Chapter 4: The role of the molecular orbitals in predicting the
reactivity and reaction pathways in alkene metathesis

4.1 Motivation

FMO theory showed promising potential for clarifying the cause for the difference in
the activity of the main types of metal carbenes catalysts. To be able to do a fast
screening of different catalysts we only looked at the initialisation steps of the reaction
up to the formation of the metallacyclobutane. Hence, experimental cross metathesis
reactions in the literature, each catalysed by one of the four metal carbenes, were
selected for comparison with calculated results. The aim was to see if the FMO theory

could be used to predict or explain known experimental results.
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4.2 Article

The role of the molecular orbitals in predicting the reactivity and
reaction pathways in alkene metathesis

Abstract

The Chauvin alkene metathesis mechanism for the homogeneous reactions of four
different metal carbene catalysts has been studied theoretically using DFT. The
frontier molecular orbital theory was applied to understand the factors that contribute
to their reactivity as alkene metathesis catalysts. Geometry optimizations of all species
were done at the GGA/PWI91/DNP level and successive energy calculations at the
B3LYP/LanL.2DZ level. The results show that the location of the atomic orbital
coefficients of the molecular orbital can be successfully used to predict the

mechanistic pathway.
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1. Introduction

Metal carbene complexes of especially ruthenium and molybdenum are efficient
catalysts for alkene metathesis. After Chauvin proposed his mechanism in 1970 [1]
several metal carbenes were tested for alkene metathesis activity. Among them four
main types of metal carbenes can be seen, namely: Fischer-, Tebbe-, Grubbs- and

Schrock-type metal carbenes (Fig. 1).
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Fig. 1. The metal carbenes chosen for the study.

The Fischer metal carbenes [2] were the first metal carbenes tested, but they showed
poor alkene metathesis reactivity. Later Tebbe and co-workers [3] developed the
Tebbe reagent which was the first catalyst to prove the Chauvin mechanism, because
they were able to isolate the metallacyclobutane intermediate. However, it was only
after the discovery of the Grubbs- [4] and Schrock-type [5] metal carbenes that high

metathesis reactivity was observed.

Various approaches to the problem of identifying factors that contribute to the
reactivity of the metal carbenes have been studied via molecular modeling. In several
studies the electronic reaction profile of the alkene metathesis reaction was calculated
and used as a source for elucidating experimental results [6-19]. These studies include
the use of model catalysts, simplified alkenes and only consider part of the catalytic
cycle. Only a few papers were published on true systems [20] and the complete
catalytic cycle [21],[22]. Previously calculated electronic factors include the
observation that for a Fischer-type carbene overlap occurs between the HOMO of the
alkene and the LUMO of the metallocarbene [23]. Eisenstein and Hoffman [24]
considered the orbital symmetry to be important as well as a more positively charged
metal. This 1s supported by Cundari and Gordon [25] who also stated that the more
positive the metal, the more active the catalyst for metathesis. For Grubbs-type metal
carbenes, electronic factors also point to the key of alkene coordination to the catalyst.

Vyboischchikov, Biihl and Thiel [26] found frans coordination of the alkene to L,



CHAPTER 4 98

with (L)Cl,Ru=CH, the active species, only allowed by frontier orbital overlap.
Suresh and Koga [27] contributed orbital interaction in the transition state and
metallacyclobutane to be responsible for the low barrier of the rate-determining step.
Furthermore, Straub [28] ascribes the high activity of the second-generation Grubbs
catalysts to electronic and steric stabilization of the active conformation of the carbene
moiety by the NHC o-donor ligand. In a later study Straub [29] investigated the effect
of different ancillary ligands on the stabilization of the active conformation. A
quantitative structure-activity relationship (QSAR) study was done on model 14-
electron complexes, LCl,Ru=CH,, with 82 different dative ligands, L and ethylene as
olefin by Occhipinti, Bjersvik and Jensen [30]. They considered a host of electronic
and steric effects based on their definition of productivity. Productivity was defined as
the enthalpy difference between the inactive complex and the metallacyclobutane
intermediate with respect to the active 14-electron complex [30]. Their model
indicated that the best ligands are those that stabilize the high-oxidation state (+4)
metallacyclobutane intermediate [30]. Lord et al. [31] considered the various bonding
options with the metallacyclobutane because of possible ligand rotation by
constructing the molecular orbital diagram. Fernandez, Lugan and Lavigne [32] also
probed the molecular orbitals for their possible stabilizing interaction in the metal
carbene. Vasiliu et al. [33] calculated the bond energies in model Schrock metathesis
catalysts to rationalize and understand their catalytic behavior. Both Folga and Ziegler
[34] and Fox, Schofield and Schrock [35], investigated the electronic structure of
Mo(VI) alkylidene complexes. The orbital interactions were considered to explain the
occurrence of ligand rotation and the two possible pseudorotation routes for the
formation of a square-pyramidal or trigonal-bipyramidal metallacyclobutane

