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A DFT computational study of phosphine ligand dissociation versus hemilability
in a Grubbs-type precatalyst containing a bidentate ligand during alkene metathesis
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Using density functional theory, the metathesis reaction of 1-octene in the presence of a Grubbs-type ruthenium alkylidene
complex bearing a chelating pyridinyl alcoholate ligand, [RuCI(L)(O”N)(=CHPh)] (L = H,IMes or PCy3;, O"N = 1-(2'-
pyridinyl)cyclohexan-1-olate)), was investigated. The complete geometry optimisation and activation energy of various
activation steps in the dissociative mechanism were performed at the GGA-PW91/DNP level of theory using Accelrys
Materials Studio® 4.0. Two possible precatalyst initiations were explored, i.e. the dissociation of the labile N-atom of the
O”N-ligand as well as the dissociation of ligand L, due to the belief that ruthenium-catalysed metathesis reactions proceed
through 14-electron intermediates. The formation of the catalytically active heptylidene species is kinetically favoured for
both the first- and second-generation chelating complexes. The computational results are in agreement with the experimental
results obtained with NMR for the second-generation system. The computational results suggest that both phosphine ligand
dissociation and hemilability may play a role in the metathesis reaction with the first-generation system.

Keywords: DFT; alkene metathesis; Grubbs-type precatalyst; hemilabile ligand

1. Introduction

Research in coordination and organometallic chemistry,
strongly supported in the last decade by theoretical studies
[1-13], has provided much insight into the mechanism of
catalytic processes involving M—C or M—H bonds.
Alkene metathesis is one such example of a catalytic
process involving M—C bonds that has been successfully
applied in both academic and industrial environments with
combined experimental and theoretical support [8,10,14].
This resulted in the calculation of certain mechanistic
parameters for the alkene metathesis mechanism with
ruthenium carbenes [6,7,9,10,12,15-20]. However, these
studies focused on the catalytic cycle and ligand
dissociation of the methylidene species RuCl,(PRj),
(=CH,) with model PR3 (R=H, Me) ligands and/or
ethene as model substrate to mainly reduce the computing
cost. Therefore, the steric and electronic influence of the
actual ligands (PCy; versus PR3, (R=H, Me)) and
substrates (1-octene versus ethene) with the benzylidene
complex (versus methylidene complex) as precatalyst
were not taken into consideration. Nonetheless, with the
use of molecular modelling a deeper insight was gained
into the mechanism of the alkene metathesis reaction.
The increasing interest in more stable and catalytically
active systems for metathesis reactions has encouraged
various researchers to modify the well-defined, highly

active and robust ruthenium-based Grubbs systems,
RuCl,(PCy3)L(=CHPh) [L=PCy; (I) or HoIMes (II)]
with the incorporation of chelating ligands (note: H,IMes
is a N-heterocyclic carbene ligand commonly abbreviated
as NHC). Hemilabile ligands, a class of chelating ligands,
have the ability to increase the thermal stability of the
ruthenium carbene complexes by releasing a coordination
site ‘on demand’ of inter alia an alkene (such as
norbornene) and occupying it otherwise — thus preventing
decomposition via free coordination sites (Scheme 1)
[21-25].

In a previous study [25], we investigated the 1-octene
metathesis reaction with a hemilabile first- (III) and
second-generation (IV) Grubbs-type precatalyst with the
use of "H NMR. The results suggested that two different
mechanisms might be involved for III and IV, since five
carbene species were observed during the 1-octene
metathesis reaction with IV, while only three carbene
species were visible in the presence of III [25]. However, it
was observed that in the presence of IV at 50°C in CDCl,
the heptylidene is the catalytically active species that
preferentially forms during the 1-octene metathesis
reaction, while both the heptylidene and methylidene
species form simultaneously during the reaction with III.
This necessitated a computational investigation of the
alkene metathesis reaction with a hemilabile precatalyst
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to gain more insight into the mechanism of this reaction.
Therefore, in this study we investigated the dissociative
I-octene metathesis mechanism with III and IV according
to a conceptual model we proposed for the productive
dissociative mechanism of the 1-octene metathesis
reaction in the presence of I [8]. The computational
results from this model were in agreement with the
experimental results obtained with NMR and GC/MSD
(Mass Selective Detector) experiments, in which it was
indicated that the heptylidene species was the catalytically
active species that preferentially formed in the 1-octene
metathesis reaction with I [8].

