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bstract

Using density functional theory the metathesis reactions of 1-octene in the presence of Grubbs 1 [RuCl2(PCy3)2( CHPh)] is investigated. At
he GGA-PW91/DNP level, the complete geometry optimization and the activation energy of various activation steps and catalytic cycles in the
issociative mechanism are performed. The formation of the catalytically active heptylidene species is kinetically and thermodynamically favoured,

hile the formation of trans-tetradecene is thermodynamically favoured. The computational results are in agreement with the experimental results
btained with NMR and GC/MSD experiments. Grubbs 1 is active for the metathesis of 1-octene at 25 ◦C yielding trans-7-tetradecene as the major
roduct. The formation of by-products, i.e. styrene isomers and PCy3, is consistent with the dissociative metal carbene mechanism. The rapid
ormation of the heptylidene derivative of Grubbs 1 is observed by in situ NMR.

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

Alkene metathesis is extensively used in catalysis and syn-
hesis for the formation of carbon–carbon double bonds [1–5].
uring this catalytic reaction, linear alkenes are transformed

nto homologs of shorter and longer carbon chains. The ruthe-
ium carbene complexes developed by the Grubbs group,
uCl2LL′( CHPh) (L, L′ = PCy3 (1) and L = PCy3, L′ = NHC

2)), are of interest because of their high metathesis activity
nd tolerance towards polar functional groups [6,7]. The cat-
lytic activity and selectivity of the RuCl2(PCy3)2( CHPh) (1)
recatalyst towards the primary metathesis products, in the 1-
ctene metathesis reaction, was reported to be high even at an
lkene/Ru molar ratio = 10,000 [6,7]. Replacement of the phos-
hine ligand(s) by N-heterocyclic carbene ligands improved the
ifetime and reactivity of the metal carbene complex even fur-
her [8]. This is due to the bulkiness and increased basicity of
he NHC ligand compared to PCy3 [9].

The Hérisson-Chauvin metal carbene mechanism is the gen-

rally accepted mechanism for the alkene metathesis reaction
Scheme 1) [10]. The mechanism consists of successive [2 + 2]
ycloadditions followed by cycloreversions. This involves the

∗ Corresponding author. Tel.: +27 18 299 2358; fax: +27 18 299 2350.
E-mail address: chehcmv@puk.ac.za (H.C.M. Vosloo).
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oordination of the alkene to the metal centre to form a �-
omplex followed by the formation of a metallacyclobutane
ntermediate, which in turn can revert to a new �-complex to
ield the products after dissociation.

Although many aspects of the alkene metathesis mechanism
n the presence of 1 were elucidated by various techniques
ncluding kinetic measurements [11–13], there are still aspects
hat need to be investigated. This includes determining the
pecies that is the most active in the metathesis reaction as well
s elucidating the mechanism when the benzylidene and not the
ethylidene are used as precatalyst. The alkene metathesis reac-

ion with Ru–carbene complexes has been studied by molecular
odelling mainly using simple substrates and simplified lig-

nds. Adlhart and Chen [14] have summarized the mechanistic
athways, which can be divided into two main categories, i.e. an
ssociative and dissociative mechanism. Recent studies indicate
hat the dissociative mechanism, which is initiated by the disso-
iation of a phosphine ligand from RuX2(PR3)2( CHR) to form
14-electron species, is preferred [13–15]. Chen and co-workers

16] confirmed this by the identification of the 14-electron
pecies by gas-phase mass spectrometry. The rate of phosphine
issociation and initiation of the alkene metathesis reaction by

uX2L(PR3)( CHR) type precatalysts have been investigated

heoretically and experimentally by Sanford et al. [13].
In this study we report on the mechanism of 1-octene metathe-

is with the first generation Grubbs complex or Grubbs 1 (1).

mailto:chehcmv@puk.ac.za
dx.doi.org/10.1016/j.molcata.2006.03.022
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Scheme 1. Hérisson-Chauvin metal carbene mechanism.

conceptual model of the complete mechanism is presented.
he results from our quantum-mechanical calculations are used

o compare the 1H NMR and other experimental results with
he proposed steps of the catalytic cycle and to gain insight into
he complete productive mechanism of the 1-octene metathesis
eaction with 1. The modelling results indicate that the forma-
ion of the heptylidene is kinetically and thermodynamically
ore favourable than the formation of the methylidene. The

ormation and interaction of the carbene active species using 1H
MR is shown. The mechanism is further supported by the for-
ation of by-products, i.e. styrene, 1-phenyl-1-octene isomers

nd PCy3.

. Experimental section

.1. Materials and methods

1-Octene (Aldrich) was passed through a column of basic
lumina and stored on molecular sieves (4 Å) under nitrogen.
hlorobenzene (Merck) was dried with calcium hydride and

tored under nitrogen. RuCl2(PCy3)2( CHPh) 1 (Fluka) were
sed as received.

