detailed study on ethene metathesis re-
action proceeding on molybdenamethylidene centres
of molybdena-alumina catalyst are reported. Thermo-
dynamics of the elementary steps are calculated with
applying the active sites models mounted on a small
cluster of alumina. Its properties are compared with
the properties of larger alumina clusters. To investigate
the pathways of ethene addition to MoV and Mo'Y
methylidene centres (both singlet and triplet state),
simpler models of the active sites, in which hydroxyl
groups replace the bonds between molybdenum and
the carrier, are applied.

2. Computational

Calculations were carried out with the Gaussian
94 program [40] installed on SPP1600/XA computer.
The Slater local exchange functional and the VWNS5
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local correlation functional [41] were applied to op-
timise the geometries of the model clusters including
alumina. The structures of the simpler models of the
active sites were optimised with the B3LYP non-local
functional [42] but in chosen cases SVWNS5 method
was used parallel. All the structures were optimised
with applying Berny algorithm using redundant inter-
nal coordinates [43]. Harmonic vibration frequencies
were calculated for each structure. The electronic
energy of the structures was calculated using B3LYP
functional. Three basis sets were employed: basis
A — LANL2DZ basis set (the Hay—Wadt effective
core potential [44] plus double-zeta basis for molyb-
denum and aluminium atoms, Dunning-Huzinaga
valence double-zeta basis set — D95V [45] — for
other non-transition elements), basis B1 and B2 —
LANL2DZ basis set for molybdenum atom, D95V (d)
and 6-31G(d) [45] basis set for non-transition ele-
ments, respectively.

(hydrogen atoms are omitted)

Calculations of the alumina clusters alone were car-
ried out with MOPAC 6 program using semiempirical
AM1 Hamiltonian [46]. The clusters geometries were
optimised using Bartel’s method [47].

3. Results and discussion
3.1. Cluster models of alumina

A cluster model of Al;O3 with exposed fully hy-
droxylated (1 00) face (A1), developed by us, is shown
in Fig. 1. It contains 24 aluminium atoms. The smaller
alumina cluster (A2) with nine aluminium atoms and
the third cluster (A3), containing only two aluminium
atoms, are also presented in Fig. 1. In Table 1 the
charges on the hydrogen and aluminium atoms and
the deprotonation energies of the clusters are com-
pared. The indexes “0” and “t” mean OH group

Al

(hydrogen atoms are omitted)

o0 0
oo 2

Fig. 1. Cluster models of alumina.
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Table 1
Charges on hydrogen (gy) and aluminium (ga;) atoms and the deprotonation energies (Eq) for the model clusters of alumina
Structure OH group qu gAl Eq (kJmol™!)
Al OH° 0.19-0.21 0.79-0.83 1300, 1330, 1410, 1420, 1440, 1470
OH! 0.22, 0.23 0.91-0.93 1200, 1220, 1240
OH®° 0.25, 0.26 - 1250
A2 OH° 0.20, 0.21 0.80, 0.81 1410, 1420
OH®° 0.27 - 1230
A3 OH' 0.21 0.83 1390
OH" 0.28 - 1250

connected with octahedral and tetrahedral alumina
centre, respectively. The deprotonation energy was
defined as the energy difference between the cluster
and its deprotonised form. The geometries of the de-
protonised clusters were not further optimised, only
the coordinates of the oxygen ion, remaining after
proton abstraction, were optimised. The results shown
in Table 1 indicate that the chemical properties of OH'
groups of the smallest cluster (A3) are reasonably
similar to the properties of the OH® groups of the two
bigger clusters. Thus, the A3 cluster can play the role
of the carrier if one assumes that the Mo centres in
molybdena-alumina catalyst replace hydroxyl groups
connected with octahedral alumina.