2. Experimental
2.1 Computational details

The quantum chemical calculations were carried out by
density functional theory (DFT) since it usually gives
realistic geometries, relative energies and vibrational
frequencies for transition metal compounds. All calculations
were performed with the DMol® DFT code [26] as
implemented in Accelrys Materials Studio® 4.0 (http:/
www.accelrys.com/) on either a 4 CPU (HP Proliant
CP4000) or a 52 CPU cluster (HP Proliant CP4000 Linux
Beowulf with Procurve Gb/E Interconnect on compute
nodes) (http://www.hp.com). The non-local generalised
gradient approximation (GGA) functional by Perdew and
Wang (PW91)[27] was used for all geometry optimisations.
The convergence criteria for these optimisations consisted of
threshold values of 2 X 10~° Ha, 0.004 Ha/A and 0.005 A
for energy, gradient and displacement convergence,
respectively, while a self-consistent field density conver-
gence threshold value of 1 X 10~ Ha was specified. DMol®
utilises a basis set of numeric atomic functions, which are
exact solutions to the Kohn—Sham equations for the atom
[28]. These basis sets are generally more complete than

/ +S 7
AN -8 AN
Y

S = substrate
X = tightly bound group
Y = labile group

Scheme 1. Schematic representation of the concept of
hemilability [21-25].

L =PCys (1IN
= HzIMes (IV)

Structures III and IV

a comparable set of linearly independent Gaussian functions
and have been demonstrated to have small basis set
superposition errors [28]. In this study, a polarised split
valence basis set, termed double numeric polarised (DNP)
basis set was used. All geometry optimisations employed
highly efficient delocalised internal coordinates [29]. The use
of delocalised coordinates significantly reduces the number
of geometry optimisation iterations needed to optimise
larger molecules compared with the use of traditional
Cartesian coordinates. Some of the geometries optimised
were also subjected to full frequency analyses at the same
GGA/PWOI1/DNP level of theory to verify the nature of the
stationary points. Equilibrium geometries were character-
ised by the absence of imaginary frequencies. Preliminary
transition state (TS) geometries were obtained by the
integrated linear synchronous transit/quadratic synchronous
transit algorithm available in Materials Studio 4.0. This
approach was used before in computational studies in
homogeneous alkene trimerisation and metathesis [11,30].
These preliminary structures were then subjected to full TS
optimisations using an eigenvector following algorithm. For
selected TS geometries, confirmation calculations involving
intrinsic reaction path (IRP) calculations were performed in
which the path connecting reagents, TS and products were
mapped. The IRP technique used in Materials Studio 4.0 also
corresponds to the intuitive minimum energy pathway
connecting two structures and is based on the nudged elastic
band algorithm of Henkelman and Jonsson [31]. The IRP
calculations, performed at the same GGA/PW91/DNP level
of theory, ensured the direct connection of TSs with the
respective reactant and product geometries. All transition
structure geometries exhibited only one imaginary fre-
quency in the reaction coordinate. All results were mass
balanced for the isolated system in the gas phase. The energy
values that are given in the results are the electronic energies
at 0K and therefore only the electronic effects are in
consideration in this paper. For the purpose of this study the
minimum structure obtained from the geometry optimisation
(GGA/PWI91/DNP) of 1-octene was used in further
calculations. In this structure, the hexyl-chain was ‘straight’
and remained so in most of the optimisations of
intermediates. The influence of the various confirmations
of 1-octene on the energetics of the reaction pathway was not
considered in this study.
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Scheme 2. Dissociation (Ay to By) and activation (By to Fy) steps in the mechanism of productive 1-octene metathesis using
RuCl,(PCy;)L(O"N)(=CHPh) (L =PCy; or HyIMes, O”"N = 1-(2/-pyridinyl)cyclohexan-1-olate).

2.2 Model system and notation

Conceptually, the productive metathesis of 1-octene
in the presence of the hemilabile Grubbs carbene
complexes are illustrated in Schemes 2 and 3.
The mechanism is initiated by either dissociation of the
labile N-atom of the O,N-chelating ligand (Scheme 2), or
the dissociation of the phosphine or NHC ligand from the
respective first- and second-generation hemilabile car-
benes (Scheme 3).

