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Abstract

Density functional theory study of propene metathesis proceeding on monomeric Mo—alkylidene centers of molybdena—alumina catalysts
is reported. Calculations have been carried out with the Gaussian 98 program, using the hybrid B3LYP functional. The applied models of
active Mo sites are bonded to alumina clusters including two or four aluminum atoms. According to the calculations, two kinds of the molyb-
dacyclobutane intermediates play a role in the mechanism of propene metathesis: one with trigonal bipyramidal geometry and the second
with a square pyramidal structure. The latter intermediate is formed from the former and this reaction competes with the decomposition of
the trigonal bipyramidal molybdacyclobutane to the Mo—alkylidene center and alkenesyBaihdanti rotational isomers of Mo—ethylidene
centers have been considered and their reactivities toward propene are almost the same.
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. CH3CH=CH CH3CH—CH CH;CH H
1. Introduction L R N
[MJ=CH, [M]——CH; ™M CH
A heterogeneous catalyst of olefin metathesis usually S HCHC CH,;CH—CHCH; CHyCH=CHCH;
consists of a transition metal compound deposited on a ﬁ + ﬁ — T T — +

high-surface-area support [1,2]. A commonly accepted car- ™ ¢t [M|—CH, MI=CH,
bene mechanism of homogeneous olefin metathesis [1,3,4]
has been adopted to the heterogeneous catalytic systems
[1,2,5-15]. According to this mechanism, surface metal—  geveral theoretical investigations of olefin metathesis
alkylidene species react with alkene molecules giving inter- [19—28] were reported; however, they are focused on the ho-
mediate molybdacyclobutane complexes that decompose toanogeneous systems. In the case of Mo—alkylidene Schrock-
new alkylidenes and the reaction products. In Fig. 1, an ex- type catalysts, Mo(NH)(CHR)(lz)(R = H, CH3; L = OH,
ample scheme of propene metathesis is presented. OCHz, OCR3) complexes were applied as the model cata-
There is some experimental evidence of the existencelysts [23-25]. On the basis of DFT studies, it was predicted
of metal-alkylidene and metallacyclobutane species on thethat the molybdacyclobutane intermediates have a trigonal
surface of the heterogeneous catalysts [11-13]. These cenbipyramidal (TBP) or square pyramidal (SP) geometry. The
ters can be formed after the catalyst is brought into con- SP structure of the molybdacyclobutane complex with the
tact with alkene [1,2,6,7] or cycloalkane [12-15]. Metal— electron-donating L ligands was shown to be more stable

alkylidene compounds have also been immobilized on thethan the corresponding TBP strugture [2.3’25]'. In the case
carrier [16-18]. of the catalyst with the electron-withdrawing L ligands, the

TBP intermediate was predicted to be more stable than the

SP one [23] or the relative stabilities of the two molybda-

cyclobutane structures were reported to be dependent on
E-mail address: jhandz@usk.pk.edu.pl. the theoretical method applied [25]. However, it was pro-

Fig. 1. Catalytic cycle of propene metathesis.
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posed in the latter work that the TBP structure is initially nism and determination of the role of TBP and SP interme-

formed from the alkylidene complex and alkene, indepen- diates in the reaction kinetics.

dently on the electronic properties of the L ligands. These

results are generally consistent with the reported experimen-

tal investigations concerning Mo(CHR)(NAr)(OR and 2. Methods

W/(CHR)(NAr)(OR); catalysts of olefin metathesis [29,30].

The metallacyclobutane complexes that had TBP or SP  In this study, the cluster approach was applied to model

geometry, depending on the kind of the L ligands, were the surface active sites of propene metathesis. All calcula-

described. It was also proposed that olefin addition to the tions were carried out with Gaussian 98 program [63], using

Mo—alkylidene complex yields the initial TBP metallacy- @ hybrid B3LYP functional [64].

clobutane, which can rearrange by a Berry-type pseudo- All the structures were optimized by applying the Berny

rotation to the SP structure [29]. algorithm and using redundantinternal coordinates [65]. The
DFT calculations of Mo(O)(Ly(CsHg) (L = Cl, OCHg, LANL2DZ basis set was applied for geometry optimization.

OCF;) molybdacyclobutanes showed that the SP structure This basis set includes the Hay—Wadt effective core poten-

was more stable than the TBP one in every studied case [23] i@l [66] plus double-zeta basis set (applied for Mo and Al)
In contrast to the homogeneous systems, the structurestd Dunning—Huzinaga valence double-zeta set (D95V) on

of the surface alkylidene centers are not unambiguously the first row (applied for C, H, and O). Harmonic vibration

determined. In the case of the monomeric centers of Sup_freque.nues were ce_llqulated for each strg_cture to cqnflrm the

ported Mo catalysts, a distorted tetrahedral site with one POtential energy minimum or the transition state involved

oxo ligand, one alkylidene ligand, and two oxygen atoms and to obtain the zero-point energy (ZPE) values. The ob-

connecting the molybdenum atom with the carrier was pro- tained tran3|.t|on structures were additionally verified by the

posed [10,12—15,31,32]. Distorted tetrahedral dioxo’Mo  'RC calculations [67,68]. .