The metathesis reactions were carried out in GC autosam-
ler vials (3 mL) and continuously analyzed on an Agilent
890 gas chromatograph equipped with an Agilent 7683 autoin-
ector, HP-5 capillary column (30 m × 320 �m × 0.25 �m) and

flame ionization detector (FID). The following instrument
onditions were used: inlet temperature of 200 ◦C, oven pro-
rammed from 60 to 130 ◦C (hold time 16 min) and 130 to
90 ◦C (hold time 5 min) at 25 ◦C min−1, N2 carrier gas with
flow rate of 2 mL min−1 at 20 ◦C and FID temperature of

50 ◦C. For product verification the reaction mixtures were also
nalyzed using an Agilent 6890 gas chromatograph equipped
ith an Agilent 7683 autosampler, HP-5 MS capillary column

30 m × 320 �m × 0.25 �m) and an Agilent 5973 mass selective

etector (MSD). The same oven program was used with a 6 min
olvent delay and He as carrier gas with a 1 mL min−1 flow rate
t 20 ◦C. The 1H NMR spectra were recorded on a Varian Gem-
ni 300 Broadband NMR spectrometer at 300 MHz in deuterated
hloroform.

t
3
i
l
u

lysis A: Chemical 254 (2006) 145–154

.2. Metathesis experiments

Metathesis experiments were performed by adding 1-octene
2.5 mL, 1000 mol) to a solution of 1 (13.2 mg, 1 mol) in
hlorobenzene (1.25 mL). Chlorobenzene served as solvent and
nternal standard for quantification of the GC results. The reac-
ions were performed at 25 ◦C and the progress monitored by
C/FID. Aliquots (0.2 �L) of the reaction mixture were injected

t approximately 40 min intervals with the autoinjector. After
h the same volume was analyzed by GC/MSD to character-

ze the mixture. The response factor of an authentic sample of
ach major alkene component were determined and used in the
onversion calculations.

The 1H NMR investigation of the 1-octene metathesis reac-
ion was performed in a NMR tube with 1-octene (0.05 mL,
0 mol) mixed with a solution of 1 (1 mol, 26.2 mg) in CDCl3
0.75 mL). Spectra were recorded at approximately 10 min
ntervals.

.3. Computational details

The quantum-chemical calculations were carried out by den-
ity functional theory (DFT) since it usually gives realistic
eometries, relative energies and vibrational frequencies for
ransition metal compounds. All calculations were performed
ith the DMol3 DFT code [17] as implemented in Accelrys
aterials Studio® 3.2 [18] on 3 GHz Pentium IV computers
ith 1 GB RAM. The non-local generalized gradient approx-

mation (GGA) functional by Perdew and Wang (PW91) [19]
as used for all geometry optimisations. The convergence cri-

eria for these optimisations consisted of threshold values of
× 10−5 Ha, 0.004 Ha/Å and 0.005 Å for energy, gradient and
isplacement convergence, respectively, while a self-consistent
eld (SCF) density convergence threshold value of 1 × 10−5 Ha
as specified. DMol3 utilizes a basis set of numeric atomic func-

ions, which are exact solutions to the Kohn–Sham equations
or the atom [20]. These basis sets are generally more com-
lete than a comparable set of linearly independent Gaussian
unctions and have been demonstrated to have small basis set
uperposition errors [20]. In this study a polarized split valence
asis set, termed double numeric polarized (DNP) basis set has
een used. All geometry optimisations employed highly effi-
ient delocalised internal coordinates [21]. The use of delocal-
zed coordinates significantly reduces the number of geometry
ptimisation iterations needed to optimise larger molecules com-
ared to the use of traditional Cartesian coordinates.

Some of the geometries optimised were also subjected to full
requency analyses at the same GGA/PW91/DNP level of theory
o verify the nature of the stationary points. Equilibrium geome-
ries were characterised by the absence of imaginary frequencies.
reliminary transition state (TS) geometries were obtained by

he integrated linear synchronous transit/quadratic synchronous
ransit (LST/QST) algorithm available in Materials Studio®
.2. This approach was used before in computational studies
n homogeneous trimerisation and metathesis [22]. These pre-
iminary structures were then subjected to full TS optimisations
sing an eigenvector following algorithm. For selected transition
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tate geometries confirmation calculations, involving intrinsic
eaction path (IRP) calculations, were performed in which the
ath connecting reagents, TS and products are mapped. The IRP
echnique used in Materials Studio® 3.2 also corresponds to the
ntuitive minimum energy pathway (MEP) connecting two struc-
ures and is based on the nudged elastic band (NEB) algorithm of
enkelman and Jonsson [23]. The IRP calculations, performed

t the same GGA/PW91/DNP level of theory, ensured the direct
onnection of transition states with the respective reactant and
roduct geometries. All transition structure geometries exhib-
ted only one imaginary frequency in the reaction coordinate.
ll results were mass balanced for the isolated system in the
as phase. The energy values that are given in the results are
he electronic energies at 0 K and therefore only the electronic
ffects are in consideration in this paper.