3.2. Study on ethene addition to Mo"!
methylidene centres

MoVl complexes attached to the small alumina
cluster are shown in Fig. 2. All the structures have
Cs symmetry. Four-coordinate MoV! methylidene
centre (1) has pseudotetrahedral geometry. The TBP
molybdacyclobutane (2a) has the almost flat ring,
whereas the SP one (2b) has the ring with the di-
hedral angle of 27°. The thermodynamics of ethene
addition to the Mo"! methylidene centre (1) are pre-
sented in Table 2. SP molybdacyclobutane (2b) is
predicted to be more stable than TBP structure (2a)
by 38, 57 and 62kJmol~! (AH5) according to
B3LYP/A//SVWNS5/A, B3LYP/B1/SVWNS5/A  and
B3LYP/B2//SVWNS5/A  calculations, respectively.
Therefore, the reaction leading to the SP molybda-
cyclobutane (2b) is thermodynamically favoured in
comparison with the formation of the TBP molyb-
dacyclobutane (2a). The formation of the former

structure is exothermic with relatively small absolute
value of the change of Gibbs free energy (Table 2, en-
try II), whereas the latter reaction is clearly endoergic
(Table 2, entry I).

Model structures of MoY! surface complexes, con-
taining hydroxyl groups instead of the bonds between
molybdenum and the carrier, are presented in Fig. 3.
The Cs geometries of the MoVY! methylidene com-
plex (3) and the molybdacyclobutanes (7a) and (7b)
are very similar to the geometries of the respective
complexes shown in Fig. 2. The SP molybdacyclobu-
tane (7b) is predicted to be more stable than the TBP
structure (7a). For instance, B3LYP/B1//SVWNS5/A
and B3LYP/B1 calculations give the energy difference
(T = 298.15K) of 64 and 66kJmol~!, respectively.
Comparing thermodynamics of reaction I and III or II
and IV (Table 2), one can notice that the results ob-
tained applying the simpler models of active centres
are quite similar to those obtained for the clusters in-
cluding alumina. Therefore, the reaction pathway of
ethene addition to Mo"! methylidene complex was in-
vestigated using the simpler models of the active sites.
We can also state that the method of geometry opti-
misation scarcely influences the obtained energies of
the complexes studied (Table 2, entries III and IV). In-
deed, as it was also shown in the previous work [39],
the optimised geometries of the active sites hardly de-
pend on functional or basis set used.

The energy diagrams of the reaction are pre-
sented in Fig. 4. Structure (5) is the intermediate
ethene-molybdenamethylidene complex with the
Mo-C bond lengths of 2.74 and 2.79, and 1.37A
of the C-C distance in ethene (Fig. 3). Sodupe
et al. [12] reported quite similar geometry for
ethene-tungsten-methylidene complex: 2.57 and 2.63,
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2a

2b

Fig. 2. Optimised structures of Mo"! complexes including alumina. Bond lengths (in angstroms) are obtained from the SVWN5/A

calculations.

and 1.37 A for W—C and C—C bond lengths, respec-
tively. According to their calculations, the complex
of ethene with W(CH,)Cly is more stable than the
reactants, while in the present work the formation
of ethene-molybdenamethylidene complex (5) is pre-
dicted to be endothermic (Table 2, entry V). We have
localised the transition state (4), which is situated be-
tween the reactants and the intermediate (5) — Fig.
3. As Table 2 and Fig. 4 show, the calculated activa-
tion enthalpy of the formation of the intermediate (5)
is low: 18 and 15kJmol™!, according to B3LYP/A
and B3LYP/B1 calculations, respectively. The activa-
tion energy of the reverse reaction is very low (about
3 and 5kJmol~!, using B3LYP/A and B3LYP/BI
method, respectively) if potential energy without the

zero point correction is taken into account (Fig. 4).
However, the value of the calculated activation en-
thalpy at 7 = 298.15 K is negative (Fig. 4 and Table
2, entry VII).