conformation.

Although several studies included the frontier orbitals as part of the explanation for
the mechanism of alkene metathesis, no previous study, except work by the authors
[36],[37], directly correlates the frontier orbitals to the activity of the metal carbenes
as catalysts. Previously [36],[37] it was shown that the frontier molecular orbital

(FMO) theory holds promise for predicting the alkene metathesis reactivity of metal
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carbene catalysts. Results confirmed that the frontier orbital interaction of the catalyst-
alkene coordination step is between the HOMO of the alkene and the LUMO of the
catalyst. Furthermore, the location and contribution of AO to the LUMO of the metal
carbenes can be used as chemical reactivity indicators for the alkene metathesis
activation step and subsequent [2+2] cycloaddition reaction for the formation of the

metallacyclobutane intermediate [37].

To further understand the frontier orbital interactions contributing to an active alkene
metathesis catalyst the four reactions were investigated using molecular modeling. To
understand their difference in metathesis reactivity the frontier orbitals and bonding
molecular orbitals of the mechanistic steps were investigated from the reagents (A1 or
D1), through the transition state, to the formation of the metallacyclobutane

intermediate (A3 or D3) (Fig. 2).
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Fig. 2. Part of the general alkene metathesis mechanism to show the associative and
dissociative mechanistic pathways for the formation of the metallacyclobutane

intermediate.

The following aspects of the FMO theory [38] were used as criteria to assess the
reactivity of the metal carbene catalysts: In the transition state the carbon atoms of the

alkene coordinates sequentially to the catalyst. Where will this primary overlap and
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consecutive secondary overlap of the HOMO with the LUMO orbitals occur on the

metal carbene? (Fig. 3)

a) g b)
Fig.3. Two possible primary overlap options according to the AO coefficients for a)

formation of metathesis products and b) cyclopropanation.

In the transition state and metallacyclobutane will the bonding orbitals lead to the next
step or do they indicate the formation of a different product than the expected
product? (Fig. 4) How deep does the bonding orbital lie in the MO diagram? Does it
indicate a stable bond? Is it the lowest energy bond? Between the two possible
reagents that can bond first, which one has the biggest overlap between the HOMO
and the LUMO orbitals? Does the energy profile of the reaction give us any more
clues to the reactivity and does it correlate with the FMO theory? This chapter is an
in-depth study of the viability of using the FMO theory to predict the reactivity of
metal carbenes as alkene metathesis catalysts. To that end literature reactions [39-42]
were chosen of the four main types of metal carbene catalysts. Due to a lack of cross
metathesis reactions reported in literature, four types of reactions with the same

substrate but with different catalyst species could not be found.
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Fig.4. The orbital overlaps of each step that will lead to the formation of the next step.
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Therefore, for the study the reactions between: 1-pentene with (W(Tol) cat) as
catalyst [39], isobutene and methylenecyclohexane with (Tebbe_cat) as catalyst [40],
allylbenzene and an allylic alcohol with (Gr2_cat) as catalyst [41], and styrene and n-

hexyl with (Mo(Ph)) as catalyst [42] were chosen (Table 1).