species or their reduced forms can be the precursors of Add|t|or_1ally, single-point energy calculations were per-

these monomeric Mo-alkylidene sites [10,12-15,31-33]. formed using the D95V_(d) basis sets for C and O,_whergas

The presence of pseudo-tetrahedral monomeri¢!Men- Mo and Al were described by the LANL2DZ basis. This

ters was experimentally proved for the supported Mo cata- basis set combination is denoted here as LANL2DZ(d). If

B . not stated otherwise, the presented energy differences were
lysts [33-51]. These centers were often proposed to be dioxo, ,, -+ 104 according to the B3LYP/LANL2DZ(d)/B3LYP/

Species [33'41_52]' O’? the other hand: there were also "¢ LANL2DZ scheme. All presented energies are ZPE cor-

ported experimental evidence for the existence of monooxo, rected

gottdéjoxo, ;E[J'rface5g105n7omer|c Mb species under dehy- The counterpoise method [69-71] was used to estimate
rated conditions [53-57] the basis set superposition error (BSSE). The obtained BSSE

Itn tphrevllous worlfjs: [58-60], IDE;— |nvest||gat-|ons cif ;athtene values are reasonable and in the case of the transition states
metathesis proceeding on molybdena—alumina calalySt Wer€y o1yene additions to the Mo-alkylidenes, they are in the

performed, applying the cluster model approach [61,62]. It range of 13-16 kmot (for the B3LYP/LANL2DZ cal-

was suggested that the active alkylidene sites did not Containculations) However. the studied reactions should be con-
|V . . . - . L

Mo™, because of high factlval\t/;gn barriers of some steps of gijareq in two directions which results in discontinuous

the catalytic cycle involving a Mo methylidene center [S9].  qtential surfaces if the BSSE corrections are consistently

In the case of the M8 methylidene complex, the transition yone [71]. For this reason, the energies reported in this work

structure leading to the TBP molybdacyclobutane, as well 4rq not BSSE corrected. On the other hand, all presented en-
as the transition state of the rearrangement of the TBP i”'ergies are ZPE corrected.

termediate to the SP one, was localized [60]. It was shown Al structures studied in this work are neutral. Two clus-

that the conversion of the TBP molybdacyclobutane to the ter models of alumina, a smaller one and a bigger one, were
SP one proceeded easier than the decomposition of the TBR,seq to play a role of the carrier. The dangling bonds of
intermediate to the M8 methylidene and ethene. the alumina clusters have been saturated with hydrogens.
Both in the previous works and in the present studies the The vibrations of these hydrogens (excluding vibrations with
usually suggested pseudo-tetrahedral Mo—alkylidene centersmaginary frequencies) are included in the ZPE values, as-
with the oxo spectator ligand were assumed as the cata-suming that their contributions are canceled when the rela-
lyst models. These models are analogous to the pseudotive energies are calculated.
tetrahedral Schrock catalysts. The structures applying the smaller cluster of alumina
In the present work, systematic DFT studies of the whole were fully optimized to make localization of transition states
catalytic cycle of propene metathesis are performed. To theeasier. The optimized geometry of the alumina part of these
best of my knowledge, such theoretical investigations have models was hardly changed, when going from one structure
not been reported so far, neither for homogeneous nor het-to another. For instance, the Al-Al distance differs maxi-
erogeneous catalytic systems. The main aim of the currentmally by less than 0.07 A. In the case of the active sites
studies is a description of the details of the reaction mecha-models containing the larger alumina cluster, only the first
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Fig. 2. Optimized structures of the cluster models ofMialkylidene cen-
ters and the transition state of thg to anti conversion.

layer of the alumina part was allowed to be relaxed during
geometry optimization, whereas the positions of the second-
layer oxygens and all hydrogens were frozen. Before geom-
etry optimization, each hydrogen was placed 0.97 A from
the oxygen, in the direction of the removed Al atom.

3. Resultsand discussion
3.1. Cluster models of surface Mo—alkylidenes

In the previous works [58—60], a moddl)(of a mono-
meric Mo—methylidene center on alumina was proposed
and applied (Fig. 2). This pseudo-tetrahedral structure hav-
ing one oxo ligand and connected with two aluminum
atoms is quite similar to the very effective four-coordinate
Mo(NAr)(CHR)(L)2 Schrock catalysts, if one takes into ac-
count that the=0 ligand in 1 corresponds to the=NAr

25
Table 1
Selected geometrical paramefeos the Mo—alkylidene structures

1 2s 2a 1

Mo-C1 1.901 1.904 1.908 1.918
Mo-01 1.726 1.728 1.728 1.741
Mo-02 1.905 1.914 1.913 1.880
02-Al1 1.765 1.762 1.762 1.840
Cl1-H1 1.096 1.103 - 1.096
C1-H2 1.092 - 1.095 1.093
Mo-C1-H1 119.8 112.4 - 119.2
Mo-C1-H2 124.0 - 119.4 124.4
Mo-C1-C2 - 132.0 124.5 -
0Ol1-Mo-C1 104.0 103.1 103.6 104.3
02-Mo-03 96.8 96.8 96.7 99.4

@ Bond lengths are given in A, angles in degrees.