The pathway of the rearrangement of the intermedi-
ate (5) to the TBP molybdacyclobutane passes through
the transition state (6) — Figs. 3 and 4. The activa-
tion barrier of this step is lower than in the case of
the previous step (Table 2, entry VIII). The activa-
tion enthalpy of the reverse step — the transformation
of TBP molybdacyclobutane (7a) to the intermediate
complex (§) — is also not high, with the value of
about 33 and 27 kJ mol~!, according to B3LYP/A and
B3LYP/B1 calculations, respectively. However, this is
the highest calculated energy barrier in the process.
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Table 2

Calculated changes of enthalpies (AH %), Gibbs free energies (AGjgg) and entropies (AS5g,) for the reaction of MoV! centres®

Entry Reaction Method AHjq (KImol™h) AGSyg (KTmol™h) ASS4g (Tmol™' K1)
I 1+ CoHy — 2a B3LYP/A//SVWNS/A —4.8 50.0 —183.6
B3LYP/B1/SVWNS5/A 5.1 59.9
B3LYP/B2/SVWNS5/A —0.8 53.9
II 1+ CHy — 2b B3LYP/A//SVWNS/A -427 10.6 —1787
B3LYP/B1/SVWN5/A -51.8 15
B3LYP/B2/SVWNS5/A —63.1 -9.8
11 34+ CHy —> 7a B3LYP/A//SVWNS5/A 25 547 -1753
B3LYP/B1/SVWNS5/A -73 449
B3LYP/B2/SVWNS/A -85 438
B3LYP/A 0.0 524 -175.9
B3LYP/B1 -1.8 49.8 —173.0
B3LYP/B2 -12 4717 —164.0
v 34+ CHy > b B3LYP/A//SVWN5/A -56.5 -17 —183.6
B3LYP/B1/SVWNS5/A -71.6 —16.8
B3LYP/B2/SVWNS/A -75.0 -203
B3LYP/A -5838 —4.8 —181.2
B3LYP/B1 —68.1 -143 —180.4
B3LYP/B2 ~70.1 -16.5 -179.8
v 34+ CHy —> 5 B3LYP/A 19.8 63.9 —148.0
B3LYP/B1 15.4 60.7 —151.9
VI 3 + CHy — 4 (TS) B3LYP/A 18.2 59.1 —137.4
B3LYP/B1 15.0 55.9 —137.0
Vil 5 > 4(TS) B3LYP/A -16 -438 10.6
B3LYP/B1 —04 -4.8 149
VII 5 — 6 (TS) B3LYP/A 127 21.6 -30.1
B3LYP/BI 10.0 19.1 -30.6
IX 7a — 6 (TS) B3LYP/A 325 33.1 -22
B3LYP/BI 272 30.0 9.5
AT =298.15K.

Reported experimental values of activation energy of
propene metathesis carried out in the presence of het-
erogeneous catalysts containing rhenium or molybde-
num are in the range of about 20—-40kJ mol~! [48].
Thus, our theoretical calculations concerning ethene
metathesis have given the value of the activation en-
ergy contained in this range.

The reaction and activation entropies of the re-
actants transformation to the intermediate (5) have
high, negative values (Table 2, entries V and VI).
This is why the respective Gibbs free energies have
the large, positive values of about 60kJmol~!. The
Gibbs free energy of the overall reaction of ethene
addition to the molybdenamethylidene complex (3)
is about 50kJmol~! (Table 2, entry III). However,

the predicted absolute values should be treated with
caution, taking into consideration the simplicity
of the models applied and the limited accuracy of
the theoretical methods. Similar results concerning
ethene addition to Mo(NH)(CH;,)(OCH3), complex
have been obtained by Wu and Peng [15] using
B3LYP functional, if Gibbs free energy of the reac-
tion is calculated on the basis of the data reported by
the authors.

Thermodynamics of ethene addition to the Mo"!
methylidene complex (3) leading to SP molybda-
cyclobutane (7b) do not much differ from the results
obtained with applying active sites models including
alumina (Table 2, entries II and IV). Reaction (IV) is
exothermic and not very exoergic. However, we could
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7b

Fig. 3. Optimised structures of Mo"! complexes. Bond lengths (in angstroms) are obtained from the B3LYP/A and SVWN5/A (in

parentheses) calculations.
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Fig. 4. Energy and enthalpy diagrams of ethene addition to Mo"!
methylidene complex. B3LYP/A calculations. (A) Energy without
the zero point energy including, (B) enthalpy at 7 = 298.15 K.

not find a transition structure connecting the reactants
with the SP molybdacyclobutane (7b).

