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Abstract

The reaction mechanism and substrate-induced decomposition behavior of three ruthenium olefin metathesis catalysts, viz. first- and
second-generation catalysts and the recently developed Phoban catalyst (‘“Phobcat™) are compared by constructing AG surfaces at
298.15 K and 1 atm for the complete ligand systems. From these calculations fundamental insight is gained into the reactivity and sta-
bility observed experimentally for the three catalysts. In particular, the higher conversions obtained for the first-generation derived Phob-
cat catalyst, compared to conventional first-generation catalysts, is attributed to its similarity to the second-generation catalysts instead
of first-generation catalyst. Important differences between the calculated AG surfaces and previously reported total electronic energy (AE)
surfaces for the metathesis mechanism with complete ligand complexes are discussed.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The development of Ru-alkylidene complexes as cata-
lysts for olefin metathesis has received considerable atten-
tion in recent years due to its versatility in organic
synthesis and polymer chemistry [1]. The awarding of the
2005 Nobel Prize in Chemistry to Yves Chauvin, Richard
R. Schrock and Robert H. Grubbs for the development
of the metathesis method in organic synthesis recognizes
the importance and versatility of metathesis as a powerful
tool in many chemistry applications [2]. In particular, the
ruthenium catalysts [(PCy3),CLRu=CHPh] [3] (I) and
[(H,IMes)(PCy;)CLRu=CHPh] [4] (II), commonly
referred to as the first- and second-generation Grubbs
catalysts, form the cornerstone of many metathesis applica-
tions such as ring-closing metathesis (RCM), cross-

* Corresponding author. Tel.: +27 16 960 4716; fax: +27 11 522 0295.
E-mail address: Werner.JansevanRensburg@sasol.com (W.J. van
Rensburg).

0022-328X/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jorganchem.2006.08.075

metathesis (CM) and ring-opening polymerization
(ROMP) [5]. In contrast to their successful use in organic
synthesis, the application of first- and second-generation
catalysts on the commodity industrial scale has not too
date been successfully demonstrated. For example, the
self-metathesis (SM) of linear unfunctionalized o-olefins
catalyzed by first-generation catalysts display relatively
poor life times at temperatures above 50 °C [6]. Although
the second-generation systems display enhanced activity
and thermal stability relative to first-generation catalysts,
the formation of secondary metathesis products (SMPs)
under certain circumstances can be a significant cause of
low selectivities in these systems [7-9]. In an attempt to
alleviate these concerns and to improve catalyst life time,
we have recently reported on three different approaches:
(i) The development of a new first-generation Phoban
catalyst, “Phobcat”, [(Phoban-Cy),Cl, Ru=CHPh]6]
(III), bearing Phoban-Cy {9-cyclohexyl-9-phosphabi-
cyclo-[3.3.1]-nonane} instead of tricyclohexylphosphine as
ligands (Fig. 1), which exhibits significant improved
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stability and conversion compared to traditional first-gen-
eration catalysts. (ii) The improvement of first-generation
catalyst efficiency by addition of phenols [10]. (iii)
Enhanced performance of first-generation catalysts upon
addition of tin and iron halogenides [11].

The broad interest in Ru-alkylidene catalyzed olefin
metathesis applications have spurred a number of funda-
mental studies, both experimentally [12-18] and theoreti-
cally [19-32], aimed at elucidating the most appropriate
mechanistic sequences in the metathesis cycle and the iden-
tification of the relevant active intermediates. From these
studies variations of the Chauvin mechanism [33] are com-
monly accepted in which initiation, by dissociation of a
phosphine ligand from the 16e Ru(Il) catalyst precursor
(1, Scheme 1), is followed by coordination of an olefinic
substrate to the unsaturated 14e Ru-species (2) affording
the n-complex 3. Subsequent oxidative [2+2] cycloaddition
results in the formation of a Ru(IV) ruthenacyclobutane
intermediate (4) from which the liberation of olefinic prod-
uct and formation of Ru-carbene intermediate follows after
reductive elimination in a productive metathesis sequence.

Despite the wide interest and progress in unraveling the
metathesis mechanism the fundamentals of catalyst decom-
position is only addressed in a few experimental studies
[34-37]. In particular, thermal decomposition of first- and
second-generation catalyst systems play a significant role
in inhibition of catalyst turnover numbers, while decom-
posed ruthenium complexes may contribute to detrimental
side reactions such as olefin isomerization. A bimolecular
decomposition route was found to be favored by substi-
tuted ruthenium-alkylidenes, such as the propylidene
(PCy3)»(Cl)Ru=CHCH,CHj [34], from which the forma-
tion of trans-3-hexene is observed at 55 °C. The formation
of face-bridged dimers from the alkenylidene precursor
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Fig. 1. Structures of first- (I) and second-generation (II) Grubbs and
Phoban (III) catalyst precursors.
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(dcypb)(Cl),Ru=CHCH=CMe, [dcypb = 1,4 -bis(dicyclo-
hexylphosphino)butane] was also put forward as evidence
that this transformation may account for decomposition
of the Grubbs catalyst (PPh;3),Cl,Ru =CHCH=CMe,
[37]. In contrast to this bimolecular alkylidene decomposi-
tion route the decomposition of methylidene complexes,
such as (PCy;),(Cl),Ru=CH,, were found to favor a uni-
molecular decomposition route involving incorporation
of methylidene hydrogens into the phosphine ligands of
the decomposition products [34]. Attack of a phosphine
ligand on a Ru-carbene carbon, to form [R’-PR5] X~ spe-
cies, was also recently proposed to represent a mode of cat-
alyst decomposition [35]. The decomposition routes
indicated above are relevant for catalyst systems in the
absence of substrate. It is, however, conceivable that inter-
action of the substrate olefin with Ru-carbene species could
open up new decomposition pathways [23]. In particular,
we [38] have recently shown for the first time that the for-
mation of propene during the degenerate Ru-methylidene
catalyzed metathesis of ethylene causes irreversible sub-
strate-induced decomposition of the Ru-carbene function-
ality. This was subsequently also demonstrated by others
[39]. The mechanism for this decomposition sequence
(Scheme 1) is thought to involve the formation of a Ru(IV)
allyl-hydride species (5) after f-hydride transfer in the ruth-
enacyclobutane precursor (4) [40,41]. Subsequent reductive
transfer of the hydride in 5 to the terminal position of the
allylic fragment results in the formation of a coordinatively
unsaturated Ru(II) complex (6) which is inactive for
metathesis.