The generic labels A—F are given to the individual
hemilabile ruthenium carbene and derived species
involved in the conceptualised reaction mechanism. The
mechanism consists of either the dissociation of the labile
N-atom of the O,N-chelating ligand from III or IV (Ay) to
yield RuCI(L)(O"N-open)(=CHPh) [L=PCy; (III) or
HyIMes (IV)] (By) or the loss of L (L = PCyj; or HyIMes)
to yield RuCl(O*N)(=CHPh) (By). The different stereo-
chemical approaches of 1-octene towards the catalytically
active species B leads to four activation steps (1-4
notations). To identify which step is under consideration, a
numerical suffix (1—4) is associated with the labels C—F
(e.g. Cn1 to Fn1 represents activation step 1 when the
labile N-atom of the O,N-chelating ligand is dissociated)
and the additional subscript N or L indicates the
dissociated ligand under consideration, i.e. N for the

dissociation of the labile N-atom of the O,N-chelating
ligand and L for the dissociation of the ligand L (L = PCy;
for Il and L = NHC for IV). TSs are denoted analogously,
e.g. C.3—-Dy 3 is the TS for the conversion of Cy.3 to D3
when L is dissociated from Ay

3. Results and discussion
3.1 Catalyst initiation

It is generally accepted that the Ru-catalysed alkene meta-
thesis reaction proceeds via a dissociative mechanism,
which is initiated by the dissociation of a phosphine ligand
from RuX,(PR3;)L(=CHR) to form a 14-electron species
(‘B’) [6,15,32]. In this sense, catalyst initiation involves
the dissociation of PCy; for both I and II. However,
catalyst initiation of hemilabile complexes is more
complex since both a dissociative or associative mechan-
ism may play a role during the initiation and activation
phases. This is due to the belief that a hemilabile ligand
releases a free coordination site ‘on demand’ of competing
substrates and occupy it otherwise [24]. As illustrated in
Scheme 4, the ruthenium centre of the hemilabile
complexes might become coordinatively unsaturated
with or without the influence of the incoming alkene.
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Scheme 3. Dissociation (Ap, to By) and activation (By, to Fy) steps in the mechanism of productive 1-octene metathesis using
RuCl,(L)(O*N)(=CHPh) (L =PCy; or HyIMes, O"N = 1-(2’-pyridinyl)cyclohexan-1-olate).

In this study, two possible precatalyst initiations of
only the dissociative mechanism was theoretically
investigated, i.e. (a) the dissociation of the labile N-atom
of the O*N-ligand (Scheme 5(a)) and (b) the dissociation
of ligand L (with L =PCy; or HyIMes; Scheme 5(b)). This
was as a result of free PCy; ligand being observed
experimentally with GC/FID (Flame Ionization Detector)
throughout the 1-octene metathesis investigations in the
presence of the first-generation hemilabile complexes [8].

Although various orientations of the alkylidene moiety
in ‘B’ is possible (Figure 1), this was not explored in detail,
since it has been shown that the Bl-orientation of the
alkylidene is lower in energy for the Grubbs first- and
second-generation methylidene species [10]. Therefore,
complexes corresponding to ‘B1’ were used as starting
structures prior to optimisations. Spontaneous formation
of the perpendicular alkylidene orientation (‘B2’) resulted
during optimisation of the unsaturated I, III and IV
benzylidene complexes, while remaining parallel for the
second-generation Grubbs system (II-B1). The Ph-ring of
the alkylidene rotated upward towards the PCy; for the
first-generation systems while the steric bulk on NHC
caused the Ph-ring to rotate downward into the open
coordination site for IV.

Table 1 summarises the calculated electronic (AE)
energies in kcal/mol for the initiation phase (‘A’—‘B’) of
the 1-octene metathesis reaction in the presence of I-IV
according to the dissociation of the N-atom or L.

Dissociation of PCys from the Grubbs first-generation
16-electron precatalyst complex (I-A) proceeds with
AE = 21.89 and 25.92 kcal/mol for the second-generation
precatalyst (II-A). This is in agreement with the experimen-
tal kinetic studies by Grubbs [15,32] in which AH * values