3.3. Study on ethene addition to Mo'V methylidene
centres

Calculated structures of the Mo!V complexes, both
models including alumina and the simpler models, are
shown in Fig. 5 (singlet state) and in Fig. 6 (triplet
state). As it was reported in the previous work [39],
the complexes in triplet state have lower energies than
the respective complexes in singlet state. The energy
differences are shown in Table 3.

Table 3
Calculated differences between the enthalpies of the singlet state
structures and the respective triplet state structures at 7 = 298.15 K

Structure Method AHSyg (kI mol ™)
8 B3LYP/B1/SVWNS5/A 16.8
9 B3LYP/B1/SVWN5/A 43.0
10 B3LYP/B1/SVWN5/A 36.6
B3LYP/A 134
B3LYP/BI 333
13 B3LYP/B1//SVWNS/A 56.6
B3LYP/A 33.0
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Fig. 5. Optimised structures of Mo'Y complexes (singlet state). Bond lengths (in angstroms) are obtained from the B3LYP/A and SVWNS5/A

(in parentheses) calculations.

Mo!V methylidene complexes containing alumina
(8s, 8t) have C,, symmetry. The respective Mo!Y
molybdacyclobutanes 9s and 9t have C; symmetry
and their rings have dihedral angles of 21 and 37°,
respectively. The geometries of the simpler models
of MoV centres: 10s, 10t, 13s, 13t are similar to the
geometries of the models including alumina. The first
structure has Cpy symmetry, the last has no symmetry
and the others have Cg symmetry.

The thermodynamics of ethene addition to the Mo!
methylidene centres are presented in Table 4 (singlet
state) and Table 5 (triplet state). As we can see from
Table 4 (entries X and XI), the overall reaction of
ethene addition to Mo!V centre (singlet state) leading
to molybdacyclobutane formation is predicted to be
high exothermic and exoergic. In the case of triplet
state of Mo!V centre, the process is even more exother-
mic and exoergic (Table 5, entries XV and XVI).

The results of the investigation of the reaction
pathway of ethene addition to Mo!Y methylidene

centre (singlet state) are shown in Figs. 5 and 7,
and in Table 4. We have localised the additional
ground state (11s) and the transition state (12s)
connecting the (11s) complex and the molybdacy-
clobutane (13s). As comes from Table 4 (entry XII)
and Fig. 7, the formation of the (11s) complex from
the reactants is very exothermic and exoergic. How-
ever, both rearrangement of the (11s) complex to the
molybdacyclobutane (13s) and the reverse reaction
have high activation enthalpies and activation Gibbs
free energies (about 100kI mol~!, Table 4, entries
XIII and XIV).

In the case of the reaction pathway of ethene ad-
dition to triplet state of the Mo!V methylidene centre
(Figs. 6 and 7), two additional ground states (11ta
and 11tb) have been localised. The reaction pathways
of the formations of (11ta) and (11tb) are monotonic
without transition states between the reactants and
the products. Both reactions are moderately exother-
mic and endoergic (Table 5, entries XVII and XVIII).
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Fig. 6. Optimised structures of Mo'Y complexes (triplet state). Bond lengths (in angstroms) are obtained from the B3LYP/A and SVWN5/A

(in parentheses) calculations.

Table 4

Calculated changes of enthalpies (A H5yg), Gibbs free energies (AGjgg) and entropies (AS5s) for the reaction of Mo! complexes (singlet

state)?

Entry Reaction Method AHS4e (kKJmol™h) AGSyg (kI mol 1) AS59s (Jmol~ 1K)

X 8s + CoHy — 9s B3LYP/A//SVWNS5/A —101.6 —45.6 —187.9
B3LYP/B1//SVWNS5/A —108.6 —52.5
B3LYP/B2//SVWNS/A —114.6 —58.6

X1 10s + CoHy — 13s B3LYP/B1//SVWNS5/A —112.6 —63.3 —165.4
B3LYP/B2//SVWNS5/A —112.8 —63.5
B3LYP/A —104.8 —56.1 —163.5

XI1 10s + C;Hy — 11s B3LYP/A —1104 —60.2 —168.3

X1 11s — 12s (TS) B3LYP/A 102.2 104.8 —8.6

X1V 13s — 12s (TS) B3LYP/A 96.6 100.6 —134

AT =298.15K.

