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Abstract

Density functional and second-order Moller—Plesset theory were used to model W(0) carbene mediated homogeneous
metathesis reaction of propylene. The calculations show that the rate determining step of the metathesis is the initiation. After the
initiation has been completed the rate determining step becomes dissociation of olefin—metallocarbene complex. The low
stereoselectivity of the olefin metathesis reaction is due to the close matching of activation energies for cis and trans isomer
formation and the fast cis—trans isomerization caused by the catalysts. The non-productive olefin metathesis reaction always
dominates the reaction mixture owing to its very low activation energy. The electronic structure of metal carbene olefin complexes
can be described as a combination of donor—acceptor interactions between HOMO of the olefin and LUMO of metal carbene
located at carbene carbon on the one hand, and the Dewar, Chatt and Duncanson back donation scheme on the other. © 2001

Elsevier Science B.V. All rights reserved.
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1. Introduction

Carbon-carbon bond forming reactions are among
the most important family of reactions in organic syn-
thesis. One particularly interesting carbon-—carbon
bond forming reaction is olefin metathesis, which is the
metal-catalyzed exchange of alkylidene moieties be-
tween alkenes. Banks and Bailey were the first who
observed the metal catalyzed disproportionation of
alkenes in 1964 [1]. The olefin metathesis is widely used
in industry. One example is the Phillips triolefin process
[2], where propylene is converted into a mixture of
ethylene and 2-butene. It is generally accepted that the
olefin metathesis proceeds via a so-called metal—alkyli-
dene (carbene) chain mechanism first proposed by
Herisson and Chuavin [3] (Fig. 1). The propagation
reaction involves the transition metal carbene as active
species with a vacant coordination site at metal. The
olefin coordinates at this vacant site and subsequently a
metallacyclobutane intermediate is formed. The metal-
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lacyclobutane is unstable and cleaves to form a new
metal—carbene complex and a new olefin. This mecha-
nism has been established by numerous investigations
[4-8].

The application of the olefin metathesis in organic
synthesis has been expanded by the introduction of low
valence transition metal carbene [9,10] and stable
metal—alkylidene complexes [11-13]. The metal car-
bene complexes may be prepared as stable compounds
at low temperature and cause olefin metathesis [14].

Numerous experimental data showed that Fischer-
type W(0) carbene complexes such as W(=CPh,)(CO);
can be used as mono-component initiators (without any
cocatalysts) in the olefin metathesis [15]. Thus, cis- and
trans-pent-2-ene, pent-1-ene, hex-1-ene, 2-methylpent-1-
ene, 2-methylbut-1-ene [16-18], cyclobutene, norbor-
nene and other cis-cycloalkenes [19,20] undergo the
metathesis in the presence of Fischer-type W(0) carbene
complexes. In the case of W(=CPh,)(CO)s catalyzed
metathesis polymerization of 1-methyl-cyclooctene,
diphenylcarbene (Ph,C=) end groups are detected in the
polymer [21] giving proof that it is the W(0) complex
that initiates the polymerization.
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Fig. 1. General mechanism of the olefin metathesis.

In spite of the fact that the olefin metathesis reaction
is one of the most studied in organometallic chemistry,
there are very few reports dealing with modeling of the
metathesis reaction using quantum chemistry tools.
Rappé [22] has studied mechanistically the olefin
metathesis reaction catalyzed by high-valent Group VI
metals. Even though the general features of the
metathesis reaction are well established, many impor-
tant details such as the rate determining step, stereose-
lectivity, structure of the transition states and
olefin—catalyst complexes remain to be studied.

The homogeneous olefin metathesis catalyzed by low
valence transition metals is an excellent model reaction
for theoretical study. In fact, W(0) carbene complexes
are more appropriate model systems to study the
metathesis reaction then the classical ones, because the
classical metathesis catalysts based on WClg and MoCly
cause more side reactions then do W(0) carbene com-
plexes. The goal of this paper is to model homogeneous
propylene metathesis reaction using pentacarbonyltung-
sten carbene complex as a model to gain a better
understanding of the mechanism of the olefin metathe-
sis reaction.