one. The small alumina cluster model includedlirwas
previously examined [59]. It was shown that the properties
(deprotonation energy and charge) of the two OH groups
that are replaced by the alkylidene centerlimre similar

to the properties of the OH groups connected with octahe-
drally coordinated aluminum of a much bigger model of the
(100) face of alumina. Moreover, the geometry of the four-
membered ring of the small alumina cluster is very similar
to the geometry of the corresponding fragment of the (100)
plane ofy-alumina, if one takes into account the position of
the atoms rather than their coordination. The geometry of the
tetrahedral Al sites on the (110) crystal surface of alumina
is quite different. Therefore, despite the fact that aluminum
in 1is tetrahedrally coordinated, it can be assumed that this
small alumina cluster mimics octahedral aluminum centers
with basic OH groups.

As far as Mo—ethylidene centers are concerned, two rota-
tional isomerssyn (2s) andanti (2a), can be distinguished
(Fig. 2). Both optimized species have distorted tetrahedral
structures and possess €ymmetry, similar tol. In Ta-
ble 1, selected geometrical parameters of the Mo—alkylidene
models are presented. The obtained geometries are consis-
tent with the structures of four-coordinated Mo—alkylidene
catalysts, determined both experimentally [29] and theoreti-
cally [23,25,72,73]. The reported value of the MG bond
in a Schrock-type complex is 1.880 A [29]. It is close to the
values of the carbene bond obtained in the present work (Ta-
ble 1).

In the case of theyn-Mo—ethylidene cente@s there is
a significant difference between the Mo—C-H angle ()12
and the Mo—C—C one (182 Moreover, the C-H bond dis-
tance in2s is a little increased, compared to other Mo—
alkylidenes. This suggests the existence of a small agostic
interaction between the Mo and the C—H bond in #né
position, which was also reported for Mo(NH)(CHR){L)
complexes [25].

Theanti rotamer ga) is less stable than tren one @9);
however, the predicted energy difference of 2 kJmdb
very small. On the other hand, the calculated activation en-
ergy of the rotation of the ethylidene moiety from thti
position to thesyn one is relatively high, of the order of
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Table 2
The experimental [12,13] and calculated wavenumbers of the C—H-stretching vibrations
Vexp (Cmfl) Vcale (Cmil) veald (Cmil)
(o) CH (o) CH 1 1
N/ N/
/M({ 3080 /MK 3225 3069
2945 3096 2946
T v v
AL AN AL A 3211 3056
3087 2938
(0) H—CH O H—CH
\}/I/C ’ 2985 \}/I/C 3 = 3143 = 2991
AN AN
T j) 2910 3070 2921
) ] 2890 Js 3052 2904
/%\ /§1\ 2850 1IN 71N 3007 2861

2 0.9516 scaling factor was applied.

75 kIJmotL. This value is in the range of reported exper- 3.2. Propene metathesis

imental activation enthalpies f@nti to syn conversions of

Mo(NAr)(CHR)(L)2 complexes with electron-withdrawing To enable a detailed study of the whole catalytic cycle
L ligands [74]. However, as will be shown later, the conver- of propene metathesis, the smaller cluster model of alumina
sion of theanti rotamer to thesyn one is more probable via was used. As Fig. 1 indicates, both Mo—methylidene and
propene metathesis than by the rotation of the ethylidene lig- Mo—ethylidene centers are involved in the catalytic cycle.
and. In Fig. 2, the geometry of the transition stat&a) of Propene molecules can attack the Mo—methylidene cen-
thesyn to anti conversion is shown. ter 1 in four different orientations. Two of them lead to

A second modelY) of the Mo—methylidene centeris also @ molybdacyclobutane intermediate with the methyl sub-
shown in Fig. 2. In this case, the larger cluster model of alu- Stituént connected to the carbon atom being in the opposite
mina was applied. This cluster, containing four aluminum Position to the molybdenumin the ring (Figs. 3A and B). The
atoms, was cut from the (100) surface of the crystal structure
of y-Al,03 [75]. In Table 1, selected geometrical parame-
ters of1’ are presented. The pseudo-tetrahedral geometry of
the Mo—methylidene centdf hardly differs from the geom-
etry of 1. The most significant difference can be noted in the
case of the O-Al distance, which is 0.075 A longerlin
Consequently, the Mo—02(03) bondslhare shorter (by
0.025 A), whereas the Mo—O1 and Mo—-C1 distances are
a little elongated (by 0.015 and 0.017 A, respectively), in
comparison tdl. On the other hand, the angles are almost
identical in both structures (Table 1).