L
| 2C jPn a I 4CL,Ph
‘R‘ A:‘A _— RIuA:/
N _
d A o B L= PCyy
N 4 _
b 16é N/_ 0 14é = H;lMes
(]
ON= O
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|
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Scheme 4. Illustration of the dissociative (a and b) and
associative (c) catalyst initiation steps for III and IV.
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Scheme 5(a). Dissociation (Ay to By) of labile N-atom of O,N-ligand along with the optimised geometries for the lowest energy
catalyst precursor complexes. The hydrogen atoms on the ligands are omitted for clarity and the unit of the indicated bond distances is
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Scheme 5(b). Dissociation (A, to By) of ligand L along with the optimised geometries for the lowest energy catalyst precursor
complexes. The hydrogen atoms on the ligands are omitted for clarity and the unit of the indicated bond distances is angstrom (A).
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Table 1. Calculated electronic (AE) energies in kcal/mol for the
initiation phase sequence ‘A’— ‘B’ as catalysed by I-IV.
Mechanistic sequence # I I I v
A 0.0 0.0 0.0 0.0
B, 21.89°  25.92*  2326* 61.52°
Bn - - 20.26 16.08

All energies are reported relative to the respective precatalysts ‘A’ and balanced
with the energies of free ligand, where necessary.* Dissociation of L =PCys.
®Dissociation of L=H,IMes, no PCys ligands are present in this
complex.

of 23.6 £ 0.5 and 27 = 2kcal/mol were obtained for I and
I, respectively.

The dissociation of PCy; in the first-generation
hemilabile analogue III-A (ITI-By, AE = 23.26 kcal/mol)
is calculated to be 3kcal/mol less favourable than the
dissociation of the labile N-atom of the O”N-bidentate
ligand (ITI-By). This implies that III might rather initiate via
the dissociation of the labile N-atom, which compared to I, is
ca. 1.5kcal/mol more favourable. Although III-By, is ca.
3 kcal/mol less favourable than III-By, itis only 1.5 kcal/mol
less favourable than I, and should therefore not be
completely discarded. Only after investigating the complete
mechanism, i.e. initiation, activation and catalytic cycle, can
concluding remarks be made with regards to which
dissociation step By or By, is favoured. The dissociation of
H,IMes in the second-generation hemilabile analogue IV-A
(IV-B;,, AE = 61.52kcal/mol) is found to be more
unfavourable (45kcal/mol) than the dissociation of the
labile N-atom (IV-By). This suggests that IValso initiates via
the dissociation of the labile N-atom (AE = 16.08 kcal/mol),
which compared to II, is ca. 10kcal/mol more favourable.
However, the possibility of another mechanistic route
dominating inter alia an associative coordination of the

By1
X=0
(g
|7~ Ri Ly = PCys, HylMes
Ru= Ry, Ry = H, alkyl, aryl
c | R
O
B2

Ilustration of the possible orientations of the alkylidene moiety for the Ru—carbene unsaturated complexes.

alkene prior to dissociation of the labile N-atom cannot be
excluded entirely.

n Cl
|
RU=
ciF |
PCy3
L= PCy; (V)
= HylMes (VI)

Structures V and VI

3.2 Activation phase

After catalyst initiation, an alkene coordinates to the
unsaturated intermediate species ‘B’ to form the correspond-
ing mw-complexes ‘C’. The alkene can coordinate in two
discrete, perpendicular orientations trans to L for the various

(a) Dissociation of labile N-atom
e

L
% I S
N N C§ NG
Cs
Cp (o D
{b} Dissociation of ligand L
(] () N
|+ Ph 7 ,Ph « & Ph
= . RI=— _———~ Ru
cf‘/J/ o | o
4 Cg
Ce Ce
Cp Cy D

Scheme 6. Trans-alkene coordination in the dissociative
pathway for the Grubbs hemilabile precatalysts (L =PCy; or
H,IMes). (a) Dissociation of labile N-atom and (b) dissociation
of ligand L.
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Scheme 7(a). Optimised geometries of the lowest energy equilibrium and TS structures involved in the metathesis reaction with III for
activation step 4 (Cy to Ey) in the Cy mode when the labile N-atom is dissociated. The hydrogen atoms on the ligands are omitted for
clarity and the unit of the indicated bond distances is angstrom (A).
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Scheme 7(b). Optimised geometries of the lowest energy equilibrium and TS structures involved in the metathesis reaction with IV for
activation step 4 (Cy to Ey) in the Cy mode when the labile N-atom is dissociated. The hydrogen atoms on the ligands are omitted for
clarity and the unit of the indicated bond distances is angstrom (A).
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Figure 2. Electronic energy profiles of the activation steps in the productive 1-octene metathesis using III (only the Cn4 to Fn4
structures are shown; C, mode).
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Figure 3. Electronic energy profiles of the activation steps in the productive 1-octene metathesis using III (only the Cy4 to Fn4

structures are shown; Cy mode).