Table 1 A summary of the cross metathesis reactions of the four metal carbenes

chosen for this study

Catalyst Alkene(s) Product(s) Ref
Tol  Tol CHyCH,
W(Tol) cat e N XCH, H2C=< + [39]
Tol Tol
36% 27%
[Reaction conditions: at 70°C for 3.25h]
CH, CHs
Tebbe cat  Hre={ + Hzc><:> o=+ H2*0E<:> [40]
CHs CHg
[Reaction conditions: at 52°C for 30h]
ik — OAc
Gr2_cat : S 1)
AcO—/_\—OAc

80%
[Reaction conditions: at 40°C for 12h]

Mo(Ph) + i [42]

H3C(CHp)4H,C =
H3C(CH,)4H,C CH 3 2/4712
3C(CHy)4H; \/ 2 \/\CHZ(CH2)4CH3

89% 2%
[Reaction conditions: at 25°C for 1h]

By comparing each step of the chosen mechanism part with the same step of a
different carbene, the importance of the frontier orbitals will be elucidated. The
reaction pathways are shown in Fig. 5-8. The reaction states where the structure is

shown were calculated.
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Fig. 5. The two possible pathways (FA and FB) for the reaction of pentene with

Fischer carbene as catalyst.
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Fig. 6. The two possible pathways (TA and TB) for the reaction of reagent A and

reagent B with Tebbe carbene as catalyst.
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Fig. 7. The two possible pathways (GA and GB) for the reaction of reagent A and

reagent B with Grubbs carbene as catalyst.
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Fig. 8. The two possible pathways (SA and SB) for the reaction of reagent A and

reagent B with Schrock carbene as catalyst.

2. Method

The initial geometry optimization of each reaction state, and the potential-energy
surface (PES) scan to locate the transition state, were done with the DMol® DFT
module of Materials Studio 5.5 [43]. The GGA PW91 functional with the DNP basis

set was selected as the calculation method. The molecular orbitals (MO) were
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calculated from the DMol® optimized structures with Gaussian 03 [44] by using the
B3LYP functional with the LanL.2DZ basis set. 2D visualization of the MOs was done
with Chemissian [45]. The 3D structures of the molecules were drawn with the

ORTEP [46] drawing software.

For each reaction state the LUMO and HOMO were calculated. The results show the
orbital picture with an isovalue of 0.55, a 2D plane through the orbital, the atomic
orbital coefficients of the molecular orbital and the coordination key of the molecule.
The atoms used to define the plane are shaded in grey in the ORTEP drawings of the
molecules. The coordination key of the internal axis of the molecule in Gaussian is
given, because a different internal axis for each molecule is defined by Gaussian. Thus
to be able to compare the orientation of the molecules at the double bond the internal
axis must be taken into account and the orbital labels transposed according to the user-

defined axis.

Only the bonding orbitals where the metal atom, the carbene carbon atom and the two
carbon atoms of the double bond of the alkene have an atomic orbital coefficients

(AOC) contribution of > 0.20 were investigated.

3. Results and Discussion
3.1 Fischer-type metal carbene

Two pathways for the reaction of 1-pentene with W(Tol) cat as catalyst are possible:
the dissociative pathway that leads to potential formation of metathesis products
(FA_D1) or the associative pathway that leads to cyclopropanation (FB_A1) (Fig. 5).

In all figures hydrogen atoms are omitted for clarity.

In the FA_D1 reaction state (Fig. 9) the primary overlap of the HOMO of 1-pentene
with the LUMO of the catalyst will occur at the CC-atom. This will happen because
of the bigger atomic orbital coefficient (AOC) on the CC-atom (0.45) than the W-

atom (0.21). The orientation of the AO on the CC-atom also allows this overlap to
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take place, because of the correlation with the orientation of the MO of the CA1- and
CA2-atoms. To this extent, the expected product formation will be cyclopropanation.
In reaction state FA_D2-D3 (Fig. 10), the transition state, it can be seen that both the
metathesis and cyclopropanation products pathway are possible. In both cases there is
a bonding orbital present in the molecule with overlap, in the one case between the W-
and CA2-atoms, and in the other case between the CC- and CAl-atoms. The lowest-
energy-bonding orbital indicates the strongest bond thus the preferred product
pathway, which in this case is the HOMO-47 for the cyclopropanation. Along the
metathesis pathway in the next reaction state (FA_D3) (Fig. 11) the calculations show
more unstable high energy bonding orbitals close to the HOMO of the molecule. The
correct orbital overlap is present for the following rearrangement of the double bond

to the metathesis product.