There is little spectroscopic evidence for the existence of
metal—carbene species on the surface of the olefin metathesi:
heterogeneous catalysts. Shelimov and co-workers [12,13]
reported IR data of surface Mo—alkylidenes generated on
molybdena—silica catalysts. In Table 2, the experimental
wavenumbers of the C—H-stretching vibrations of the alkyli-
dene moiety are compared with the corresponding frequen-
cies calculated in the present work. Additionally, a scaling
factor 0.9516, obtained by a least-squares fit of the calcu-
lated to the experimental vibrational frequencies, was used _ (
to recalculate the theoretical wavenumbers (the last column
of Table 2). As can be seen, the vibrational frequencies cal-
culated for the cluster models are very well consistent with rig 3 Four possibilities of propene addition to the Mo-methylidene cen-
the experimental data. 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—methylidene cente

decomposition of such a molybdacyclobutane always gives Table 3

another propene molecule and the molybdenamethylideneSelected geometrical parameteds the transition states and intermediates

center. This case is called degenerate metathesis or nonprof_orthe pathway starting with the Mo—methylidene center and leading to the
s . . . . n-Mo—ethylidene site

ductive metathesis [1] and is not considered in the presentSy y

work. TSSTBP  3sTBP  TSs  TSsSP 3sSP
In the case of productive metathesis, there are two otherMo-C1 1.953 2.004 2311 2077 2.193
possibilities of propene addition fg both giving a molybda- ~ M0-C3 2360 2092 1961 2189 2208
. . Mo-01 1.742 1753 1747 1731 1.729

cyclobutane ring with the methyl group co.nnected tothecar-, - o, 1924 1898 1926 1911 1912
bon atom adjacent to the molybdenum (Figs. 3C and D). The po-03 1.976 1994 1.983  1.977 1.911
intermediate can decompose to ethene andytheor anti- C1-C2 2.199 1598 1428  1.601 1.536
Mo—ethylidene, depending on the orientation of the methyl C2-C3 1.433 1634 2251  1.564 1.539
substituent in the ring. 02-All 1.749 1.762 1750  1.774 1.762
03-Al2 1.753 1747 1750  1.747 1.764

Strqctures corresponding_ to potential energy min_irna and 55_vo_03 a7 4 69.2 67 8 63.5 95.1
transition states on the reaction path of propene additianto  ¢1_pmo_c3 91.2 83.1 93.7 745 62.4
leading to thesyn-Mo—ethylidene centeBs, are shown in C1-C2-C3 115.2 1185 1144  109.4 95.6
Fig. 4. In the first step, a molybdacyclobutane intermediate Mo—-C1-C3-C2 169.2 179.7 1758 —-1523 -1496
3sTBP with trigonal bipyramidal geometry is formed, viaa  a gond lengths are given in A, angles in degrees.
transition statel SSTBP. The transition structure has a ring
with the predicted Mo—C1-C3-C2 dihedral angle of about
169 . The ring of the3sT BP molybdacyclobutane is entirely To continue productive propene metathesis, the trigonal
flat. The 02, C1, and C3 atoms form the base of the trigonal Pipyramidal molybdacyclobutar@sTBP must decompose
bipyramid, whereas the O1 and O3 atoms are the vertexes!o the syn-molybdenaethylidene centés and ethene. The
Geometry details of the presented structures are given in Ta-transition state of this step, denoted ESs, is shown in
ble 3. Fig. 4. It has an almost entirely flat ring with the Mo—-C1—

A significant Mo—C3 bond formation in the transition C3—C2 dihedral angle of 176Analogously to the SSTBP
structureT SSTBP can be seen. The calculated Mo—C3 bond structure, the Mo—C1 bond distanceTisis less increased
distance is 2.360 A, whereas the final Mo—C3 bond dis- than the C2—-C3 one, when going from the molybdacyclobu-
tance in the3sTBP molybdacyclobutane is only by 0.268 A  tane intermediate to the transition structure (Table 3).
shorter (Table 3). On the other hand, the predicted decrease However, the trigonal bipyramidal intermedis8sT BP
of the C1-C2 bond length is much higher, of the order of can also rearrange by a Berry-type pseudo-rotation to the
0.601 A, when going from the transition staf&sTBP to molybdacyclobutane comple3sSP with square pyramidal
the TBP molybdacyclobutane. Thus, the formation of the geometry (Fig. 4). The base of the square pyramid is formed
C1-C2 bond falls behind the Mo—C3 bond formation. Simi- by 02, O3, C1, and C3 atoms, whereas the O1 atom is the
lar results were obtained in the case of ethene addition to thevertex. The transition state for this transformatiars¢SP)
Mo-methylidene center [60]. possesses a bent ring with the Mo—C1-C3-C2 dihedral an-
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Fig. 5. Energy diagram of the pathways starting with propene addition to the Mo—methylidene center. The relative energie$)(&devatitained according
to the B3LYP/LANL2DZ(d)//B3LYP/LANL2DZ and B3LYP/LANL2DZ (in parentheses) calculations.

gle of —152°. This is very close to-15C, the value of

SP molybdacyclobutane cannot decompose directly to the

the Mo—C1-C3-C2 angle in the square pyramidal molyb- Mo—-alkylidene center and alkene, while avoiding the TBP
dacyclobutan8sSP. Among the C1, C2, and C3 atoms, C3 intermediate [25,29,60]. Several attempts were undertaken
participates most in the motion corresponding to the imag- to localize a transitions state of a direct decomposition of
inary frequency. The direction of the movement is opposite the SP intermediate to the Mo—alkylidene center and alkene;
to the position of the methyl group. Consequently, both the however, they all failed. Thus, the possibility of the con-
Mo-C3 and the C2—C3 bond distances are not significantly version of the TBP intermediate to the SP one is disadvanta-

differentin theT SsSP and3sSP structures, whereas the Mo—
C1 and C1-C2 bond lengths InSsSP are hardly changed
in comparison with the respective distance8#1BP (Ta-
ble 3).

geous, because the reverse step, which is necessary to restore
the metathesis active site, is endothermic with a relatively
high activation barrier.