In the current study, DFT calculations are employed to
compare the basic mechanistic steps for olefin metathesis
catalyzed by a first- (I) and second-generation (II) catalyst,
as well as the newly developed Phobcat [Cly(Phoban-
Cy),Ru=CHPh] (III) catalyst. The primary aim of these
studies is to calculate the complete Gibbs free energy sur-
face at 298.15 K and 1 atm for the catalysts with complete
ligands, i.e. PCy; for I, PCy; and IMes for II and Phoban-
Cy for III. Despite the large theoretical interest in the
mechanism of first- and second-generation catalyzed
metathesis the studies focus, to the best of our knowledge,
either on strip-down models [19,20], both with and without
AG corrections, or relevant complete models without AG
corrections [23-29]. In a small number of metathesis
related theoretical studies [31] AG corrections are included
for complete model systems, but these studies are not
focused on a basic metathesis mechanistic comparison
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Scheme 1. The dissociative mechanistic sequence and substrate-induced decomposition of the ruthenacyclobutane intermediate with ethylene and

methylidene as respective model olefin and alkylidene species.
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between first- and second-generation catalysts. Secondly,
calculation and comparison of the Phobcat catalyzed
metathesis mechanism with the mechanisms for first- and
second-generation catalysts should provide fundamental
insight into the unique catalytic behavior observed for
Phobcat. To the best of our knowledge no theoretical
mechanistic studies have yet been performed on this unique
catalyst system. Thirdly, our recently reported [38] sub-
strate-induced decomposition mechanism is also studied
for Phobcat aiming to gain insight into its superior stability
during catalysis compared to conventional first-generation
catalysts.

2. Computational details and models

All geometry optimisations were performed with the
pmoL? density functional theory (DFT) code [42] as imple-
mented in the MaterialsStudio™ (Version 3.2) program
package of Accelrys Inc. The non-local generalized gradi-
ent approximation (GGA) exchange-correlation functional
by Perdew and Wang (PW91) [43] was used for all geome-
try optimisations. This functional was previously used by
us with success with ruthenium [10,38,44] and other transi-
tion metals [45]. The convergence criteria for these optimi-
sations consisted of threshold values of 2x 107> Ha,
0.00189 Ha/A and 0.00529 A for energy, gradient and dis-
placement convergence, respectively, while a self consistent
field (SCF) density convergence threshold value of
1x10"°Ha was specified. pmoL® utilizes a basis set of
numeric atomic functions, which are exact solutions to
the Kohn—Sham equations for the atoms [46]. These basis
sets are generally more complete than a comparable set
of linearly independent Gaussian functions and have been
demonstrated to have small basis set superposition errors
[46]. In the present study, an all electron polarized split
valence basis set, termed double numeric polarized
(DNP) has been used. All geometry optimisations
employed highly efficient delocalised internal coordinates
[47]. The use of delocalized coordinates significantly
reduces the number of geometry optimisation iterations
needed to optimise larger molecules compared to the use
of traditional Cartesian coordinates.

All the geometries optimised were also subjected to full
numerical frequency analyses at the same GGA/PW91/
DNP level of theory to verify the nature of all stationary
points. Equilibrium geometries were characterised by the
absence of imaginary frequencies. Preliminary transition
state geometries were obtained by either the pmoL®> PES
scan functionality or the integrated linear synchronous
transit/quadratic synchronous transit (LST/QST) algo-
rithm available in MaterialsStudio™. These preliminary
structures were then subjected to full TS optimisations
using an eigen vector following algorithm. All transition
structure geometries exhibited only one imaginary fre-
quency in the appropriate reaction coordinate. All reported
energies refer to Gibbs free energy corrections to the total
electronic energies at 298.15 K and 1 atm, with the inclu-

sion of zero-point energy (ZPE) corrections, in the gas
phase. Although the relative Gibbs free energies calculated
in the gas phase may not directly be correlated with the
expected relative Gibbs free energies in solution, the gas
phase values reported are still deemed appropriate for rel-
ative comparison of different catalyst systems within the
scope of the current study.

Only complete ligand systems were considered for the
catalyst models in the current study. For the first-genera-
tion catalyst (I) tricyclohexylphosphine (PCysz) was used,
while a combination of PCy; and the unsaturated N-het-
erocyclic carbene, IMes (Mes = 2,4,6-trimethylphenyl),
was used as ligands for the second-generation catalyst.
For the remainder of this paper the numbering II thus refer
to the IMes ligand and not the H,IMes ligand as referred to
in the introduction. The third catalyst is based on the first-
generation catalyst, but the PCy; ligands were replaced
with  9-cyclohexyl-9-phosphabicyclo-[3.3.1}-nonane  as
ligand as illustrated for III. Abbreviated reference to this
ligand in the text is either cyclohexyl-[3.3.1]-phoban or
Phoban-Cy. The catalyst itself is referred to as Phobcat
to distinguish it from the traditional first- and second-
generation catalysts. Ethylene was used as model olefinic
substrate in combination with a methylidene functionality
on ruthenium throughout this study, effectively allowing
for the description of degenerate etyhylene metathesis.
For the Phobcat catalyst two isomeric catalytic species
were considered, numbered as III and III', respectively.
The catalyst III refer to a top Phoban-Cy ligand with the
Cy group orientated transoid with respect to the methyli-
dene fragment, while III' refer to a Cy group with cisoid
orientation with respect to the methylidene fragment. The
numbering scheme I, II, III, and III' are consistently used
throughout the text in combination with the species num-
bered 1-6 in Scheme 1 to clearly distinguish the different
structures.

3. Results
3.1. Catalyst initiation

It is commonly accepted that the Ru-catalyzed olefin
metathesis reaction proceeds via a dissociative mechanism,
involving dissociation of one ligand prior to olefin coordi-
nation. In this sense catalyst initiation involves the dissoci-
ation of PCys, for both the first and second-generation
catalysts, and Phoban-Cy for Phobcat. The methylidene
CH, plane of the precatalyst complex, 1, may be orientated
either parallel (1a) or perpendicular (1b) to the Cl-Ru—Cl
plane, as illustrated in Fig. 2.