For the associative pathway in reaction state FB_A1 (Fig. 12) the primary overlap will
clearly be at the CC-atom leading to the orbital arrangement that relates to the direct
formation of a cyclopropane ring. The AOC on the CC-atom is 0.49 as opposed to the
AOC on the W-atom of 0.18. When we look at the lowest-energy bonding orbital in
the cyclopropane ring (FB_C) (Fig. 13), the three carbon atoms forming the ring are

closely bonded to each other and the cyclopropanation product is stable.
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Atom AQO |[coefficient| | Atom AO [coefficient|
CcC P2 0.45 CAl P2 0.49
CcC P2 0.28 CA2 o 0.44
W dy, 0.21 CAl o 0.21

Coordination key:

z Z

Fig. 9. Reaction state FA_DI1.
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FA_D2-D3

HOMO

HOMO-47

Atom AO |coefficient| | Atom AO |coefficient] | Atom AO |coefficient|
W dyy 0.39 CA2 p, 0.39 CcC Px 0.21
cC p. 0.21 4 dy, 0.26 CAl P2 0.20
CA2 p, 0.24

Coordination key:

z

Fig. 10. Reaction state FA_D2-D3.
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HOMO HOMO-3

=
Atom AO |coefficient| | Atom AO |coefficient]|
w o dn) 0.31 CA2 p, 0.42
CcC o8 0.22 CA2 p, 0.28
w4 0.21 W dy 0.27

Coordination key:

z

Fig. 11. Reaction state FA_D3.
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O

LUMO HOMO

Atom  AO |coefficient| Atom AO  |coefficient]
CcC P2 0.49 CAl P2 0.49
CcC P2 0.26 CA2 p- 0.44
W dx, 0.18 CAl p- 0.21

Coordination key:

Fig. 12. Reaction state FB_A1.
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HOMO-4 HOMO-32

Atom AO  |coefficient| | Atom AO |coefficient| | Atom AO [coefficient| | Atom AO |coefficient|

CA2 p, 029 |CAl p, 040 CC p. 023 |CA2 p, 023
cC p, 027 CC p, 034 |CA2 p. 022 |CAl p, 020
CAl p, 021 |CA2 p, 021
CA2 p, 020

Coordination key:

Fig. 13. Reaction state FB_C.
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The reaction energy profiles of the two possible pathways can be seen in Fig. 14. In
Fig. 15 the partial molecular orbital energy diagram of the bonding MOs contributing
to the formation of metathesis products of the individual reaction steps are shown. The
orbital gap value |[Ey-E;| denotes the difference between the HOMO energy of the
alkene and the LUMO energy of the catalyst. Only the HOMO, LUMO and bonding
molecular orbitals with atomic orbital coefficients of the metal and carbene carbon
atoms and alkene carbon atoms larger than |0.2| are included in the diagram. The
reaction FB has the lower-energy pathway and will lead to the most favored product,
thus cyclopropanation. This is also supported by the results of the orbital energy
diagram. In both states FA D2-D3 and FB C the lowest bonding orbital is the
formation of a cyclopropane ring via the AO overlap of the CC-, CA1- and CA2-
atoms. The bonding orbitals indicating the formation of metathesis products have a
higher energy than the original HOMO energy and are thus more unstable and less
likely to lead to the expected metathesis product formation. The orbital gap value |Ey-

E;| of reaction FB is also smaller indicating the biggest overlap and the strongest
bond.
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g 01— c
_10 .

Fig. 14. Relative electronic energy (kcal/mol) reaction profile of alkene(s) with

Fischer carbene.
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Fig. 15. Partial MO diagram of the bonding MOs of the Fischer catalyzed reaction.

In the experimental reaction of 1-pentene with a Fischer carbene as catalyst [39] the
reaction ran for 3.25 hours at 70°C. The product yield was the formation of 36%
metathesis products and 27% cyclopropanation (Table 1). In the modelling results the
calculations indicate that a cyclopropane ring will form as the major product. If we
take into account the difference of the experimental reaction conditions from the
calculated modelling conditions (in vacuum at latm), as well as the limited number of
reaction steps calculated, the high experimental reaction temperature can cause the
formation of slightly more metathesis products. Overall there is a clear indication in
the modelling of the weak metathesis reactivity of Fischer metal carbenes as catalysts

of the reaction.