The transition state of the movement3sT BP to 3sSP,

In Fig. 4, structures corresponding to potential energy in the direction of the methyl substituent in the ring, has also
minima and transition states of the reaction path for propenebeen localized. The activation barrier is by about 3 kJhol

addition to1, leading to theanti-Mo—ethylidene cente2a,

higher than in the case of the rotation throughTt8sSP.

are also presented. Their geometry details are very similarto  The overall reaction of the Mo-methylidene certavith

the respective data in Table 3 for thg complex.

In Fig. 5, the energy diagram of propene addition to the
Mo—methylidene centet is presented. The right side of the
diagram corresponds to the reaction path leading teythe
Mo—ethylidene comple®s, whereas the left side concerns
the pathway leading to thenti-Mo-ethylidene structurga.

In the case of the path leading to tegn-product, the
predicted activation energy of propene addition to molyb-
denamethylidene centdris 46 kJmot!. The calculated
energy change for this reaction is 6 kJ mbl

The predicted activation barrier of the conversion of
3sTBP to the syn-Mo-ethylidene cente2s and ethene
is only 26 kIJmot! (Fig. 5). Conversion of th&sTBP

propene leading to thgs center and ethene has a very low
energy change (1 kJmot), as can be expected for the
double-bond metathesis. On the other hand, the overall for-
mation of the square pyramidal intermedi&sSP from 1

and propene is clearly exothermi £ = —45 kJ mot™?).

It is seen in Fig. 5 that the left side of the energy dia-
gram, which concerns the pathway leading to @ah#-Mo—
ethylidene center, is very similar to the right side. The only
significant difference is the energy barrier of propene addi-
tion to 1. The barrier is 7 kJmoft higher for the pathway
leading to theanti rotamer. Therefore, the formation of the
syn center during propene metathesis is more probable than
the formation of theanti one, although one can predict that

intermediate to the square pyramidal one is exothermic theanti center is also generated, by taking into account that

(AE = =51 kJmot 1) with the predicted activation bar-
rier of only 4 kJmot?! higher than for the step leading

the difference between the energy barriers is small.
In the decomposition pathways of the TBP intermediates

to 2s and ethene. However, the reverse transformation of both to thesyn center and to thanti one, additional minima

3sSP to the TBP intermediate has a relatively high acti-
vation energy of 81 kJmol. Moreover, it seems that the

being ethene—molybdenaethylidenecomplexes have also
beenlocalized. However, these minima are very shallow. The
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TSsc TSscSP 4scSP

Fig. 6. Optimized structures of the minima and transition states involved in the pathways starting with propene additigmlthethylidene center.

reactions of their decompositions to the corresponding Mo— Table 4

ethylidene sites and infinitely distant ethene are exothermic, Selected geometrical paramefeos the transitions states and intermediates

with almost zero activation barriers, if the energy without for the pathway starting with theyn-Mo—ethylidene center and leading to
S . ’ . thetrans product

ZPE correction is taken into account. If the ZPE is added, P

the barriers become negative. For clarity, theseomplexes TSATBP 49TBP TSet  TS8SP 4¢45P
are not included in Figs. 4 and 5. In the case of interaction Mo-C1 1.966 2088 233  2.195 2.207
of propene or 2-butene with the Mo—-alkylidene species, as M°~¢3 2.270 2096 1953 2,077 2.191
| as the interacti f oth th the M thvlid Mo-01 1.748 1.753 1742 1731 1.729
well as the interaction of ethene wi e Mo—methylidene ), 5, 1924 1900 1925 1913 1913
centerl [60], any analogous minima have not been localized. po-03 1.991 1.995 1.980 1.974 1.911
To continue the catalytic cycle of propene metathesis Ci-C2 2.196 1.641 1442  1.566 1.541
(Fig. 1), propene addition to the Mo—ethylidene center must €2-C3 1.445 1.600 2204  1.601 1.537
take place. As was noted in the case of the Mo—methylidene 924! L7 L7el 1749 L1774 1.762
lecul n attack the Mo—ethvli deneo3—A|2 1.750 1.747 1753  1.749 1.764
center, propene molecules can at Yy 02-Mo-03 87.6 890 870  83.6 95.1
center @s, 2a) at four different positions. Two of them are  ci-mo-c3 91.8 825 90.4 74.0 62.2
the first steps of nonproductive metathesis that reproducesc1-c2-c3 112.1 116.6 1122  108.6 95.1

propene molecules. On the other hand, productive metathe Mo—C1-C3-C2 1753 1794 1699 -1551 1492
sis leads tdrans-2-butene ocis-2-butene, depending on the a Bond lengths are given in A, angles in degrees.

mutual positions of methyl substituents in the molybdacy-

clobutane intermediate.