However, we have found only one transition structure
(12t), which is situated between the (11tb) interme-
diate and the molybdacyclobutane (13t). In this case,
both activation enthalpy and activation Gibbs free
energy are very low (Fig. 7 and Table 5, entry XIX).
However, the reverse reaction has high activation

enthalpy and activation Gibbs free energy (114 kJ mol !
in both cases — Table 5, entry XX).

Therefore, as the above results (concerning both
singlet and triplet state) show, it seems that the ac-
tive sites of ethene metathesis do not contain Mo!V,
because the activation enthalpies of some elementary
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Table 5
Calculated changes of enthalpies (A H3gg), Gibbs free energies (AGjgg) and entropies (A S5g,) for the reaction of Mo!V complexes (triplet
state)?
Entry Reaction Method AHSge (kI mol™) AGSe (KImol™h) AS59s (Fmol~! K1)
XV 8t + CoHy — 9t B3LYP/A//ISVWNS5/A —125.8 —73.2 —176.5
B3LYP/B1//SVWNS/A —134.8 —82.2
B3LYP/B2//SVWNS5/A —1354 —82.8
XVI 10t + C,Hy — 13t B3LYP/B1//SVWN5/A —132.6 -79.7 —165.4
B3LYP/B2//SVWNS5/A —133.5 —80.6
B3LYP/A —1244 —74.0 —169.0
B3LYP/BI —1344 —83.3 —171.3
XVII 10t + C,Hy — 11ta B3LYP/A —-21.9 20.9 —143.7
XVIII 10t + C,Hy — 11tb B3LYP/A —15.3 31.0 —155.2
XIX 11tb — 12t (TS) B3LYP/A 54 8.7 —11.2
XX 13t — 12t (TS) B3LYP/A 114.4 113.7 2.6
4T =298.15K.

steps are much higher than the reported [48] experi-
mental values of activation energies of olefin metathe-
sis. We believe that this statement is true, even if
the simplicity of the model applied and the limited
accuracy of the theoretical methods are taken into
account.
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Fig. 7. Enthalpy diagrams (7" = 298.15K) of ethene addition to
MoV methylidene complex. (A) Singlet state; (B) triplet state
B3LYP/A calculations.

4. Conclusions

Ethene metathesis proceeding on heterogeneous
molybdena-alumina catalyst has been theoretically
studied applying two variants of active sites models.
In the first variant, the clusters contain alumina. In
the second variant, the bonds between molybdenum
and the carrier are replaced by hydroxyl groups. In
both cases the calculated thermodynamics of ethene
addition to molybdenamethylidene centres are very
similar.

Investigation of reaction pathway of ethene addition
to MoV methylidene complex let us localise a tran-
sition state leading to TBP molybdacyclobutane. The
formation of TBP molybdacyclobutane is an endoergic
reaction with low activation enthalpy. Activation en-
thalpy of decomposition of TBP molybdacyclobutane
to ethene and Mo"! complex is a little higher and its
value is consistent with the reported experimental val-
ues of activation energies of olefin metathesis. Ethene
addition to Mo"! methylidene complex leading to SP
molybdacyclobutane is exothermic with small abso-
lute value of reaction Gibbs free energy. However, we
have not localised a transition structure leading to SP
molybdacyclobutane.

On the other hand, energy barriers of one or two el-
ementary steps (depending on consideration of singlet
or triplet state of molybdenum complexes) of ethene
metathesis proceeding on Mo!V active sites are very
high (over 100 kJ mol’l). What is more, formation of
the Mo molybdacyclobutane is very exothermic and



J. Handzlik, J. Ogonowski/Journal of Molecular Catalysis A: Chemical 175 (2001) 215-225 225

irreversible. Therefore, the obtained results suggest
that active centres of ethene metathesis do not contain
Mo'V.
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