3.2 Tebbe-type metal carbene

After dissociation of the AlMes-ligand only the CH, group is left as part of the newly
formed metal carbene. The metal carbene double bond, especially the Ti-atom is
greatly shielded by the ligand rings. Calculations of the transition states of the TA and
TB reactions both failed to give a maximum. The metallacyclobutane intermediates’

metal bond lengths are also slightly elongated from under the ligand rings. The
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primary orbital overlap in both the TA- and TB reaction will occur at the Ti-atom,
because of a complete absence of AOC on the CC-atom (TA_D1 and TB_D1) (Fig.
16 and Fig. 18). Even though the size of the AOC on the Ti-atom is big (0.76) the
lowest-energy bonding orbitals in both reactions states TA D3 and TB_D3 (Fig. 17
and Fig. 19) are the bonding between the CC-, CA1- and CA2-atoms. The product
formation will lead away from the expected metathesis products to cyclopropanation
[47].
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TA_DI

Atom AO |[coefficient| | Atom AO |coefficient|
Ti 427 0.72 CAl o8 0.50
Ti 427 0.28 CA2 o8 0.44
CAl p- 0.22

Coordination key:

Z z

, e

Fig. 16. Reaction state TA_D1.
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HOMO-10

Atom  AO o | piom AO ook ptom AO ook ptom AO lcoet-
ficient| ficient]| ficient]| ficient]|
cC Px 0.38 Ti  dy 0.43 CA2 p, 0.39 CA2 p, 0.28
CAl Px 038 | CAl p 0.33 CAl p, 0.31 cC p, 0.20
Ti 42 0.27 cC  py 0.33 cC p, 0.31 CAl p, 0.20
Ti 42 0.24
CA2  p, 0.22
cC Px 0.20
CAl Py 0.20

Coordination key:

z

Fig. 17. Reaction state TA_D3.
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TB_D1

Atom AO |coefficient| | Atom AO |coefficient|
Ti 427 0.72 CAl  p, 0.46
Ti 427 0.28 CA2 p, 0.38
CAl  p, 0.21

Coordination key:

Z y4

- ‘AU

Fig. 18. Reaction state TB_D1.
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Atom AO |[coefficient| | Atom AO |[coefficient| | Atom AO [coefficient|
ccC Px 0.38 Ti dy, 0.43 CA2 p, 0.24
CAl Px 0.37 CAl Px 0.33 CAl P2 0.23
Ti 427 0.28 CcC Px 0.33 cC p, 0.23
Ti  dS) 0.23
CA2 Px 0.22
CC Px 0.20
CAl Px 0.20

Coordination key:

Fig. 19. Reaction state TB_D3.
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In both reactions the reaction energy profiles (Fig. 20) are very similar with the TA
metallacyclobutane (D3) slightly lower in energy. The bonding orbitals (Fig. 21)
leading to possible formation of metathesis are slightly higher in energy than the
original HOMO energy. The bonding orbitals leading to possible formation of a
cyclopropane ring are lower in energy and more stable. The TA reaction is clearly

more favored. The orbital gap value |Ey-E; | is the same (4.5¢V) for both TA and TB.
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g 01—

-10 J

Fig. 20. Relative electronic energy (kcal/mol) reaction profile of alkene(s) with Tebbe

carbenes.
0 - LUMO
catalyst

S -2 -=-
L
> -4 { HOMO T_D3
> alkene H _H_ i
& -6 y I H2 H-2
Q
S 8- He -7
o H-10
[0
2 .10 -
(0]
2 12 -
©
[0]
X -14 -

_16 J

—TA --- TB
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Fig. 21. Partial MO diagram of the bonding MOs of the Tebbe catalyzed reaction.
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Experimentally the reaction of isobutene and methylenecyclohexane with Tebbe cat
as catalyst [40] ran for 30 hours at 52°C in which time the metathesis products
formed. The reaction temperature correlates with the high activation energy needed
for the dissociation of the AlMes-ligand. From the long reaction runtime needed to
form metathesis products it is also apparent that the Tebbe cat is not a good
metathesis catalyst. The Tebbe reagent has also proved by modeling to be a difficult

and weak catalyst.