In Fig. 6, transition states and intermediates of the path- the molybdacyclobutane intermediatetstTBP, 4scTBP)
way starting with thesyn center2s and leading to thérans to the Mo—methylidene centdrand 2-butene. At this step,
andcis isomer are presented. The corresponding geometrythe formation ofcis isomer has the activation barrier about
details concerning thzans pathway are shown in Table 4. 5 kJmol* lower than in the case of thansisomer (Fig. 7).

In Fig. 7, the energy diagram of propene additior2o However, the conversion of the TBP intermediate to the SP
is presented. The right side of the diagram corresponds toone (the movement toward the carbon without the methy!
the pathway leading ttrans-2-butene, whereas the left side substituent) has the activation barrier lower (Fig. 7). Simi-
concerns the pathway leading to ttis isomer. As we can larly to the pathway presented in Fig. 5, these steps are also
see, the formation of the molybdacyclobutane intermediatesexothermic with the energy change of abet0 kJ motL.
(4stTBP, 4scTBP) from the Mo—ethylidene centeés and Therefore, the reverse steps have relatively high activation
propene is more endothermia £ = 21 and 28 kJmol?, barriers (Fig. 7). It is worth noting that in both cases, the
respectively) than the corresponding step starting with cen- activation barrier of propene addition to the Mo—ethylidene
ter 1. The predicted activation energy of propene addition center is lower than the barrier of propene addition to the
to the syn-Mo—ethylidene center on the reaction path lead- Mo—methylidene centek (Fig. 5).
ing totrans-2-butene is 42 kJ mot. In the second case, the In Fig. 8, transition states and intermediates concerning
corresponding value is about 6 kJ mblhigher. However, the pathway starting with thanti-Mo—ethylidene cente2a
the situation is different if we consider the decomposition of and leading tdrans- andcis-2-butene are shown. The ob-
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Fig. 7. Energy diagram of the pathways starting with propene addition synkido—ethylidene center. The relative energies (kJThre obtained according
to the B3LYP/LANL2DZ(d)//B3LYP/LANL2DZ and B3LYP/LANL2DZ (in parentheses) calculations.

tained structures are fully analogous to the geometries pre-syn rotamer (Fig. 7). In the case of the pathways resulting in
sented in Fig. 6. formation oftrans-2-butene, the corresponding difference is

In Fig. 9, an energy diagram of propene addition to the hardly of about 1 kJmof!. In the case of the pathway start-
anti-Mo—ethylidene center is shown. The right and left sides ing with thesyn rotamer, the barrier of decomposition of the
of the diagram correspond to the pathway leadintraos- TBP intermediate térans-2-butene is 4 kJ molt lower than
2-butene andis-2-butene, respectively. As we can see, both for pathway beginning with thanti one. The corresponding
pathways are very similar to the pathways of propene ad- step leading tais-2-butene has almost the same activation
dition to thesyn-Mo-ethylidene center (Fig. 7). Where the energy in both pathways (Figs. 7 and 9) but in the latter case
anti rotamer is concerned (Fig. 9), the predicted activation (Fig. 9), the reaction is 7 kJ mol more exothermic. How-
energy of the first step of the path leadingcte-2-butene is ever, according to the present calculations, one can generally
by 2 kJ mot? higher than for the pathway starting with the conclude that the predicted reactivity of tha andanti ro-

TSacTBP 4acTBP  TSac TSacSP  4acSP

Fig. 8. Optimized structures of the minima and transition states involved in the pathways starting with propene additiamtitd/ilreethylidene center.
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Fig. 9. Energy diagram of the pathways starting with propene addition tartfidvio—ethylidene center. The relative energies (kJTidlare obtained
according to the B3LYP/LANL2DZ(d)//B3LYP/LANL2DZ and B3LYP/LANL2DZ (in parentheses) calculations.

tational isomers in propene metathesis is approximately theintermediates (TBP and SP) can play a role in the kinetics of
same. In all the cases of the transformations of the TBP in- the overall reaction.
termediates to the SP structures, the movement toward the
carbon that does not possess the methyl substituent has g 3 ross-metathesis of ethene and 2-butene
barrier by 2—4 kI mol! lower than in the case of the respec-
tive rotation in the opposite direction.

On the basis of the results obtained, it can be concluded
that the decomposition of the square pyramidal molybda-

cyclobutane to the Mo-alkylidene center and the respec- =" . - .
y y P vation energies of ethene addition to bafyn and anti

tive alkene occurs via the trigonal bipyramidal molybdacy- Mo—ethylidene centers are about 25-26 kJMphccord-

clobutane. This is cqnsstent with the prgwous caIcuIaugns ing to the B3LYP/LANL2DZ calculations (3132 kJ mdi
for ethene metathesis [60], as well as with the suggestions

of Schrock and co-workers [29] and the theoretical re- i L.AN.LZDZ(d? basis set is used.): This is less than the
; activation barrier for the cycloaddition of ethene with Mo—
sults of Wu and Peng concerning homogeneous Mo ca

talvsts 1251, A ding to th lier th tical studi f'methylidene complexes (30 kJmd| according to the
ag/s S [25]. r::cqr IZ;% o the ea: |erb eore 'Za hS u r:es O B3LYP/LANL2DZ calculations in [60]). The activation bar-
ethene metathesis [60], it can also be stated that the aClljers for decomposition of the trigonal bipyramidal inter-

vation barriers of propene addition to the Mo-alkylidene mediates to the Mo—methylidene complex and propene are
centers are higher than the activation energy of ethene ad'about 10 kJmot® higher. They are also higher than the re-