2. Computational details

The GAUSSIAN 98 program was used for all calcula-
tions. Since MP2, B3LYP, and BP86 models perform
similarly on the W(CO), molecule [23], the BP86 func-
tional was the method of initial choice as less computa-
tionally demanding. To test whether the adopted model
reproduces adequately the structure of tungsten con-
taining organometallics, the geometry of the recently
synthesized ethylene carbonyl tungsten complex [trans-
W(CO),(n2-C,H,),] [24] was fully optimized at BP86/
LANL2DZ level and compared with X-ray
crystallography data. The results are shown in Table 1.
As can be seen this model correctly reproduces molecu-
lar geometry, the W--CO distances were reproduced
within 0.01 A and most of the angles within 2°. Larger
errors (0.03 A) are observed for C-O and ethylene—
tungsten distances, however, the overall performance of
the model is quite reasonable and, therefore, this model
was adopted for all geometry optimizations. All ge-
ometries were fully optimized without any symmetry

restrictions using Becke’s non-local exchange functional
[25] and Perdew’s non-local [26] correlation functional
in combination with LANL2DZ basis set (H (2s), C, O
(3s, 2p), W (3s, 3p, 2d + Los Alamos ECP)) [27] using
a fine integration grid [28]. Frequency jobs were run for
all optimized molecules to ensure that the found sta-
tionary point corresponds to either a minimum (zero
imaginary frequencies) or transition state (one imagi-
nary frequency). The second-order Moller—Plesset per-
turbation theory at frozen core approximation was used
for single point energy calculations. The same
LANL2DZ basis set augmented with polarization func-
tions at heavy atoms was used for these calculations.
Due to the fact that postulated intermediates are un-
charged and solvents commonly used to carry out the
metatheses reactions are aprotic solvents like toluene, it
is thought that the solvation barely affects the results of
calculations. To test this hypothesis the self-consistent
reaction field calculations were carried out for a model
metathesis reaction in toluene (Table 2, entries 2, 4, 6)
(dielectric constant 2.379) using the gas phase opti-
mized geometries and Onsager’s continuum solvation
model [29]. As seen from Table 2 (entries 2, 4 and 6) the
energy difference between the gas phase and solution
calculations barely reach 1 kcal mol ~! which is within
the range of error produced by the adopted models.

Transition states were located using QST2 or QST3
keywords. The imaginary vibrational modes were care-
fully analyzed to ensure that the correct transition state
was located. Unscaled zero point energies (ZPE) taken
from BP86/LANL2DZ frequency jobs were always
used to correct the obtained energy in both BP86 and
MP2 calculations. As the MP family of methods is
sometimes divergent in the case of low lying virtual
orbitals, MP4(SDTQ) energies of two W complexes (Ia
and II) were calculated to test the quality of the MP2
method. It was found that E?, E? and E* corrections
converged for these molecules and therefore MP2 ener-
gies can be trusted.

3. Results and discussion

To gain preliminary insight into the olefin metathesis
reaction mechanism a simple model of non-productive
ethylene metathesis using pentacarbonyltungsten car-
bene (I) as catalyst was studied first (Fig. 2). Since
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carbene I has no vacant d-orbital to form an olefin
complex, one CO molecule must be eliminated to form
the olefin complex II. There are two possibilities: a
synchronic process similar to the Sy2 mechanism and
stepwise process similar to the Sy1 mechanism. It seems
that the synchronic mechanism can be discarded due to
the steric hindrances caused by numerous ligands. The
stepwise mechanism shown in Fig. 2 consists in elimina-

Table 1

tion of one CO molecule to give carbene Ia having a
vacant d-orbital followed by the complexation of ethyl-
ene to form olefin complex II. The preparation of this
type of complex where carbene and olefin form a
bidentate ligand after the elimination of one CO
molecule has been reported [30]. All efforts to find a
transition state corresponding to the complexation—dis-
sociation process have failed and the relaxed potential