No stationary point could successfully be located for the
first-generation precatalyst complex, I-1, in which the CH,
plane is orientated parallel to the CI-Ru—Cl plane (I-1a); all
optimisation attempts resulted in spontancous rotation of
the methylidene moiety toward a perpendicular orientation
(I-1b). However, the relative electronic energy (AE) of 1a is
estimated to be higher than 1b by ~6 kcal/mol, as
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Fig. 2. Potential Ru-methylidene complexes for 1a and 1b, along with the
optimized geometries for the lowest energy first- and second-generation
and Phobcat catalyst precursor complexes. The hydrogen atoms on the
ligands are omitted for clarity and the unit of the indicated bond distances
is angstrom (A).

Ir-1a

determined from the flattening of the potential energy
surface (PES) in the reaction coordinate: I-1a — I-1b. A
structure corresponding to I-1a, instead of I-1b, was used
in construction of a potential energy surface for the
first-generation catalyzed metathesis sequence with ethyl-
ene as substrate in a recent DFT study by Adlhart and
Chen [28].

In contrast, the parallel orientated methylidene com-
plexes for the second-generation (I-1a) and Phobcat (III-
1a and IIl’-1a) catalysts were not only successfully located,
but were also found to be lower in energy than the corre-
sponding perpendicular orientated methylidene complexes
II-1b, III-1b and III'-1b, respectively. In particular, vibra-
tional analyses on the optimized geometries for II-1b, III-
1b and III’-1b revealed one imaginary frequency for each
of the three structures with normal modes corresponding
to transition structures (TS) for II-1b — II-1a (77icm™';
AGheg = —2.9 kcal/mol), III-1b — III-1a (53i cm ' AGhog
= —6.4kcal/mol) and III-1b — III'-1a  (40icm™';
AGr9g = —6.8 kcal/mol), respectively. From the four lowest
energy catalyst precursor complexes illustrated in Fig. 2 it
is thus evident that different methylidene orientations
account for the most stable precatalyst complexes.

In the dissociative metathesis mechanism ligand dissoci-
ation proceeds prior to the interaction of olefin with ruthe-
nium. Consequently, catalyst initiation requires the
formation of unsaturated 14e complexes, 2 (Scheme 1).
Once again, different orientations of the methylidene model
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Fig. 3. Potential Ru-methylidene complexes for 2a and 2b, along with the
optimized geometries for the lowest energy first- and second-generation
and Phobcat unsaturated complexes. The hydrogen atoms on the ligands
are omitted for clarity and the unit of the indicated bond distances is
angstrom (A).

complexes are possible for the three catalysts under inves-
tigation as illustrated in Fig. 3.

No stationary points corresponding to parallel orienta-
tion of the methylidene moiety with respect to the Cl-
Ru-Cl plane (2a) were successfully located for any of the
catalysts. In all cases spontaneous formation of the perpen-
dicular methylidene orientation (2b) resulted during opti-
mization, irrespective of the starting methylidene
orientation. The four optimized geometries important in
the current study are also illustrated in Fig. 3 along with
selected bond distances (A).

3.2. Ethylene coordination and ruthenacyclobutane
formation

Ethylene coordination to the unsaturated intermediate
species, 2, results in the formation of the corresponding
n-complexes 3. In theory four different structures should
be possible, for ethylene coordination trans to the ligand,
for each of the catalytic systems under investigation, as
illustrated in Fig. 4: (i) ethylene coordinated parallel to
the Ru=C bond and the CH, plane parallel to the Cl-
Ru-ClI plane (3a), (ii) ethylene coordinated parallel to the
Ru=C bond and the CH, plane perpendicular to the Cl-
Ru-Cl plane (3b), (iii) ethylene coordinated perpendicular
to the Ru=C bond and the CH, plane parallel to the Cl-
Ru-Cl plane (3c) and (iv) ethylene coordinated perpendic-
ular to the Ru=C bond and the CH, plane perpendicular
to the CI-Ru-Cl plane (3d).

All four structures illustrated in Fig. 4 were successfully
optimized for the first-generation catalyst system. The rela-
tive AG»og energies (kcal/mol) calculated for these complexes
in increasing order are: I-3b (0.0) <I-3d (1.3)<I-3a
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Fig. 4. Four possible combinations for ethylene and methylidene hydro-
gen orientations.

(4.6) <I-3c (7.7). Therefore, the most appropriate first-gen-
eration ethylene complex to consider in the construction of
the free energy surface should have ethylene parallel to the
Ru=C bond and the CH, plane perpendicular to the Cl-
Ru-ClI plane. In contrast, an ethylene m-complex corre-
sponding to I-3¢ was considered in the theoretical construc-
tion of a potential energy surface in a recent account [28].

For the second-generation catalyst only three stationary
points for ethylene coordination were successfully located,
viz. II-3b, II-3¢ and II-3d. Whereas II-3¢ and II-3d were
established from vibrational analyses to be true equilibrium
structures, II-3b was found to resemble a TS structure with
normal mode (30icm™') corresponding to methylidene
rotation from perpendicular to parallel relative to the Cl-
Ru-ClI plane. All attempts to optimize a structure corre-
sponding to II-3a resulted in the spontaneous formation
of the corresponding ruthenacyclobutane complex II-4.
However, an estimate of the electronic energy (AE) of 1I-
3a, relative to II-3b, II-3¢ and II-3d, was obtained from
the flattening of the PES for II-3a — II-4 optimization
prior to the formation of II-4, resulting in a relative energy
(kcal/mol) trend of II-3a (~0.0) <II-3¢ (0.9) <II-3d
(4.0) <II-3b (5.3). It is thus evident that the ethylene coor-
dination mode resembled by the II-3a estimate represents
the lowest energy second-generation methylidene ethylene
complex, proceeding essentially without barrier to the cor-
responding ruthenaccylobutane complex, II-4, on the AE
potential energy surface. This may provide preliminary
insight into the relative reactivity of the second-generation
catalyst system (vide infra).