On the basis of the present results (Figs. 5, 7, and 9),
cross-metathesis of ethene and 2-butene can also be dis-
cussed. As can be seen from Fig. 5, the predicted acti-

e . _ 1
dition to the Mo-methylidene centeNE = 30 kJmol™,  — ghective barriers of the undesirable conversion of the TBP
from the B3LYP/LANL2DZ calculations; however, in [60] i cture to the SP one.
values ofA Hyqq, NOtAE, were reported). On the other hand, the activation energies of the cyclo-

Many expressions, both macro- [32,76-79] and microki- aqgition of 2-butenes with the Mo—methylidene center are
netic [8,9,80,81], were applied to describe propene metathe-apnroximately three times as high as the corresponding en-
SiS. The model based on the elementary Steps Of the Car'ergies Of decomposition Of the respective TBP mo'ybda_
bene mechanism [8] seems to be the most accurate. Incyclobutanes to propene and the Mo—ethylidene complex
this model, the product desorption (or decomposition of the (Figs. 7 and 9). The latter have activation barriers lower than
molybdacyclobutane intermediate) was shown to be the mostthe barriers of the corresponding transformations to the SP
likely rate-determining step [8]. It was proposed and ex- molybdacyclobutanes. One can also see thatitheeactant
perimentally confirmed [8,9] for the reaction proceeding on adds a little easier to the Mo—ethylidene center tharrtires
ReO7/Al 03 catalysts. The present calculations concerning one.
the molybdena—alumina catalyst suggest that the kinetics of Therefore, it depends on the reactant and the kind of the
the process studied is somewhat more complex (Figs. 5, 7,Mo—alkylidene center, which elementary step has the highest
and 9). Both possible structures of the molybdacyclobutaneactivation barrier in the given pathway. It is also predicted
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Table 5

Selected geometrical paramefeos the TBP and SP molybdacyclobutanes
for the pathway starting with the Mo—methylidene center and leading to the
syn-Mo—ethylidene site—the larger cluster model

3sTBP 3sSP/
Mo-C1 2.110 2.204
Mo-C3 2.109 2.217
Mo-01 1.776 1.741
Mo-02 1.869 1.887
Mo-03 1.954 1.888
C1-C2 1.600 1.539
C2-C3 1.628 1.541
O2-Al 1.833 1.842
3sTBP' 3sSP’ 03-Al 1.808 1.842
) . . 02-Mo-03 92.3 97.4
Fig. 10. Optimized structures of the TBP and SP molybdacyclobutanes in- ~1_po-c3 82.0 62.4
volved in pathways starting with propene addition to the Mo-methylidene ~1_co_c3 117.9 96.1
center—the larger cluster model. Mo—C1-C3-C2 179.1 —1492

. o . a Bond lengths are given in A, angles in degrees.
that the shorter the alkene chain, the more facile its addition

to the Mo-alkylidene center. ously determined [1]. Although it is believed that the (110)

, i plane ofy-Al,O3 is preferentially exposed, the mixture of
3.4. TBP and SP molybdacyclobutaneintermediates—the the (110), (100), and (111) faces is often considered [82,83].
larger cluster of alumina In this investigation, it has been assumed that the reaction
i i . ) . proceeds on monomeric Mo centers, each connected with

The TBP and SP intermediates involved in the reaction g octahedrally coordinated aluminum atoms of (100) alu-
path of propene addition to the Mo-methylidene center, ming surface [59]. However, both other structures and other
leading to thesyn product, also have been studied with ap- |ocajization of the active sites are possible. For example, the
plication of the larger cluster of alumina. In Fig. 10, the 4¢tjve Mo-alkylidene centers can be formed in place of more
structures of the3sTBP' and 3sSP" molybdacyclobutanes  4cidic OH groups [1,84]. In such cases, the calculation re-
are shown. Their selected geometrical parameters are colgts can be somewhat different, because the relative stabil-
lected in Table 5. Similarly td" and 1, the O-Al bonds jties of the TBP and SP molybdacyclobutanes should be in-
in 3sTBP’ and 3sSP’ are elongated (0.061-0.080 A) and  fiyenced by the local electronic properties of the carrier. The
Mo-02(03) distances are shorter (0.023-0.040 A), com- carrier is an equivalent of the alkoxy ligands of the homoge-
pared to the respective structures attached to the smallef,eous Schrock catalysts and it is known that the electronic
alumina cluster. The Mo—-C and Mo-O1 bond lengths are properties of these ligands affect the relative stabilities of
less changed (0.009-0.023 A). the TBP and SP molibdacyclobutane complexes [23,25,29].