Bond lengths (A) and angles (°) for crystalline trans-[W(CO)4(n%-C,H,),] *
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Bond length Experimental ® Calculated © Angle Experimental ® Calculated ©
W(1)-C(2) 2.033(10) 2.032 C(2)-W(1)-C(2i) 92.3(9) 90.1
W(1)-C(21) 2.033(10) 2.032 C(2)-W(1)-C(31) 86.3(4) 87.2
W()-C(1) 2.04509) 2.032 C(2)-W(1)-C(1) 171.8(7) 174.9
W(1)-C(11) 2.04509) 2.032 C(21)-W(1)-C(31) 111.1(4) 110.3
W(1)-C4) 2.29909) 2.360 C(2i)-W(1)-C(1) 90.9(3) 90.1
W(1)-C(4i) 2.29909) 2.360 C(1)-W(1)-C(31) 85.5(5) 88.0
W(1)-C(3) 2.31509) 2.360 C(2)-W(1)-C(1i) 90.9(3) 90.1
W(1)-C(31) 2.31509) 2.360 C(1i)-W(1)-C(3i) 76.7(5) 74.8
C(1)-0(1) 1.151(11) 1.196 C(2i)-W(1)-C(1i) 171.8(7) 174.9
C(2)-0(2) 1.142(10) 1.196 C(4)-W(1)-C(31) 154.8(3) 155.2
C(3)-C(4) 1.413(13) 1.436 C(1)-W(1)-C(11) 87.009) 90.1
C(41)-W(1)-C(3i1) 35.7(3) 354
C(2)-W(1)-C(4) 75.4(5) 74.9
C(3)-W(1)-C(31) 155.4(5) 155.2
C(2i)-W(1)-C(4) 87.1(5) 88.0
O(1)-C(1)-W(1) 175.1(13) 179.4
C(1)-W(1)-C4) 112.3(5) 110.3
0(2)-C(2)-W(1) 176.2(14) 179.4
C(1i)-W(1)-C4) 86.3(5) 87.2
C4)-C(3)-W(1) 71.5(5) 723
C(2)-W(1)-C(4i) 87.1(5) 87.2
C(21)-W(1)-C(41) 75.4(5) 74.8
C(1)-W(1)-C(4i) 86.3(5) 87.2
C(11)-W(1)-C(41) 112.3(5) 110.3
C(4)-W(1)-C(4i) 154.9(5) 155.2
C(2)-W(1)-C(3) 111.1(4) 110.3
C(3)-C(4)-W(1) 72.8(5) 72.3
C2i)-W(1)-C(3) 86.3(4) 88.0
C(1)-W(1)-C(3) 76.7(5) 74.9
C(1i)-W(1)-C(3) 85.5(5) 87.2
C(4)-W(1)-C(3) 35.7(3) 354
C4i)-W(1)-C(3) 154.8(3) 155.2

4 Symmetry transformations used to generate equivalent atoms: (i) 1 —x, —y, —z

® From Ref. [24].
¢ BP86/LANL2DZ// BP86/LANL2DZ level of theory.
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Table 2

Energetics of the metathesis reactions (kcal mol ")