3.3 Grubbs-type metal carbene

One of the metathesis catalysts that show very high reactivity is the Gr2_cat [4]. In
reaction state GA_ D1 (Fig. 22) and GB_D1 (Fig. 25) the primary overlap of the
HOMO of the alkene with the LUMO of the catalyst will take place at the Ru-atom
(AOC 0.44) to form the transition state leading to the formation of metathesis
products. There also is secondary overlap possible at the CC-atom (AOC 0.37) for the
consecutive formation of the metallacyclobutane intermediate. The orientation and
accessibility of the LUMO allows the easy overlap of the HOMO. The transition
states, GA_D2-D3 (Fig. 23) and GB_D2-D3 (Fig. 26) have lower-energy bonding
orbitals with the overlap between the Ru-atom and the CA2-atom in both cases to
indicate the formation of the metallacyclobutane intermediate. In the reaction state
GA _ D3 (Fig. 24), the bonding orbitals point to the formation of metathesis products.
The HOMO-15 and HOMO-18 orbitals will lead to the new catalyst in the catalytic
cycle and the HOMO-36 and HOMO-59 to the first new alkene. For the GB_D3
(Fig. 27) reaction state, only one bonding orbital shows the possible formation of

metathesis products.
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Atom AO |coefficient| Atom AO |coefficient|
Ru dyy 0.44 CA2 Py 0.37
cC Py 0.37 CAl Py 0.36
cC py 0.26 CAl Px 0.26
Ru dy, 0.21 CA2 Px 0.22

Coordination key:

Fig. 22. Reaction state GA_D]1.
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GA_D2-D3

HOMO-14

Atom AO |coefficient|
Ru dyy 0.37
CA2 Py 0.26
CA2 p. 0.24
CAl Px 0.20

Coordination key:

Fig. 23. Reaction state GA_D2-D3.
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HOMO-15

HOMO-18

HOMO-36

HOMO-59

Atom  AO  |coefficient| | Atom AO  |coefficient| | Atom AO  |coefficient| | Atom AO |coefficient|
Ru dy, 0.25 Ru dyy 0.25 CC Py 0.22 CA2 Px 0.22
.
Ru ) 0.24 CC Py 0.21 CAl Px 0.21 CAl Py 0.22
y
CA2 o 0.21
Coordination key:

Fig. 24. Reaction state GA_D3.
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oF

CA1 CA2

N

HOMO

Atom AO |coefficient| Atom AO |coefficient|
Ru dyy 0.44 CAl Py 0.41
cC Py 0.37 CA2 Py 0.41
CC Py 0.26
Ru dy, 0.21
Coordination key:
Z

Fig. 25. Reaction state GB_D]1.
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GB_D2-D3

HOMO-16

Atom AO |coefficient]

CA2 py 0.24
Ru d>) 0.22
Ru  dy 0.22

Coordination key:

Fig. 26. Reaction state GB_D2-D3.
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GB_D3

HOMO-19

Atom AO |[coefficient|
Ru  dyy 0.28
CC py 0.24

CAl p« (0.19)

CA2 py (0.17)

Coordination key:

.4

Fig. 27. Reaction state GB_D3.
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For the reaction energy profiles of GA and GB (Fig. 28) the dissociation of the ligand
is the rate-limiting step. After the dissociation the reaction will run spontaneously to
the formation of the metallacyclobutane intermediate. From the graph it is clear that
reagent A in the GA reaction will bond to the catalyst before reagent B. From the MO
diagram of the reactions (Fig. 29) we can see that all the bonding orbitals are lower in
energy than the original HOMO. The energy of the bonding orbitals in state G_D3
indicates a relatively stable metallacyclobutane intermediate, with the GA pathway
more favored. The value of the orbital gap |[Eg-Ey| also points to the fact that the GA
pathway displayed in the energy profile and the MO diagram with a value of 0.8eV
lower than the GB pathway are favored.