Ru==C systems (Scheme 6). In a recent study [10], it was
shown that the coordination of the alkene in the Cyy mode is
energetically more favoured for the first- and second-
generation Grubbs methylidene complexes (V and VI).
However, both the C,—Cy—D and Cy—D conversion was
investigated for the hemilabile analogues, to determine
whether the bidentate ligand will influence the stability of the
various intermediates. The optimised geometries of the
lowest energy equilibrium and TS structures involved in
the metathesis reaction with III and IV for activation step 4
in the Cyy mode are given in Scheme 7 (the labile N-atom is
dissociated, L = PCys (Scheme 7(a)) and H>IMes (Scheme
7(b))) and Scheme 8 (L. = PCyj; or HoIMes is dissociated).
For the sake of simplicity all structures in the electronic
profile Figures (Figures 2—8) are drawn in the Cy; mode.
However, in the text the C,—Cp—D conversions will be
referred to as the C, mode, while the Cyy mode will refer to
the Cyr—D conversions.

3.2.1 When the labile N-atom is dissociated from I11
and IV

Figures 2 and 4 illustrate the activation steps for the C,
mode of III and IV, while Figures 3 and 5 illustrate the

steps for the Cy mode according to Scheme 1. The relative
energies for the optimised structures are summarised in
Table 2. Activation step 3 is not shown for the hemilabile
systems because of its similarity to activation step 4. No
energy barriers were calculated for the dissociation of the
labile N-atom or the association of the alkene since it was
assumed that these steps proceed without considerable
rearrangement of the complex. This should be investigated
further to take the rotation of the hemilabile ligand around
the Ru—O-bond into consideration.

Activation step 4 (By to Cn4 to Fn4) is thermo-
dynamically and kinetically more favourable than
activation steps 1 (By to Cn1 to Fy1) and 2 (By to CN2
to Fn1; note FN2 = Fy1) for both systems in the C,, and
Cy; mode (Figures 2-5). However, the modelling results
for IV cannot explain the observed 'H NMR results, in
which the carbene signal of Fny1 from IV is observed to
keep growing without being depleted [25]. This indicates
that the complete mechanism, with inclusion of the
catalytic cycle, should be investigated to make any
concluding remarks. It has however been demonstrated by
Halpern [33] that the most abundant complex in a solution
need not be a part of the most favourable catalytic cycle;
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Figure 4. Electronic energy profiles of the activation steps in the productive 1-octene metathesis using IV (only the Cy4 to Fn4

structures are shown; G, mode).

it may represent, in fact, a dead end. Therefore, the
absence of Fy1 in the "H NMR study of the l-octene
metathesis reaction with III % might suggest that a
different mechanistic pathway is followed.

The calculated reaction energy for the formation of
the ruthenacyclobutane intermediate (III-Dn4) from the
m-complex III-Cn4 in the presence of III is endothermic
(3.31 kcal/mol) for the C, mode with activation energy of
31 kcal/mol (Figure 2). By contrast, the formation of ‘Dy’
from the w-complex ‘C’ is exothermic for both activation
steps 1 (—11.95kcal/mol) and 2 (—4.51kcal/mol) with
activation energies of 66 and 45 kcal/mol, respectively. The
decomposition of the ruthenacyclobutane (‘Dy’ to ‘ExN’)
is endothermic for both the heptylidene (15 kcal/mol) and
methylidene (ca. 23 kcal/mol) formation steps with
activation energies of ca. 45 and 70 kcal/mol, respectively.
The coordination of the 1-octene in the Cyy mode has a ca.
2—5 kcal/mol decrease in AEi for ‘Dy’ to ‘Ey’ for all three
activation steps, as well as for ‘Cy’ to ‘Dy’ in steg 2
(Figure 3). Additionally, a 30 kcal/mol decrease in AE" is
observed for the formation of the ruthenacyclobutane in
step 1, while step 4 shows a 2kcal/mol increase. This
indicates that the alkene prefers to coordinate with IIT

in the Cyy mode, in which the steric bulk around the Ru-
centre is relieved in steps 1 and 2. This is due to the fact
that the alkyl chain of 1-octene in steps 1 and 2 is no longer
parallel to the CI—Ru—O line, in which the alkyl chain
was directly below the O,N-ligand and thereby adding to
the steric bulk around the Ru-centre. The rate-limiting step
for the formation of the heptylidene, as well as the
methylidene species in the presence of III, is the
decomposition of the ruthenacyclobutane (‘Dy’ to ‘EN’)
for both coordination modes.