The calculated energy change of the reactidh:+ Nevertheless, it seems that the complex picture of the kinet-
CsHg — 3sTBP' is 38 kImot ! (according to both B3LYP/ s of propene metathesis will be maintained in any case,
LANL2DZ(d)//B3LYP/LANL2DZ and B3LYP/LANL2DZ because of the possible existence of different molybdacy-
calculations). This value is about 30 kJmbhigherthanin  ¢lobutane intermediates that can rearrange each other.
the case of the corresponding structures with the smaller alu-
mina cluster (Fig. 5). On the other hand, the formation of the
3sSP’ molybdacyclobutane fror' and propene is exother- 4. Conclusions
mic and the predicted energy change is almost the same as
in the case of the formation 85SP (—46 kJ moi™* from the In the present DFT investigation, the carbene mechanism
B3LYP/LANL2DZ(d)//B3LYP/LANL2DZ calculations and  of propene metathesis proceeding on monomeric Mo centers
—33 kdmot?! from the B3LYP/LANL2DZ calculations).  of molybdena—alumina catalysts has been studied. To enable
Although the choice of the alumina cluster influences the a detailed study of the reaction paths, a simple cluster model
relative energy of the TBP intermediate, it is very likely of y-alumina was used.
that the general picture of the reaction mechanism will not  Based on the current calculations and the cluster models
change with a change of the cluster model, as long as theapplied, it can be concluded that the mechanism of propene
transformation of the TBP molybdacyclobutane to the SP metathesis is more complex than is usually assumed in mi-
one competes with decomposition of the former one to the crokinetic models. As it was previously shown for ethene
Mo-alkylidene center and alkene. metathesis [60], two structures of the molybdacyclobutane

It is known that the percentage of the active metathesis intermediates are distinguished: TBP and SP. The former
sites is usually very low (less than 1% of the transition metal structure is the product of cycloaddition of the reactant with
atoms) and their structure and localization is not unambigu- the Mo-alkylidene center, which can decompose to the prod-
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uct and another Mo—alkylidene complex. The latter structure [20] A.K. Rappé, W.A. Goddard Ill, J. Am. Chem. Soc. 104 (1982) 448.
y p
is formed directly from the former one and this transforma- [21] E.V. Anslyn, W.A. Goddard Ill, Organometallics 8 (1989) 1550.
tion competes with the decomposition of the TBP molybda- [22] M.hSodupe, J.M. Lluch, A. Oliva, J. Bertran, J. Mol. Struct. (The-
cyclobutane to the metathesis product. The decomposition,__ 9¢hem-) 251 (1991) 37, .
f the SP vbd lobut to the M kvlid t [23] E. Folga, T. Ziegler, Organometallics 12 (1993) 325.
0 e moly aCYC obu ane, o the (_)_a yliaene center [24] H.H. Fox, M.H. Schofield, R.R. Schrock, Organometallics 13 (1994)
and alkene occurs via the TBP intermediate. 2804.
According to the results obtained, the reactivities of the [25] Y.-D. wu, Z.-H. Peng, J. Am. Chem. Soc. 119 (1997) 8043.
syn Mo—ethylidene complex and thesti rotamer in propene  [26] O.M. Aagaard, R.J. Meier, F. Buda, J. Am. Chem. Soc. 120 (1998)
metathesis are very similar. 7174.
The activation barriers of propene addition to the Mo— [27] R.J. Meier, O.M.‘Aaga}ard, F. Buda, J. Mol. Catal. A 160 (2000) 189.

. . [28] C. Adlhart, C. Hinderling, H. Baumann, P. Chen, J. Am. Chem. Soc.
alkylidene centers are higher than those for ethene metathe="" |, (2000) 8204
sis, Wher?as the predit;ted parrier of ethene_ addition to the[29] G.C. Bazan, E. Khosravi, R.R. Schrock, W.J. Feast, V.C. Gibson, M.B.
Mo—-ethylidene center is a little lower than in the case of O'Regan, J.K. Thomas, W.M. Davis, J. Am. Chem. Soc. 112 (1990)
its addition to the Mo—methylidene center during ethene 8378.
metathesis_ The activation energies Of the Cyc'oaddition Of [30] J. Feldman, R.R. Schrock, in: S.J. Lippard (Ed.), Progress in Inorganic

; ; ; emistry, Vol. 39, Wiley, New York, ,p- 1.

2-butene with the Mo—methylidene center are the highest Chemistry, Vol. 39, Wiley, New York, 1991, p. 1

. L . o [31] M. Anpo, M. Kondo, Y. Kubokawa, C. Louis, M. Che, J. Chem. Soc.,
among the studied activation barriers of alkene additions to Faraday Trans. 1 84 (1988) 2771,

the Mo-alkylidene sites. [32] W. Griinert, A.Yu. Stakheev, R. Feldhaus, K. Anders, E.S. Shpiro,
Further investigations applying larger cluster models and Kh.M. Minacheyv, J. Catal. 135 (1992) 287.
taking into account various possible localizations of the ac- [33] T. Ono, M. Anpo, Y. Kubokawa, J. Phys. Chem. 90 (1986) 4780.
tive sites on the carrier are in progress. [34] H. Jeziorowski, H. Kndzinger, J. Phys. Chem. 83 (1979) 1166.
[35] K. Marcinkowska, L. Rodrigo, S. Kaliaguine, P.C. Roberge, J. Catal.
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