50 -
5 | D1
E 40
= —_—
£
3 30 7
5]
S —_—GA
o 20 A D2 D2-D3
; I -~ o8
B - —
o 10 A
(0] —
=
£ A1
g 0
-10 J

Fig. 28. Relative electronic energy (kcal/mol) reaction profile of alkene(s) with

Grubbs carbenes.

The modeling results compare very well with the experimental results. The run was
done at 40°C for 12 hours and delivered an 80% yield of cross metathesis product.
According to the modeling the metathesis products are favored and fit in well with the

Chauvin mechanism.
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0 LUMO

S 2 catalyst
3 S
3 41 HomO
g g | Alkene G_D2-D3 G_D3
o H-14 H-15
z -——- H-16
S 8- T H-18  H-19
g H-36 S
< -10 - -
o -
2 . H-59
T
0]
X -14 -

16 - ——GA --- GB

with IEH'ELlGA =4.0eV and |EH'ELIGB =4.8eV

Fig. 29. Partial MO diagram of the bonding MOs of the Grubbs catalyzed reaction.

3.4 Schrock-type metal carbene

According to literature the Schrock carbene follows the associative mechanism
pathway [48],[49]. This was also the assumption made for the calculations. In the
reaction states SA_ A1l (Fig. 30) and SB_A1 (Fig. 33) the only major AOC of the
LUMO is located on the Mo-atom, thus only allowing for primary overlap of the
HOMO of the alkene. This may result in a different mechanism than the associative
mechanism for Schrock, as we know that the Schrock carbene is a very reactive
catalyst. Further reaction steps show the possibility of metathesis products forming
but the results are not as clear as in the case of the Gr2_cat. In the SA_A2-A3 (Fig.
31) state the lowest-energy bonding orbital shows bonding between the Mo-atom and
the CA1l-atom for the formation of metathesis products, but in the SB_A2-A3 (Fig.34)
the overlap between the Mo-atom and the CA1l-atom is not the lowest-energy bonding
orbital. The SA_ A3 (Fig. 32) shows indications of forming further metathesis
products seen in the lowest-energy bonding orbital, but none of the other bonding
orbitals give any indication of further metathesis products forming. This is also the
case in the SB A3 (Fig. 35) state where the only bonding orbital, with a AO
contribution larger or equal to |0.20|, from the Mo-, CC-, CA1- and CA2-atom shows

no bonding between the named atoms.
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SA_Al

CA2 CA1

Atom AOQO |coefficient| | Atom  AO |coefficient|

Mo  dy 0.50 CAl p- 0.38
Mo d,, 0.35 CA2 P2 0.26
Mo  dy, 0.33

Coordination key:

Fig. 30. Reaction state SA_Al.
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SA_A2-A3

|coef- |coef- |coef- |coef-
Atom AO Atom AO Atom AO Atom AO
ficient| ficient]| ficient]| ficient|
CC p, 0.37 Mo  dy 0.47 Mo  d, 0.52 Mo d/°° 025
CC p- 0.35 CcC Py 0.30 Mo dyy 0.35 CAl p- 0.24

Mo d, 022 Mo d}2) 029 CA2 p, 0.23 Mo  d, 0.23
CA2 p, 020 CC  ps 0.26 Mo  d 0.23
Mo 477 026 Mo d’) 023
Mo  d,, 0.25 CA2 p, 0.20
cC  p, 0.24
cC  p 0.24
CC Py 0.21
Mo  dy 0.20

Coordination key:

Fig. 31. Reaction state SA_A2-A3.
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HOMO-16

Atom AO |[coefficient| | Atom AO |coefficient| | Atom AO |[coefficient| | Atom AO |coefficient|
Mo dyy 0.58 Mo dy, 0.55 CC Px 0.37 CAl o 0.20
cC p, 0.26 Mo d}27 0.46 CC  ps 0.24 Mo  d, 0.20
Mo  d,, 0.24 CC  py 0.24 Mo d}°/ 0.20
Mo  dy 0.20 Mo  d, 0.21

d
Mo 0.20

y
cC py 0.20

Coordination key:

Fig. 32. Reaction state SA_A3.
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SB_Al