Reaction AE * E"® AGP8 ¢
BP86 MP2 BP86 MP2

1. I-Ia+CO 40.5 39.6

2. I-TIa+CO(sol) 39.4

3. Ia+C,H,-»1I —20.8 —37.6

4. la+C,H,—II(sol) —20.7

5. -1 0 0 0.03 —-04

6. I - 1I'(sol) 0 0 —-0.2

7. V-Va+CO 45.1 46.3

8. Va+C;H, - VI —17.4 —42.0

9. Va+C;H, - VII —17.6 —43.4

10. VI-X 19.4 25.7 22.4 22.3 18.6

11. VII->XI 26.6 29.2 29.2 27.2 26.1

12. X - XII+(OMe)PhC=CH, 6.8 27.5

13. XI - XIII+ (OMe)PhC=CH(Me) 7.8 33.2

14. XII+C;H, - XV —14.38 —3338

15. XII+C;H; - XIV —14.9 —34.1

16. XIV - XVI 5.0 1.7 6.0 1.7 6.7

17. XV - XVII 3.5 0.3 4.5 0.4 5.1

18. XVI-XVII+XXI 15.4 40.2

19. XVIII - XIX + XX 15.8 42.3

20. XII+C;H, —» XXII —13.7 —3438

21. XII+C;H; - XXIII —13.6 —35.8

22. XXII - XXII 0 0 0.5 0.9 0

23, XXIII - XXIII 0 0 0.2 -1.0 0

24. XIII+C;H,; - XXIV —19.6 —39.9

25. XXIV - XXV —1.1 -0.5 0.3 —0.1 —-1.9

26. XXV - XII+C,H, 16.8 339

27. XIII+C;H,; - XXVI —16.7 —37.0

28. XXVI - XXVI 0 0 0.7 —0.5 0

29. XII+ XX — XXVII —12.5 —35.1

30. XXVII - XXVIII —04 0.5 5.1 1.5 —1.1

31. XXVIII - XTI+ XXI 13.8 35.8

@ Total electronic energy difference+ZPE correction at BP§6/LANL2DZ level.

b Activation energy including ZPE correction at BP86/LANL2DZ level.

¢ The free Gibbs energy at BP86/LANL2DZ level.

energy scan run for the reactions I—1Ia+ CO and
Ia + ethylene —» II at BP§6/LANL2DZ level of theory
gave no maximum energy structure, suggesting that the
dissociation—complexation process is thermodynami-
cally controlled. After olefin complex II is formed, the
reaction passes through a transition state Trlll to form
a new olefin complex III, identical to complex II due to
the reaction symmetry. Fig. 3 and Table 2 show the
geometries and energies of the intermediates involved in
the non-productive ethylene metathesis, respectively. As
can be seen, MP2 and BP86 levels of theory produce
similar results in all cases except for the olefin binding
energies where the MP2 model predicts significantly
higher stability of the complexes. When BP86 single
point  energy calculations were rerun  with
LANL2DZ(d) basis set for the reaction Ia 4 ethylene —
I, the binding energy found for complex II was only
22.7 kcal mol~!, very close to that found for the

BP86/LANL2DZ//BP86/LANL2DZ model and differ-
ent from the energy obtained from MP2 calculations
(37.6 kcal mol —1'). Therefore, such a difference is re-
lated to the method itself not to the basis set. Although,
to our knowledge, experimental data dealing with the
binding energy of olefin complexes of low valence tung-
sten carbenes have not been reported, Pidun et al. [31]
reported the high quality dissociation energy for
(CO)sW(C,H,) complex calculated at CCSD//MP2
level of theory (41.1 kcal mol —!) which is closer to the
MP2 energy for complex II dissociation (37.6 kcal
mol ~!) than to the BP86 energy (20.8 kcal mol—1!).
Additionally, the binding energy in complex II was
calculated at MP4(SDTQ)/LANL2DZ(d) level using
BP86/LANL2DZ optimized geometry. Again, the ob-
tained result (36.1 kcal mol ~!) agrees much better with
MP?2 energies than with BP86 ones. Therefore, the MP2
level seems to be adequate for the energy calculation in
this system.
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A simple picture of the metathesis reaction indicates
that the initiation (formation of intermediate Ia) is the
rate determining step, while the metathesis reaction
itself (I - TrlIII) has very low activation energy of less
than 1 kcal mol~!. Once the initiation has been com-
pleted the rate determining step becomes the dissocia-
tion of olefin—catalyst complex II with AE of some 20
kcal mol~! (37.6 kcal mol~! for the MP2 model)
which is much higher than the activation energy of the
metathesis itself and therefore determines the rate of the
whole process. As the complexation occurs with no
activation energy according to the simulation data, AE
of dissociation can be considered as the activation
energy of the process. Examining the geometries of
olefin complex II and transition state TrIIl one can
notice their similarity, thus explaining the low activa-
tion energy of the reaction. Complex II is a tight
complex where the formal double bond of ethylene
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becomes even longer than the single C-C bond of
ethane (1.566 versus 1.530 A, respectively), while the
distance between the carbene carbon and the nearest
carbon atom of ethylene is 1.712 A, suggesting strong
interactions between these two atoms in complex IIL
The transition state TrlIII represents a symmetric metal-
lacyclobutane structure with all C—C and W-CH, dis-
tances of 1.638 and 2.156 A, respectively.