The calculated relative energies of methylidene ethylene
isomers for Phobcat, III-3 and III'-3, revealed similar
trends. Similar to the results obtained for the second-gener-
ation catalyst only three equilibrium stationary points were
successfully optimized for both the Phobcat systems, viz.
3b, 3¢ and 3d. Attempts to optimize III-3a and III’-3a both
resulted in the spontaneous formation of a single ruthena-
cyclobutane isomer, III-4 [48]. Once again, a rough esti-
mate for the relative electronic energies (AE) of III-3a
and III'-3a may only be obtained by the relative flattening
of the optimization PES’s prior to the formation of III-4.
The calculated relative electronic energies (kcal/mol) are:

-3¢ (0.0) <II-3d (0.5) <II-3b (0.8) <I-3a (~1.9)
and II'-3c (0.0) <III'-3a(~1.4) <III’-3b (1.6) <III'-3d
(2.0). It is evident that the lowest energy methylidene ethyl-
ene complexes correspond to methylidene protons parallel
to the CI-Ru—Cl plane and ethylene coordinated perpen-
dicular to the Ru=C bond, i.e. structures III-3¢ and III’-3c¢.
It is thus interesting to note that for the three catalysts
considered in the current study different relative ethylene/
methylidene orientations constitute the lowest energy Ru-
ethylene m-complexes in each case. These lowest energy
complexes are considered the most relevant precursor
structures for ruthenacyclobutane formation, the opti-
mized structures of which are illustrated in Scheme 2, along
with the located transition states for transformation of 3-4
for the relevant catalytic species. Although not clearly dis-
cernable in Scheme 2, significant rotation of the methyli-
dene unit in TS-I-3b-4 (98i cm '), as well as the ethylene
moieties in TS-III-3c-4 (50icm™') and TS-III'-3c-4
(106i cm™"), form part of the single imaginary normal
modes for the respective transition state structures.

3.3. Ruthenacyclobutane decomposition

Apart from degenerate ethylene metathesis via the ruth-
enacyclobutane intermediate 4 an alternative decomposi-
tion route was recently shown by us to also involve the
ruthenacyclobutane intermediate for the formation of pro-
pylene as major decomposition product [38]. Mechanisti-
cally this involves two steps from the ruthenacyclobutane:
B-hydride transfer from the metallacycle to yield the allyl
hydride species 5, followed by hydride transfer to a termi-
nal allyl methylene to yield the metathesis inactive propyl-
ene m-complex 6. Although the optimized stationary points
for this substrate-induced decomposition sequence for first-
and second-generation ethylene methylidene complexes
were reported before [38], they are again illustrated in
Scheme 3 to afford direct comparison with the correspond-
ing decomposition structures for the Phobcat models.

Scheme 3 illustrates a few interesting differences between
the optimized geometries when direct comparisons are
made among the relevant catalyst models. The B-hydride
transfer transition state structures for the second-genera-
tion catalyst (TS-II-4-5) and Phobcat models (TS-I1I-4-5
and TS-III'-4-5) are geometrically very similar as is evident
from the respective Cngc—Ru-C (118.9°) and P-Ru-C
(119.8° and 119.1°) angles. In contrast, the corresponding
P-Ru-C angle for the first-generation transition state
(TS-I-4-5) is calculated at 96.1°. These differences further
result in different reaction coordinates for the transferring
hydride for the first-generation catalyst compared to the
second-generation and Phobcat models, effectively pro-
ceeding to allyl hydride complexes, 5, with different relative
allyl and hydride orientations. Whereas these relative dif-
ferences in transition states for allyl formation impacts
on the relative energies of the corresponding barriers (vide
infra), the second, propene generating hydride transfer
steps (5 — 6), proceed with similar geometrical parameters
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Scheme 2. Optimized geometries of the lowest energy equilibrium and transition state structures involved in the transformation of methylidene ethylene -
complexes (3) to the corresponding ruthenacyclobutane (4) intermediate complexes for the first- and second-generation and Phobcat catalyst systems. The
selected bond lengths are in angstrom (A) and hydrogen atoms on the ligands are omitted for clarity.

for all the catalyst models considered. The propylene coor-
dination complexes, 6, are unlikely to be active for metath-
esis and most likely represent precursor complexes for
further decomposition pathways.

3.4. Free energy surface

The relative energies for all optimized structures dis-
cussed in the current paper are summarized in Table 1.
The energies of the lowest energy precatalyst complexes
for the first-generation (I-1b), second-generation (II-1a)
and Phobcat (III-1a) catalysts are set to zero in each case,
with all other relative energies balanced with the energies
of free phosphine ligand and free ethylene where necessary.
Both the relative AE and AG,gg energies are summarized in
Table 1, affording smooth comparison of relative changes to
the AE surfaces upon correcting toward AG,og surfaces.

Whereas most relative energies presented in Table 1 nat-
urally follows from the structures presented in the preced-
ing sections, the AG,y energy estimates for ethylene
coordination and cyclization for the second-generation cat-
alyst needs further elaboration. From relative AE energies
it was found that the ethylene n-complex, II-3a, represents
the lowest energy structure. However, II-3a is not a true
equilibrium structure due to its spontaneous optimization
to the ruthenacyclobutane complex II-4. Due to the rela-
tively low electronic energy for II-3a, however, the AG»og
corrections for this mode of ethylene interaction with
ruthenium was estimated according to the AGsog
corrections found for formation of the alternative true
equilibrium structure II-3c, which has a similar parallel
orientation of CH, plane with respect to the Cl-Ru-Cl
plane. Therefore, the AG,og estimate for II-3a is calc-
ulated as follows: AG,og(11-3a) = AE(I1-3a) — [AE(I1-3¢) —
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Scheme 3. Optimized geometries for substrate-induced decomposition of ruthenacyclobutanes for the first- and second-generation, as well as Phobcat
catalyst models. The selected bond lengths are in angstrom (A) and hydrogen atoms on the ligands are omitted for clarity.

AGhog(I1-3¢)] = ~ 6.3 kcal/mol. Also, because the transfor-
mation II-3a — II-4 is essentially barrierless the AG,og
energy for TS-II-3a-4 is also estimated at ~6.3 kcal/mol.
This estimate is believed to represent the most accurate rel-
ative AG,og changes for the second-generation catalyst in
this region of the free energy surface.