For 1V, the decomposition of the ruthenacyclobutane
(‘DN’ to ‘EN’) in step 4 for both coordination modes
(Figures 4 and 5), as well as the formation of ‘Dy’ from
‘Cy’ in step 1 for the Cy mode (Figure 5) is exothermic,
i.e. approximately — 13 and — 1kcal/mol, respectively.
All the other formation or decomposition steps are
endothermic for both the C, and Cy modes. In contrast
to III, different rate-limiting steps are involved in the
formation of the heptylidene species from IV in the C,
and Cy modes, i.e. ‘Dy’ to ‘EyN’ for C,, (Figure 4) and
‘CN’ to ‘Dy’ for Cyy (Figure 5) with activation energy of
2593 and 19.21 kcal/mol, respectively. The decompo-
sition of the ruthenacyclobutane (‘Dy’ to ‘EpN’)
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Figure 5. Electronic energy profiles of the activation steps in the productive 1-octene metathesis using IV (only the Cn4 to Fn4

structures are shown; Cyy mode).

is considered the rate-limiting step for the fOI‘lgl&tiOIl of
the methylidene species in steps 1 (AE(‘DI_El =
37.63 kcal/mol) and 2 (AEZME2 =74.14 kcal/mgl) in the
Cyp mode (Figure 5) as well as step 2 (AE;DZ,EZZ
51.66 kcal/mol) in the Cp mode (Figure 4). The rate-
limiting step for the formation of the methylidene species
in step 1 in the C, mode is the formation of the
ruthenacyclobutane with an activation energy of
67.77 kcal/mol. No conclusions can be made regarding
the preferred coordination mode of the alkene to IV,
since mixed increasing and decreasing effects are
observed with regards to the TS’s. This might be due
to the fact that the preliminary frequency analysis on the
various TS’s indicated that only Dy1-En1 (263i cm )
and Cn4-Dn4 (120 cm™ ') in the C, mode (Figure 4)
are close to a TS. The overall energy change from ‘By’
to ‘Fy’ for both the C, and Cy mode for heptylidene
formation in the presence of III and IV is 16.47 and
7.22 kcal/mol, respectively. For methylidene formation it
is between 27 and 29kcal/mol, respectively. The
activation phase during the 1-octene metathesis reaction

in the presence of III and IV is therefore strongly
endothermic compared to I and II [8], which indicates
that the hemilabile Ru—carbene complexes are relatively
more stable compared to the Grubbs carbenes. Only after
full frequency calculations have been performed to obtain
the Gibbs free energies, will kinetic or thermodynamic
stability of these complexes be confirmed.

Comparison of the activation steps of III and IV for
the formation of the heptylidene species in the Cyy mode
(which is more favourable than the C, mode; see Figure
6), suggests that IV is more active than III. Due to the
endothermic nature of the sequence ‘AN’ — ‘BN — ¢
AN — ‘BN — ‘CN — ‘Cn-DnN° (Figure 7) for both
systems, the total barrier for ruthenacyclobutane (‘Dy’)
formation may be correlated to the energy change of
‘AN’ — ‘Cny—Dy’ [12]. The largest barrier is calculated
for III (62.03 kcal/mol), with IV (46.90 kcal/mol) exhibit-
ing a much lower barrier. Therefore, relative reaction rates
for these catalysts in decreasing order are suggested:
IV > III, which is in qualitative agreement with the
relative turnover numbers of these systems [25].
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(Cyy mode).

3.2.2 Dissociation of ligand L from III and IV

The possibility of phosphine or NHC ligand dissociation
from the respective first- and second-generation hemi-
labile carbenes should not be excluded, since it is generally
assumed that ruthenium-catalysed metathesis reactions
proceed through 14-electron intermediates [6,15,16,32].
Consequently, we have postulated a mechanism for the
first- and second-generation hemilabile-catalysed 1-octene
metathesis reaction (Scheme 2) whereby the O,N-ligand
remains attached to the Ru-centre.