In the case of propylene metathesis initiated by a
‘real’ catalyst like the tungsten carbene complex (V,
Fig. 2) a more complicated picture is observed. Similar
to the previous case, the first step should be the dissoci-
ation of molecule V to generate the intermediate Va
with vacant d-orbital. Both BP86 and MP2 calculations
show that this is an endothermic process with AE of
43.0 and 42.1 kcal mol~! respectively (Table 2). It is
noteworthy that the values are very close to those
obtained for dissociation of simple carbene I (Fig. 3).

O
Ol//l/ 1, D““\\\\\
& 0
Q
o
X1

Fig. 2. Model metathesis reaction and the initiation catalyzed by Fisher carbene.



162 M. Tlenkopatchev, S. Fomine / Journal of Organometallic Chemistry 630 (2001) 157168

Fig. 3. Geometries and selected bond lengths (A) of intermediates involved in the model metathesis reaction and initiation step.

Four different olefin—catalyst complexes can be formed
on the complexation of Va with propylene. Two of
them generate primary carbene (XIII) as a result of the
metathesis and another two produce secondary carbene
(XII). We will consider only two of four possible struc-
tures VI and VII since the other two structures should
be very similar in energy and produce identical carbenes
XII and XIII.

The formation of complexes VI and VII is an
exothermic process similar to the formation of complex
II with almost identical binding energy (Table 2). As
can be seen from Fig. 3, the complexes VI and VII are
much looser than II, reflecting both the stabilization of
carbene by phenyl and methoxy groups and steric
hindrances caused by them. The propylene molecule
still maintains its identity with C-C bond length of
1.408 A in both complexes. The metathesis reaction of
complexes VI and VII leads to the formation of sec-
ondary and primary carbene complexes X and XI,
respectively. Both reactions are endothermic with AFE
being more positive for the formation of primary car-
bene complex at both BP86 and MP2 levels of theory.

The activation energy is also higher by 6.8 and 4.9 kcal
mol ~! for BP86 and MP2 levels of theory, respectively,
for the formation of primary carbene complex XI,
suggesting that formation of the secondary carbene
complex XII is preferable at the initiation step. The
geometries of transition states TrVIII and TrIX resem-
ble those of complexes X and XI (Fig. 3) in agreement
with Hammond’s postulate [32] due to the relatively
small energy difference between them. Thus,
Ph(OMe)C—CH(CH,) distances in TrVIII and TrIX
molecules (1.431 and 1.433 A) are much closer to these
for complexes X and XI (1.403 and 1.407 A) than to
complexes VI and VII (2.856, 2.941 A), respectively.
Once formed, complexes X and XI eliminate olefin
molecules (1-phenyl-1-methoxyphenyl ethylene and 1-
phenyl-1-methoxy-2-methyl ethylene, respectively) to
form secondary and primary carbenes XII and XIIL.
Again, according to both BP86 and MP2 models, the
formation of secondary carbene XII is preferably due to
the weaker complexation with olefin. Therefore, sec-
ondary carbene will dominate the reaction mixture. In
accordance to this it has been reported that the a-olefin
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metathesis by tungsten(0) carbene complex (Casey car-
bene) is accompanied by the exchange of methylene
groups and this reaction proceeds significantly more
rapidly than the metathesis of olefins with internal
double bonds [17,18,33]. This means that the metathesis
of a-olefin proceeds via secondary carbene complexes.
As shown in Ref. [34], the main reaction product of
co-metathesis of 1-pentene and 2-butene (equimolar
ratios) is propylene, while practically no ethylene is
formed. These experimental data demonstrate that un-
der these conditions the reaction proceeds via a sec-
ondary carbene complex as energetically the most
favorable route in agreement with the results of calcula-
tions. Therefore, unsaturated compounds, which form
more stable carbene complexes in the metathesis, will
retard or completely inhibit the metathesis reaction.
This fact explains the lower reactivity of hydrocarbons
with conjugated double bonds in metathesis compared
with cyclic and linear olefins [35].