4. Discussion

Catalyst initiation in the commonly accepted dissocia-
tive metathesis reaction mechanism involves dissociation
of a ligand from the precatalyst complex prior to olefin
coordination. Dissociation of PCy; from the lowest energy
first-generation 16e precatalyst complex (I-1b) proceeds
with AE =19.3 kcal/mol (Table 1). However, the calcu-
lated dissociation enthalpy (AH»og = 16.7 kcal/mol) and
entropy (TAS,95 = 14.6 kcal/mol) results in a AG,eg for

PCyj; dissociation of only 2.1 kcal/mol (Fig. 5). It is thus
evident that both a favorable enthalpy (compared to AE)
and entropy contribution, mainly attributed to the genera-
tion of two molecules (I-2b + PCy;) from one (I-1b), results
in an AE correction by 17.2 kcal/mol. This correction is in
qualitative agreement to AG,og initiation corrections calcu-
lated for the strip-down precatalysts Cly(PH3),Ru=CH,
and Cly(Pmes3),Ru=CH,[25]. Dissociation of PCy; from
the second-generation precatalyst (II-la, AE=23.8 and
AGhog = 4.6 kcal/mol) is calculated to be less favourable
compared to the first-generation precatalyst. Once again,
the AH,o5 (21.5 kcal/mol) and TAS,es (16.9 kcal/mol) val-
ues account for significant correction to AE. The relatively
less favorable phosphine dissociation for the second-gener-
ation catalyst is in agreement with experimental kinetic
studies by Grubbs [13,14] in which it was shown that sub-
stitution of one PCyj; ligand in I with IMes results in ~640
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Calculated electronic (AE) and Gibbs free energies (AGagg) at 298.15 K and 1 atm in kcal/mol for the metathesis and decomposition mechanistic sequence
1-6 as catalyzed by the first- (I) and second-generation (II), as well as Phobcat (III) catalysts

I Il I 11

AE AG293 AE Angg AE Angg AE Angg
1a ~6.0° - 0.0 0.0 0.0 0.0 0.58 -0.3
1b 0.0 0.0 5.0 29 47 6.4 6.2 6.8
2a - - 29.0 11.7 - - - -
2b 19.3 2.1 23.8 4.6 25.8 9.6 27.2 10.3
3a 18.6 12.7 ~12.1° ~6.3° ~19.0f - ~19.7° -
3b 13.0 8.1 16.3¢ 9.1 17.9 15.0 19.9 16.4
3¢ 21.1 15.7 13.2 7.4 17.0 14.8 183 15.5
3d 14.2 9.4 17.7 12.8 17.5 15.2 20.2 18.0
TS-3-4 18.4 13.8 ~12.14 ~6.34 18.4 15.7 19.8 15.9
4 10.9 9.2 1.7 —0.8 8.5 7.5 8.5 75
TS-4-5 29.5 26.1 27.2 23.4 28.0 26.6 28.3 26.9
5 -2.0 -3 25 5.1 0.5 —0.8 —0.1 -19
TS-5-6 3.0 —0.7 -1.7 —-53 3.5 1.0 28 0.9
6 —4.6 -85 -33 -75 —0.6 -3.0 12 —47

All energies are reported relative to the respective catalyst precursor complexes I-1b, II-1a and III-1a and balanced with the energies of free ligand and free

ethylene where necessary.
& AE for flattening of PES during spontaneous optimization to I-1b.
® AE for flattening of PES during spontaneous optimization to 1I-4.

¢ Transition state for methylidene rotation from perpendicular to parallel relative to the CI-Ru—Cl plane.

4 1I-3a — II-4 proceeds without barrier.

¢ AGyog is estimated from the Gibbs free energy for formation of II-3¢ according to: AE (II-3a) — [AE(II-3¢) — AGaog (I13¢)].

' AE for flattening of PES during spontaneous optimization to III-4.
2 All AE and AG,og values for III’ structures are relative to I1I-1a.

times slower phosphine exchange rate. A similar trend is
found for relative first- and second-generation initiation
AE values calculated in independent BP86 DFT studies
on complete catalyst models by Chen [28] and Cavallo
[26] in contrast to the reversed trend obtained from
B3LYP calculations by Harvey [29]. The dissociation of
Phoban-Cy in the Phobcat precatalyst isomers III-1a
(AE=258 and AGyg=9.6kcal/mol) and TII'-1a
(AE =26.7 and AGseg = 10.6 kcal/mol) is calculated to be
less favorable compared to both the first- and second-gen-
eration catalysts. This result corroborates the experimental
slower initiation kinetics obtained for Phobcat compared
to the first- and second-generation catalyst systems [49].
This relatively unfavourable dissociation of a phoban-Cy
ligand is attributed to the lower steric congestion experi-
enced by Ru for coordination of phoban-Cy compared to
PClys, effectively favoring stronger coordination of the pho-
ban-Cy to ruthenium.

The coordination of the model olefinic species, ethylene,
to the unsaturated 14e complex 2 proceeds with exothermic
AE changes on the potential energy surface for all the cat-
alysts considered (Table 1). However, the significant loss of
translational entropy upon coordination of ethylene to 2
reverses this result, yielding endergonic AGygg free energy
changes in all cases calculated (Table 1 and Fig. 5). In par-
ticular, for the first-generation catalyst the most favorable
coordination mode of ethylene (I-2b + ethylene — I-3b)
proceeds with an increase in AGhog of 6.0 kcal/mol, which
corresponds to AH,gg and TAS»9s changes of —5.1 and
—11.1 kcal/mol, respectively. This effect is significantly less
pronounced for the most likely coordination mode of eth-

ylene to the unsaturated second-generation 14e complex
(I1-2b + ethylene — II-3a), with AG,eg estimated at 1.7
kcal/mol. Ethylene coordination to the 14e electron com-
plexes for the Phobcat isomers proceed both with AG,og
values of 5.2 kcal/mol. This corresponds to AHy93 = —6.8
and TAS,ys = —12.0 kcal/mol (III-2b + ethylene —
III-3¢) and AH,p3=—7.1 and TAS,yg = —12.2 kcal/mol
(III’-2b + ethylene — III'-3c), respectively.