HOMO

\ Mo /

Atom AO |coefficient| | Atom  AO

|coefficient|
Mo  dy 0.50 CAl P2 0.49
Mo dy, 0.35 CA2 p. 0.44
Mo dy, 0.33 CAl o 0.20

Coordination key:

Oy Z

>\ .H'-<l-_-l

Fig. 33. Reaction state SB_AL.
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SB_A2-A3

HOMO-1 HOMO-5 HOMO-13 HOMO-16

|coef- |coef- |coef- |coef-
Atom AO Atom  AO Atom AO Atom AO
ficient| ficient]| ficient| ficient]|
Mo doy” 054 | Mo d// 0.33 Mo d/°/ 0.25 CAl  p, 0.22
CC Py 0.32 CC o 0.23 CAl Px 0.24 CA2 p, 0.20
Mo dyy 0.28 CcC Px 0.21
cC Py 0.27

Mo d>? 0.22
Mo 42/ 0.22
Mo d,, 0.21
cC P, 0.21

Coordination key:

Fig. 34. Reaction state SB_A2-A3.



CHAPTER 4 134

Atom AO |coefficient]|
Mo  d/) 0.53
Mo dy, 0.32
Mo dyy 0.27
CC py 0.26
CC py 0.22
Mo  d’) 0.21

Coordination key:

Fig. 35. Reaction state SB_A3.
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The very high relative energy of the reaction energy profiles of SA and SB (Fig. 36)
clearly indicates a discrepancy in the mechanism of the alkene metathesis reaction
catalyzed by the Mo(Ph) carbene. This is also seen in the MO diagram (Fig. 37)
where more than half of the bonding orbitals have a higher energy than the original
HOMO. In Fig. 38 the reaction energy profile trend of Poater et al. [19] is compared
with the profile of reaction SA. To be able to do the comparison, the energy value of
reaction state SA_A2 was matched to the value of the corresponding reaction state in
the literature reaction profile [19]. The rest of the reaction steps were then calculated
according to the energy gap from A2. The reagents of the literature reaction are ethene
and a simplified version of Mo(Ph) whereas the reagents of reaction SA is the true
experimental reagents with full complexity. The trend seen in the two reaction profiles
is almost similar except for the starting reagents. The difference between the
calculated value of state A2 of Poater et al. [19] (0.8 kcal/mol) and the SA reaction
(408.0 kcal/mol) is 407.2 kcal/mol. From the true reagents it is clear that the proposed
mechanism of Chauvin does not fit the metathesis reaction catalyzed by a Schrock
metal carbene. The energy values should have been considerably lower if it was taken
into account that the experimental reaction was run at a reaction temperature of 25°C

and for only 1 hour to give an 89% yield of the cross metathesis product.

420 ~

A2
410 A2-A3

400 -

390 A3

380 - -

Relative electronic energy (kcal/mol)
%)
>

370 4 a1(0)

I

360 -

Fig. 36. Relative electronic energy (kcal/mol) reaction profile of alkene(s) with

Schrock carbene.
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0 -

2 -

-4 4 HOMO
alkene

Relative electronic energy (eV)
&

with IEH'EL|SA =3.4eV and |EH'ELISB =4.1eV

S_A2-A3
a0 S_A3
A1 H2 H2
H-2 H-3
H-5
-2 H-8
H-15 H-13 H-16
H-16
—SA --- SB

LUMO

catalyst

Fig. 37. Partial MO diagram of the bonding MOs of the Schrock catalyzed reaction.
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A3

SA
Poater

Fig. 38. Comparison between energy profiles of Poater [19] and SA.

4. Conclusion

We can conclude that the FMO theory can be used as a chemical reactivity indicator

in describing the mechanism of the alkene metathesis reaction in the presence of metal

carbenes. Furthermore, the energy and AOCs extracted from the lower lying bonding
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orbitals in the MO diagrams give further insight into the formation of the reaction
products. In the case of the Fischer-, Tebbe- and Grubbs-type carbene the reactivity
could be explained by the modeling results. Only for the Schrock-type carbene the
FMO theory could not give a conclusive explanation for the reactivity of the Schrock
carbene. We propose further studies need to be done on the mechanism of the alkene

metathesis reaction catalyzed by Schrock-type metal carbenes.
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