/T\c

//I/u, W Sy TV

Since secondary carbene dominates the reaction, four
different pathways should be considered at this stage
(Fig. 4). The first two have to do with the productive
metathesis reaction to generate trans- and cis-butene,
respectively (Table 2, entries 14, 17, 19 and 15, 16, 18,
Fig. 4). The third and the fourth possibilities are the
non-productive metathesis to regenerate propylene
(Table 2, entries 20, 21, 22, 23, Fig. 3). Fig. 5 shows the
geometries of olefin complexes and these of transition
states. Two olefin complexes XIV and XV have similar
geometry suggesting that there is no significant steric
hindrance between two methyl groups. Moreover, the
two complexes have almost identical binding energies
according to both MP2 and BP86 models. The transi-
tion states, however, leading to the formation of cis-
and trans- butene are distinctly different. The
CH(Me)-CH(Me) distance in the TrXIV structure is
0.06 A longer than that of the TrXV transition state
due to the repulsion of cis positioned methyl groups in
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Fig. 4. Propylene metathesis reaction catalyzed by secondary metallocarbene.
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Fig. 5. Geometries and selected bond lengths (/DX) of intermediates involved in the metathesis reaction catalyzed by secondary metallocarbene.

the TrXIV structure. These steric interactions in the
transition state TrXIV imply higher activation energy
for cis-butene formation. The geometries of formed
complexes XVI and XVIII are again similar to one
another. The dissociation energy is almost similar at the
BP86 level of theory and higher by some 2 kcal mol !
for complex XVIII at the MP2 level. As a result, the
formations of cis- and trans-butene are endothermic
processes according to both models BP86 and MP2.
While according to the BP86 model the formation of
trans-butene is slightly (1 kcal mol~!) more favorable
than that of cis-butane, MP2 calculations show exactly
the opposite trend. Both models, however, predict a
lower by 1.5 kcal mol~! activation energy for trans-
butene formation.

This finding agrees with the fact that most of the
metathesis catalysts show low stereoselectivity with lin-
ear olefins. At the final stage of the metathesis, the trans
to cis isomer ratio in the reaction mixture reaches
thermodynamic equilibrium due to cis—trans isomeriza-
tion accompanying the olefin metathesis [36,37]. Ac-
cording to BP86 calculations the free Gibbs energy of
cis-butene — trans-butene isomerization is — 0.6 kcal
mol ! at 298.15 K, corresponding to 73 mol% of
trans-butene in the equilibrium mixture. This value is

very close to the experimentally observed equilibrium
trans isomer concentration for the internal olefins [38].
The mechanism of cis—trans isomerization involves the
metathesis on secondary carbene XII and the geometry
of corresponding complexes and the transition state are
shown in Fig. 9. Both BP86 and MP2 models predict
low activation energy for this process, being similar to
the activation energies of the productive olefin metathe-
sis (Table 2, entry 30), in agreement with the fact that
cis—trans isomerization occurs during the metathesis of
olefins.