Grubbs et al. [13,14,16] have demonstrated that the
activity of a metathesis catalyst may be elegantly correlated
to the ratio of the rates for phosphine recoordination (k_)
and ethylene coordination (k,) to the naked 14e complex 2.
In particular, it was found that k_,/k, is 4 orders of mag-
nitude larger for the first-generation catalyst compared to
the second-generation system (with ligand H,-IMes) quan-
tifying the relative better olefin coordination selectivity ver-
sus phosphine coordination for the latter catalyst to its
higher experimentally observed activity. Cavallo [26] corre-
lated this experimental trend found for k_,/k, with the cal-
culated difference in BP86 calculated binding energies for
PCy; and ethylene to the respective naked 14e complexes
for first- and second-generation systems. However, we find
that the ratio of calculated ligand and ethylene binding
energies provide for a more appropriate comparison of cal-
culated data with experimentally determined k_,/k, trends.
Table 2 lists these ratio’s for ligand and ethylene binding
energies, determined from both AE and AGygg, for the four
catalyst species considered in the current study. Note that
due to the endergonic nature of ethylene coordination to
14e complexes on the AG,gg surface the absolute value
for the AG,og determined ratio’s are employed for direct
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G9g (kcal/mol)

I(L,L,=PCy,)

II (L, =IMes, L, = PCy,)
III (L,, L, = Phoban-Cy)

III’ (L, L, = Phoban-Cy)

Reaction Coordinate

Fig. 5. AG,og energy surfaces (at 298.15 K and 1 atm in kcal/mol) for the degenerate ethylene metathesis mechanism (1 <> 4) and substrate-induced
decomposition mechanism (4 — 6) catalyzed by the first-generation (I), second-generation (II) and two isomeric Phobcat catalysts (III and III'), in all cases
incorporating the complete ligand systems. Only the energies of the most relevant lowest energy isomers of stationary points are included.

Table 2

Table of calculated ratio’s for ligand and ethylene binding energies (for
both AE and AGaeg), as well as comparative AGjeg and AGaog energies for
selected steps in the 1 — 6 sequence, for I, II, III and III’

I II IIx 1
Relative ligand versus ethylene coordination
AE ratio 3.06 2.25 2.93 3.06
|AGaos ratio] 2.86 0.37 0.54 0.49
Ruthenacyclobutane formation (kcallmol)
AG%8 1—4) 13.8 6.3 15.7 16.2
AGigs (2 —4) 11.7 1.7 6.1 5.6
AG5e 3 —4) 5.7 0.0 0.9 0.4
AGig (1 — 4) 9.2 -0.8 7.5 7.8
AGaog (2 — 4) 7.1 -54 -2.1 -2.8
AGios (3 —4) 1.1 -7.1 -73 -8.0
Allyl hydride formation (kcallmol)
AG%98 (4 — 5) (kcal/mol) 16.9 24.2 19.1 19.4

AGrog (4 —5) -12.9 —4.3 -83 -9.4

Ru-propylene complex formation (kcallmol)

AGlyq (5— 6) 3.0 -0.2 ~18 238
AGhasg (5 — 6) —48 24 —22 —28
AGly (6—5) 78 22 4.0 56

comparison to the corresponding AE determined ratio’s.
The preference for ligand binding as apposed to ethylene
binding is evident from the calculated ratio’s and is sum-
marized for the first- and second-generation catalysts in
Table 2, correlating well with the k_,/k, trend found exper-
imentally [14]. The difference in ratio between the first- and
second-generation systems, determined from the more rel-
evant AG,og binding energies, is particularly pronounced,
mirroring the known higher activity of the latter. It is
insightful to note that the |AG,og ratio| calculated for each
of the two Phobcat isomers is only slightly larger compared
to the ratio determined for the second-generation system,
effectively predicting that a k_,/k, trend for Phobcat will
resemble the results reported for the second-generation cat-
alyst rather than the first-generation catalyst (vide infra).
In most theoretical studies reported too date on the
metathesis reaction mechanism the formation of the ruthe-
nacyclobutane intermediate from the n-complex (3) is cal-
culated to be an equilibrium structure and not a
transition state, in accord with a recent '*C labeling NMR
study confirming the formation of ruthenacyclobutane
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intermediates during metathesis [39]. In fact, most reported
theoretical studies reported on full catalyst systems show
that the ruthenacyclobutane (4) represents the lowest
energy intermediate (apart from the precatalyst complex
1) on the AFE surface of the active metathesis catalytic cycle
[23,28,29], effectively suggesting a relatively larger popula-
tion of this intermediate during catalysis. Whereas the
same result is found in the current study when the AE sur-
face is considered (from Table 1 it follows that the ruthena-
cyclobutane intermediate 4 is only higher in energy
compared to the precatalyst complex when AE values are
compared for all catalysts) a significantly different situation
arises when the more relevant AG,gg surface is considered
(Fig. 5). From the AG,og surface plotted in Fig. 5 it follows
that for the first-generation catalyst the ruthenacyclobu-
tane (I-4) represents the highest energy equilibrium station-
ary point. The calculated reaction free energies for
formation of I-4 form the active 14e¢ complex (I-2b) and
the lowest energy m-complex (I-3b) are endergonic by 7.1
and 1.1 kcal/mol, respectively (Table 2). In contrast with
this the second-generation ruthenacyclobutane intermedi-
ate (II-4) represents the lowest equilibrium stationary point
(for the metathesis sequence 1 <> 4) on the AG,og surface,
even lower than the pre-catalyst complex (II-1a) by
0.8 kcal/mol. This amounts to exergonic reaction energies
from the corresponding 14e complex (II-2b) and lowest
energy mn-complex (II-3a) of —5.4 and —7.1 kcal/mol,
respectively (Table 2). The calculated relative Gibbs free
energies of the Phobcat ruthenacyclobutane intermediates
(I11-4 - 111'-4) is midway between the results described for
the first- and second-generation catalysts: III-4 - III'-4 is
lower in energy than both the 14e complexes III-2b (by
2.1 kcal/mol) and III’-2b (by 2.8 kcal/mol), as well as both
the lowest energy m-complexes III-3¢ (by 7.3 kcal/mol) and
III'-3¢ (by 8.0 kcal/mol), as summarized in Table 2. The
precatalyst complexes III-la and III’-1a are, however,
lower in energy than the ruthenacyclobutane complex
(II1-4) by 7.5 and 7.8 kcal/mol, respectively (Fig. 5).