Experimental [15,32] and theoretical evidence
[4—7,34] has shown that the phosphine, and not the NHC
carbene, dissociates from II indicating that the intermedi-
ates for catalysis by first- and second-generation catalysts
are different. Due to the higher binding energy of NHC
ligands in comparison with phosphine ligands, the
dissociation of the NHC ligand during the initiation step
of the mechanistic cycle will result in higher dissociation
energy [15,34]. This is most probably due to the increased
o-donor capability and the reduced -acidity of the NHC
ligand [35-37] in comparison with PR3 ligands, which
increase the stability of the second-generation catalysts.

When applied to the hemilabile second-generation systems,
it is clearly shown that the dissociation of the NHC ligand,
which is 45 kcal/mol higher than the dissociation of the
labile N-atom, will be improbable. Therefore, the
activation phase resulting from initiation via dissociation
of H,IMes from 4 will not be considered further.

The activation steps for the C, mode of III are
graphically represented in Figure 7, while Figure 8 illus-
trates the steps for the Cyy mode according to Scheme 2.
The relative energies for the optimised structures are
summarised in Table 3. Activation step 3 is not shown due
to its similarity to activation step 4. No energy barriers were
calculated for the dissociation of ligand L (L = PCy; or
H,IMes) or the association of the alkene, since it proceeds
without considerable rearrangement of the complex.

Although the dissociation of PCy; from III is
3 kcal/mol higher compared with the dissociation of the
labile N-atom of the O,N-ligand, more stable intermedi-
ates form during the activation phase for both the C, and
Cy modes (Figures 7 and 8). A decrease of approximately
15-30kcal/mol is observed in the energies of the alkene-
coordinated m-complexes, together with a 5—15 kcal/mol
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Figure 7. Electronic energy profiles of the activation steps in the productive 1-octene metathesis using III (only the Cy4 to F;4

structures are shown; C, mode).

decrease in the metallacyclobutane ‘D’ species. A decrease
was also noted in the TSs, which varied between 5 and
45 kcal/mol. Additionally, the overall energy changes from
‘By’ to ‘Fy’ for both the C, and Cyy modes decrease with
12 kcal/mol. This indicates that III most likely initiates
according to Scheme 2 rather than Scheme 1, which
explains why only three carbene species were observed
during the '"H NMR investigation [25].

Activation step 4 (By, to Cy4 to Fr4) is thermo-
dynamically and kinetically more favourable than acti-
vation steps 1 (By, to Cy1to Fy1) and 2 (By, to Cy2to F 1;
note Fy2=7F1) for IIl in the C, and Cp mode.
The calculated reaction energy for the formation of the
ruthenacyclobutane intermediate (‘Dy’) from the -
complex ‘Cy’ in the presence of III is endothermic for
the Cp, (ca. 11 kcal/mol) and Cyy (ca. 9 kcal/mol) mode for
all the activation steps. By contrast, the formation of ‘Dy’
from the m-complex ‘Cy’ is exothermic for all the
activation steps in the C, (ca. —7kcal/mol) and Cy (ca.
— 8 kcal/mol) mode. The coordination of the 1-octene in
the Cyy mode shows only a slight decrease in the activation
energy of the ruthenacyclobutane formation and decompo-
sition steps for activation steps 2 (1.92 kcal/mol decrease)

and 4 (3.94 kcal/mol decrease), with a 1 kcal/mol increase
for step 1. By contrast, a 12.59 kcal/mol increase was
observed in AE for ‘Dy,’ to ‘Ey,’ for step 1. This indicates
that the alkene can coordinate with IIT in either mode.
The rate-limiting step for the formation of the heptylidene
(AE =~ 30kcal/mol) as well as the methylidene
(AEf =~ 30-42kcal/mol) species in the presence of III,
from which PCyj; has dissociated, is the formation of the
ruthenacyclobutane (‘Cy to ‘Dy’) for both coordination
modes.

4. Conclusions

The initiation and activation steps of III and IV, with
I-octene as substrate, were investigated to determine the
catalytically active species that preferentially forms from
the benzylidene precatalyst. Although it is generally
accepted that the Grubbs carbenes initiate with the
dissociation of PCyas, this is not necessarily the case for
the hemilabile complexes, since only one or no PCys; is
present in the system. Therefore, these systems either
initiate through the dissociation of the labile N-atom of
the pyridine ring or through dissociation of L. Since
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structures are shown; Cyy mode).