The productive metathesis reactions (Table 2, entries
16 and 17) produce primary carbene XIII capable of
reacting with propylene to give either ethylene (produc-
tive metathesis, Table 2, entries 24, 25, 26, Fig. 6) or
propylene (non-productive metathesis, Table 2, entries
20, 22, Fig. 5). As can be secen from Table 2, the
propylene metathesis giving ethylene is an exothermic
reaction, unlike other studied metathesis reactions. Fig.
5 shows the geometry of two olefin complexes (XXIV
and XXV) and the structure of the transition state
(TrXXIV). The olefin complex XXIV is much tighter
than XXV formed by secondary carbene XII, reflecting
the lower stability of primary carbene and lesser steric
hindrances. This difference in geometries causes the
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differences in binding energies of these complexes which
are 39.9 and 33.9 kcal mol~! at MP2 level for com-
plexes XXIV and XXV, respectively. Similar trends
maintain at BP86 level. Both levels of theory predict
very low activation energy (less than 0.5 kcal mol ")
for this process. Therefore, once formed, primary car-
bene XIII will immediately be converted into secondary
carbene XII with ethylene formation.

As far as the non-productive metathesis is concerned,
three different reactions should be considered. Two of
them are the non-productive propylene metathesis on
secondary metallocarbene XII (Table 2, entries 20—23)
and the non-productive propylene metathesis on pri-
mary metallocarbene XIII (Table 2, entries 27, 28). All
other things being equal, the non-productive metathesis
dominates the reaction mixture due to low activation
energies (less than 1 kcal mol —').

As can be seen from the above, there is a clear
correlation between the C,peney~Cooleriny €quilibrium
distances in the olefin—metallocarbene complex and the
nature of corresponding metallocarbene (Figs. 3, 5 and
7). The distances increase from primary carbene XII to
tertiary carbene Va. Thus, C ., bene)—Ciotesin) distances in
the complexes formed by propylene and tertiary (Va),
secondary (XII) and primary (XIII) metallocarbenes are
2.865, 1.805 and 1.699 A, respectively. The most obvi-
ous reason is steric hindrances increasing from primary
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to tertiary metallocarbenes. This explanation is not
completely satisfactory, however, because in this case
one could expect a perceptible C=C bond length differ-
ence between ethylene and 1-phenyl-1-methoxyphenyl
ethylene. The calculations show, however, that the dif-
ference barely reaches 0.01 A. The electronic factors,
therefore, should be of importance in this case. As it
has been shown earlier [39], Fisher carbene complexes
have the LUMO with largest coefficient at the carbene
ligand, while the HOMO has maximum coefficient at
the transition metal. Fig. 8§ shows LUMOs and HO-
MOs of secondary metallocarbene XII and propylene
as an example. As can be seen, the LUMO has a large
contribution from the carbene ligand while mainly d-or-
bitals of tungsten contribute to the HOMO in agree-
ment with previous findings. The formation of olefin
complex can be considered in terms of frontier orbital
interactions of metallocarbene and olefin. The smaller is
the energy gap between the HOMO and LUMO, the
stronger are the interactions between the molecules in
the complex and, therefore, the shorter is the distance.
Other factors to consider are the shape and the symme-
try of interacting orbitals. While the LUMO of metallo-
carbene which has a large contribution from the P,
orbital of carbene carbon can effectively overlap with
the HOMO (m-orbital) of the olefin, the overlapping
between the HOMO of metallocarbene and the LUMO
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Fig. 6. Propylene metathesis reactions catalyzed by primary metallocarbenecarbene and cis—trans isomerization of 2-butene caused by the

secondary metallocarbene.
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TrXXIII

Fig. 7. Geometries and selected bond lengths (A) of intermediates involved in the non-productive propylene metathesis.

of olefin should be very small due to different symme-
try: the LUMO of olefin is a ©* orbital while the
HOMO of metallocarbene is mainly a d , _ , orbital of
tungsten. Table 3 shows the energies of HOMO and
LUMO orbitals of metallocarbenes Va, XII and XIII,
propylene and ethylene. As can be seen from Table 3,
there is a clear correlation between the LUMO (metal-
locarbene)-HOMO (olefin) energy difference and
Cearveney—Coleimy distance in complexes VI, XXII and
XXVI. The shorter is the distance, the smaller is the
LUMO (metallocarbene)-HOMO(olefin) energy differ-
ence, reflecting the stronger interaction. Donor sub-
stituents at the carbene ligand raise the LUMO energy
in secondary XII and especially tertiary metallocarbene
Va, thus increasing the LUMO-HOMO separation.
When comparing similar ethylene and propylene com-
plexes (I and XXVI, XXV and XXII) one can observe
that the C,rpeney—Cooteniny distance is always larger for
ethylene complexes which cannot be explained satisfac-
toryily by steric hindrances. On the other hand, the
examination of the HOMO of ethylene and propylene
reveals that the HOMO of ethylene is lower in energy
and, therefore, interacts more weakly with the LOMO