In order to achieve a complete picture of relative cata-
lyst activities the activation energies for cyclization of the
n-complexes (3), to yield the ruthencyclobutane (4), need
to be considered. However, three different starting points
may be considered for interpretation of the activation ener-
gies for cyclization, viz. the precatalyst complex (1), the
unsaturated 14e complexes (2) and the direct reagent n-
complexes (3). Due to the endergonic nature of the
sequence 1 — 2 — 3 — TS-3-4 (Fig. 5), for all catalysts
considered, the total activation barrier for ruthenacyclobu-
tane (4) formation may be correlated to the AG,9g change
for 1 — TS-3-4. The current calculations suggest that these
activation energies, listed in Table 2 (1 — 4), represent the
rate determining step (RDS) for the metathesis sequence
1 — 4. The largest AGhy barriers are calculated for the
Phobcat isomers IIT (15.7 kcal/mol) and III' (16.2 kcal/
mol), with the first- (13.8 kcal/mol) and second-generation
(6.3 kcal/mol) catalysts exhibiting progressively lower bar-
riers. This suggests relative reaction rates for the three

catalysts in decreasing order: second-generation > first-
generation > Phobcat. While this theoretical result is in
qualitative agreement with preliminary relative turn-over
numbers (TOF’s) for these three catalysts [50], it should
be recognized that initiation and propagation kinetics are
not deconvoluted in these calculated AGh, values.

Alternatively, the 14e complexes (2) may also be consid-
ered as possible starting points for cyclization, because eth-
ylene coordination to 2 is endergonic on the AG,og surface
(Fig. 5), effectively making the m-complexes local minima
on the reaction coordinate connecting 2 and the transition
structures TS-3-4. Both these activation energies (from 2
and 3) are listed in Table 2 for all the catalyst systems con-
sidered. The largest AGhy, values for cyclization are calcu-
lated for the first-generation catalyst with barriers from
I-2b and I-3b amounting to 11.7 and 5.7 kcal/mol, respec-
tively. The corresponding AG%98 values for the second-gen-
eration catalyst are significantly lower at 1.7 kcal/mol from
the 14e complex II-2b and essentially barrierless transfor-
mation from the n-complex II-3a. The corresponding acti-
vation energies for the Phobcat isomers fits between the
AGlo, values calculated for the first- and second-generation
systems. The AGj,, values for cyclization from III-2b and
III-3c of 6.1 and 0.9 kcal/mol, respectively, are effectively
consistent with the cyclization AGhyg barriers from III'-2b
and IIT'-3¢ of 5.6 and 0.4 kcal/mol, respectively. The addi-
tional comparison of the reaction energies for 2, 3 — 4
show in all cases that the Brensted—Evans—Polanyi relation
[S51]1s obeyed: the more exergonic the reaction energies the
lower the corresponding activation energies. In contrast to
the results obtained above when the precatalysts are con-
sidered as starting points, the following order of relative
catalyst activity in decreasing order results: second-genera-
tion > Phobcat > first-generation. However, for these rela-
tive theoretical activation and reaction energies the relative
influence of initiation kinetics are not included.

Although not formally investigated in the current study
the effect of ligand rotation during the metathesis mecha-
nism is forthcoming. In order for productive metathesis
to proceed from the first-generation ruthenacyclobutane
(I-4) a rotation of the threefold symmetric PCy; ligand
through ~120° was shown from QM/MM calculations by
Adlhart and Chen [27] not only to be a prerequisite, but
most likely to represent the highest energy barrier for pro-
ductive degenerate metathesis of styrene with first-genera-
tion Ru-benzylidene as catalyst. A similar rotation of the
twofold symmetric N-heterocyclic carbene ligand of the
second-generation catalyst is not necessary, effectively elim-
inating an additional rate limiting barrier increase for pro-
ductive metathesis to proceed. These results led Adlhart
and Chen to conclude that the next generation metathesis
catalysts are likely to consist of ligands with twofold as
apposed to threefold symmetry, effectively eliminating the
possibility for differences in barriers for productive and
unproductive metathesis (at least for degenerate metathe-
sis) proceeding from a ruthenacyclobutane intermediate.
The two isomers of Phobcat (III and III') considered in
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the current study effectively represent two different ligand
orientations, due to the lack of twofold symmetry in the
phoban-Cy ligand. This rotational behavior leads to inter-
esting conformational complexity of the Phobcat precata-
lysts, making its characterization significantly more
challenging compared to first- and second-generation cata-
lyst systems [44]. This led us to speculate [44] whether the
superior catalytic performance of Phobcat is possibly
linked to its unique conformational behavior. However,
the degenerate and reversible sequence III-2b « III-
3¢ <> II1-4 - III'-4 < III'-3¢ < III'-2b, effectively represent-
ing both productive and unproductive metathesis, is
calculated to proceed with almost equivalent reaction bar-
riers and activation energies (see Fig. 5 and Table 2) with-
out any ligand rotation required. This is especially evident
from the close resemblance of the AG,og surfaces illustrated
for III and III' in Fig. 5. It can thus be concluded that
although the ligand in Phobcat does not formally have
twofold symmetry, it acts like a ligand with twofold sym-
metry independent of the orientation of the ligand. This,
in combination with the relatively favorable competition
of olefin coordination versus ligand recoordination to the
unsaturated 14e complex, establish the similarity of the
Phobcat catalyst to the second-generation catalyst.