Table 2. Calculated electronic (AE) energies and selected activation (AE::) energies in kcal/mol for the metathesis mechanistic sequence
An-—Fy as catalysed by III and IV.

IIx v

Mechanistic sequence # AEC, AE C,’ AE Cy AE Cy* AEC, AE C,’ AE Cyg AE Cy*

AN 0.00 0.00 0.00 0.00
By 20.26 20.26 16.08 16.08
Cial 35.16 25.66 23.64 39.36
Cn2 31.06 23.14 26.54 30.49
Cnd 26.83 28.94 31.47 27.69
Cn1-Da1 101.21 66.05 59.29 33.63 91.41 67.77 59.81 20.45
Cn2-Dn2 71.60 40.54 65.95 42.81 64.67 38.13 64.77 34.28
Cn4-Dn4 46.76 19.93 62.03 33.09 50.41 18.94 46.90 19.21
Dn1 23.41 23.41 38.55 38.55
Dn2 26.55 26.55 37.68 37.68
Dn4 30.14 29.94 39.87 39.87
Dn1-Enl 95.49 72.08 90.21 66.80 74.99 36.44 76.18 39.63
Dn2-EN2 90.84 64.29 89.05 62.50 89.34 51.66 111.82 74.14
Dn4-En4 74.57 44.43 72.15 42.21 65.80 25.93 50.65 10.78
Ex1 46.81 35.67 39.15 47.06
Ex2 49.54 42.81 5242 53.02
En4 44.68 43.99 26.29 26.11
Fn1 47.09 47.09 44.65 44.65
Fn4 36.73 36.73 23.30 23.30

All energies are reported relative to the respective precatalysts ‘A’ and balanced with the energies of free ligand, where necessary.” AE“ calculated for the various TSs e.g.
AE (Cx1 — Dnl1) = AE(DN1) — AE(CND).
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Table 3. Calculated electronic (AE) energies in kcal/mol for the
metathesis mechanistic sequence Ay, —Fy, as catalysed by IIIL.

III

AEC, AE C,° AECy  AE Gy

Ay, 0.00 0.00
B 23.26 23.26
Ci1 7.26 11.08
Ci2 8.46 9.60
C. 4 5.76 9.50
Cp1-Dy1 47.83 40.57 52.79 41.71
C12-Dy2 40.95 32.49 40.17 30.57
C14-D; 4 38.09 32.33 37.89 28.39
Dp1 17.27 17.27
D2 21.97 21.97
D. 4 16.20 16.20
Dy 1-E; 1 46.50 29.23 58.85 41.58
Dy 2-E;2 46.70 24.73 43.94 21.97
Di4-E; 4 34.99 18.79 29.83 13.63
E. 1 10.30 8.84
E;2 15.39 13.68
E; 4 9.48 9.84
Fi 1 47.29 47.29
Fr4 27.81 27.81

All energies are reported relative to the respective precatalysts ‘A’ and balanced
with the energies of free ligand, where necessary.aAE: calculated for the
various TSs e.g. AEf(CLl —Dp1) = AEDL1) — AE(CL1).

hemilabile ligands are known to release a free
coordination site ‘on demand’ of competing substrates
such as an alkene and occupy it otherwise, the
dissociation of the N-atom was considered as a viable
route of initiation. The modelling results indicated that
the dissociation of the labile N-atom of the pyridine ring
for both hemilabile systems was more favourable than the
dissociation of L. However, for III this dissociation is
only 3 kcal/mol more favourable than the dissociation of
L compared to 46 kcal/mol for IV. This indicates that the
possibility of PCy; dissociation from III should not be
excluded.

The modelling results of the activation steps for III and
IV indicated that the formation of the methylidene was
thermodynamically favoured, while the kinetically
favoured species was predicted to be the heptylidene.
The computational results are in agreement with the
experimental results obtained with NMR for the 1-octene
metathesis reaction with IV, in which the hemilability of
the bidentate ligand is preferred above the dissociation of
L [26]. However, further investigation into the metathesis
mechanism with III is needed to determine whether a
combination between phosphine ligand dissociation and
hemilability of the bidentate ligand exist, since exper-
imental and computational results are not in agreement.
Although good correlations with experimental data were
obtained in this study, more realistic correlations should be
obtained with the completion of all the frequency analyses
and if solvation effects are taken into account.
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