of metallocarbenes explaining the tighter structure of
propylene complexes.

The interaction between olefin and carbene in low
valent olefin complexes can be described in terms of
donor—acceptor interaction. All other things being
equal, donor substituents at olefin and acceptor sub-
stituents at carbene decrease the energy gap between
the HOMO of olefin and the LOMO of metallocarbene,
favoring the tight complex formation. The binding en-
ergies of olefin—metallocarbene complexes follow this
trend (the smaller the C,ipeney~Coreniny distance the
larger the binding energy) with the exception of com-
plexes VI and X (Table 2). This phenomenon can be
understood using the scheme of transition metal (M)—
ligand m-back donation [40-42]. According to this
scheme the M-ligand bond is not only due to the
donation of an electron pair from the HOMO of alkene
to the LUMO of the complex but also due to the back
donation from the d,, orbital of TM to the LUMO of
alkene. When examining the symmetries of molecular
orbitals of metallocarbenes Va, XII and XIII, the
highest orbital able to overlap with the LUMO of
alkene is the HOMO-2 orbital shown in Fig. 8 for the
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XII molecule. Owing to the electronodonating groups
at carbene ligand, the HOMO-2 has the highest energy
in the case of the Va molecule (Table 3), thus favoring
the effective back donation from TM to alkene. To put
it in other words, the high olefin binding energy in
complexes VI and X is due to strong M-olefin
interactions.

4. Conclusions

The initiation involving the formation of secondary
and primary metal carbenes from olefin—tertiary metal
carbene complex is a slow process with high activation
energy. The high activation energy of the initiation is
due to the stability of tertiary metal carbene.

Once active carbene species have been formed, the
rate determining step becomes the dissociation of
olefin—metal carbene complex and not the metathesis
reaction itself. Both models BP86 and MP2 are in
agreement with this trend.

Two factors are responsible for the low stereoselec-
tivity of metathesis catalysts. The first is that the activa-
tion energy of the metathesis and the binding energy of
olefin—metal carbene complexes are very similar to each
other. The second factor is cis—trans isomerization
taking place during the metathesis reaction: the activa-
tion energies of the metathesis and the isomerization

Secondary metallocarbene XII

HOMO LUMO

Fig. 8. HOMO, LUMO and HOMO-2 of secondary metallocarbene
XII. HOMO and LUMO of propylene.

TrXXVII

XXVIII

Fig. 9. Geometries of intermediates involved in the secondary metal-
locarbene mediated cis—trans isomerization.

Table 3

MO energies (Hartree) of metallocarbenes Va, XII, XIII, propylene
and ethylene calculated at MP2/LANL2DZ(d)//BP86/LANL2DZ
level of theory

Molecule HOMO LUMO HOMO-2
Va —0.28834 0.01343 —0.30894
b —0.30128 0.01070 —0.35005
XIII —0.30592 —0.00101 —0.36161
Propylene —0.35254 0.15852 -
Ethylene —0.37027 0.14528 -

are very similar leading to equilibrium mixture of the
isomers.

The electronic structure of metal carbene olefin com-
plexes can be described as a combination of donor—ac-
ceptor interactions between the HOMO of olefin and
the LUMO of metal carbene located at carbene carbon
on the one hand, and Dewar, Chatt and Duncanson
scheme on the other. The former is responsible for the
olefin—carbene bonding while the latter accounts for
olefin—M interaction.
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