In order to appropriately correlate the relative experi-
mental determined conversions for first- and second-gener-
ation and Phobcat both the reactivities and stabilities of the
catalysts need to be considered. We recently predicted and
confirmed substrate-induced decomposition of first- and
second-generation catalysts, involving the formation of
Ru-propene complexes during degenerate ethylene metath-
esis with the corresponding Ru-methylidene complexes
[38]. Propylene formation during the degenerate metathesis
of ethylene was also later confirmed by '*C labeling studies
by Romero and Piers [39]. The mechanism involves the
decomposition of a ruthenacylobutane intermediate (4)
via B-hydride transfer to yield the corresponding allyl
hydride complex (5). Subsequent reductive elimination of
propylene proceeds through further hydride transfer to a
terminal allyl carbon in 5, liberating a Ru-propylene com-
plex (6) which is inactive for metathesis. The DFT calcu-
lated mechanistic details of this decomposition route for
the first- and second-generation catalyst was already
reported elsewhere [38] and is thus only included in the cur-
rent study to afford direct comparison with additional
results obtained for this decomposition route for Phobcat.
Whereas it is agreed that the decomposition of Ru-alkylid-
ene complexes most likely proceeds via a number of differ-
ent decomposition routes, this substrate-induced
decomposition mechanism was included in the current
study as a representative decomposition mechanism under
catalytic conditions to afford direct comparison with the
basic metathesis mechanistic steps. From Fig. 5 it follows
that the rate limiting step for this decomposition route,
for all four catalyst models considered, involves the forma-
tion of the allyl hydride species (5) from the corresponding
ruthenacyclobutane (4). The calculated AGly, barrier and

AGsog reaction energy for the formation of I-5 from I-4
for the first-generation catalyst are 16.9 and —12.9 kcal/
mol, respectively (Table 2). In contrast, the corresponding
barrier and reaction energy for the second generation cata-
lyst (II-4 — II-5) are significantly less favorable at 24.2 and
—4.3 kcal/mol, respectively. The calculated AGj, barriers
for Phobcat ruthenacyclobutane III-4 (equivalent to III'-
4) conversion to III-5 and III'-5 are 19.1 and 19.4 kcal/
mol, respectively, while the corresponding AG,og reaction
energies are —8.3 and —9.4 kcal/mol, respectively (Table
2). Based on both kinetic and thermodynamic grounds it
is thus concluded that the prevalence for substrate-induced
decomposition in the catalysts considered follows the
trend: first-generation > Phobcat > second-generation in
decreasing order. These results are in quantitative agree-
ment with a higher observed propensity for the first-gener-
ation catalyst to form propylene compared to Phobcat
under conditions of degenerate ethylene metathesis [52].
Also, the known higher stability of the second-generation
catalyst is also reflected in this data.

Lastly, the nature of the relative AG,gg surfaces for
reduction of the allyl hydride species (5) to the correspond-
ing Ru-propylene complexes (6) is noteworthy (Fig. 5).
Propene formation from the first-generation (I-5) and
Phobcat (III-5 and III'S) allyl hydride complexes proceeds
with AGle barriers of 1.8-3.0 kcal/mol compared to an
essentially barrierless transformation for the second-gener-
ation catalyst (Table 2). The relatively low AGj,, barrier for
the reverse reaction (6 — 5) for the second-generation sys-
tem (2.2 kcal/mol) compared to the first-generation
(7.8 kcal/mol) and Phobcat (4.0 and 5.6 kcal/mol, respec-
tively) systems, suggests more favorable reversible allyl
hydride formation from Ru-olefin n-complexes containing
N-heterocyclic carbene ligands compared to Ru-phosphine
complexes. Although not necessarily linked to the sub-
strate-induced decomposition mechanism described here,
this relatively reversible formation of Ru-allyl hydri-
de < Ru-olefin n-complexes may represent a viable olefin
isomerization mechanism, correlating the known propen-
sity of second-generation catalysts to afford secondary
metathesis products (SMP’s), in contrast to both the first-
generation and Phobcat catalysts. An allyl-type isomeriza-
tion mechanism was also proposed by Nolan et al. [8],
while the propensity of Ru-hydride complexes to act as ole-
fin isomerization catalysts is well-known [9,53].

5. Conclusion

Complete DFT calculated Gibbs free energy surfaces for
the basic metathesis mechanism of three ruthenium cata-
lysts, viz. first- and second-generation catalysts and the
recently developed Phobcat catalyst are constructed and
compared in the current study. The models incorporate
the full ligands as used in experiment, while ethylene and
Ru-methylidene were used as models for olefin substrate
and alkylidene, respectively. From the calculations correla-
tions to experimentally observed reactivity trends are
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made. In particular, catalyst initiation behavior is accu-
rately reproduced from the calculated ligand dissociation
free energy changes, confirming the relatively fast initiation
of first-generation systems with progressively slower initia-
tion for the second-generation and Phobcat catalysts.
Good correlation of the experimentally determined ratio
of the rate of ligand recoordination and ethylene coordina-
tion, k_/k», with the calculated ratio’s of ligand and ethyl-
ene binding energies to unsaturated 14e complexes is found
for the first- and second-generation catalysts, while an
intermediate trend is predicted for Phobcat. Analyses of
AGjy, barriers and AG,og reaction energies for ruthenacyc-
lobutane formation from different precursor complexes, i.e.
precatalyst, 14e unsaturated complex and ethylene coordi-
nated m-complex, provide for fundamental insight into the
relative reactivities of the three catalysts studied. Further-
more, the relative increase in the rate determining ruthena-
cyclobutane formation barrier due to a prerequisite
rotation of the threefold symmetric ligand of traditional
first-generation catalysts is shown not to be necessary for
the phoban-Cy ligand of Phobcat. Instead, the ligand of
Phobcat is shown to act like a second-generation twofold
symmetric ligand, despite not having formal twofold sym-
metry. From this data important general insight is gained
into the requirements for the development of new ligands
for improved reactivity in Ru-catalyzed olefin metathesis.

In addition, a detailed comparison of substrate-induced
decomposition of Phobcat versus the first- and second-gen-
eration catalysts is presented. The incorporation of this
decomposition mechanistic data facilitates a more com-
plete correlation of experimental reactivity data with both
calculated catalyst activity trends and calculated catalyst
stability. It is shown, for example, that the substrate-
induced decomposition propensity follows the increasing
order: second-generation < Phobcat < first-generation, in
agreement with experimental observation. Possible insight
into the importance of Ru-allyl hydride complexes respon-
sible for olefin isomerization side reactions during second-
generation catalyzed olefin metathesis is also gained from
the construction of the decomposition AG,eg surfaces.
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