. Results and discussion

.1. Metathesis of 1-octene using 1

Alkene isomerisation and metathesis (homo- and cross
etathesis) reactions can take place during the metathesis of

-octene to form a variety of products. The possible reactions 1-
ctene can undergo in the presence of a metathesis (pre)catalyst
re presented in Table 1. Three major groups of products, i.e.
rimary metathesis products (PMP), isomerisation products (IP)
nd secondary metathesis products (SMP), are possible. Fol-
owing the double bond isomerisation of 1-octene to 2-octene
econdary cross metathesis between the two alkenes can take
lace yielding 1-heptene which in turn can undergo the same
eries of reactions. This gives rise to a cascade of reactions even-
ually leading to a range of C2–C14 alkene products (SMP).

The catalytic conversion of 1-octene to 7-tetradecene with 1

as performed at room temperature (25 ◦C) at a 1-octene/Ru
olar ratio of 1000. The reaction mixture was continuously
onitored by GC/FID to determine the different products that

orms during the metathesis of 1-octene; these products were

able 1
ossible reactions of 1-octene in the presence of metathesis catalysts

eaction Substratea Productsa

rimary metathesis
Homometathesisb C C7 C C + C7 C7 (PMP)c

Isomerisation C C7 C2 C6 + C3 C5 + C4 C4 (IP)d

econdary metathesis
Cross metathesise C C7 + C2 C6 C2 C7 + C C6 + C C2 + C6 C7

(SMP)f

Homometathesisb C2 C6 C2 C2 + C6 C6 (SMP)f

a Hydrogens are omitted and geometrical isomers not shown for simplicity.
b Homometathesis refers to the metathesis reaction between the same alkenes.
c Primary metathesis products (PMP) refers to the homometathesis products
f 1-octene i.e. C7 C7 and C C.
d Isomerisation products (IP) refers to the double bond isomerisation reaction
f terminal to internal alkenes.
e Cross metathesis refers to the metathesis reaction between different alkenes.
f Secondary metathesis products (SMP) refers to the metathesis of the iso-
erisation products of 1-octene.

t
b
i
h
c

F
(
7

ig. 1. GC/FID chromatogram of the reaction mixture of 1-octene in the pres-
nce of RuCl2(PCy3)2( CHPh) at 25 ◦C after 1 h (solvent = chlorobenzene,
-octene/Ru = 1000).

dentified by GC/MSD. The homometathesis of 1-octene leads
o the formation of two isomers (Fig. 1), cis- and trans-7-
etradecene, which combined with ethene (not observed) rep-
esents the PMP of the reaction. 1-Octene was converted to
pproximately 22% trans- and 9% cis-7-tetradecene (approxi-
ately 62% PMP) after 300 min (Fig. 2). SMP due to the double

ond isomerisation of 1-octene to mainly 2-octene and the sub-
equent metathesis reactions remain below 5%. This indicates
hat 1 has a high selectivity towards PMP formation, i.e. 94%.
fter 3 h the following by-products were also identified in the

eaction mixture with the aid of GC/MSD (Fig. 3), i.e. styrene,
is- and trans-1-phenyl-1-octene (or hexyl styrene), PCy3 and
PCy3. The presence of PCy3 in the reaction mixture is consis-

ent with the dissociation step leading to the active 14-electron

enzylidene species. Furthermore, the presence of the styrenes
s indicative of the formation of ruthenium methylidene and
eptylidene species. The different orientation possibilities of
oordination of 1-octene to the Grubbs 1 benzylidene metal

ig. 2. Reactions of 1-octene in the presence of RuCl2(PCy3)2( CHPh) at 25 ◦C
solvent = chlorobenzene, 1-octene/Ru = 1000). [� 1-octene, � PMP, � trans-
-tetradecene, � cis-tetradecene, � SMP].



148 M. Jordaan et al. / Journal of Molecular Cata

F
e
1

c
l
t

a
i
[
t
m
o
d
e
t
i
p

F
o

n
1
g
b
a
d
b
d
t
g
d
t
c
d
a
t
w

3

t
S
t
m

c
T
y
a

ig. 3. GC/MSD chromatogram of the reaction mixture of 1-octene in the pres-
nce of RuCl2(PCy3)2( CHPh) at 25 ◦C after 3 h (solvent = chlorobenzene,
-octene/Ru = 1000, solvent delay = 6 min, MSD response enlarged).

entre leads to the formation of a heptylidene species with the
iberation of styrene or the methylidene species with the libera-
ion of the hexyl styrenes.

We also investigated the metathesis of 1-octene with 1H NMR
nd the involvement of the three carbene species are clearly
llustrated (Fig. 4). The carbene �-H signal of the benzylidene
RuCl2(PCy3)2( CHPh)] appears at δ 20.015 ppm, of the hep-
ylidene [RuCl2(PCy3)2( CHC6H13)] at δ 19.310 ppm and the
ethylidene [RuCl2(PCy3)2( CH2)] at δ 18.954 ppm. The shift

f the carbene �-H peak of the benzylidene to lower field to pro-
uce a doublet and singlet is due to the change in the electronic

nvironment of the ligand attached to the carbene carbon. Due
o the fast initiation rate (0.13 ± 0.01/s) [24] of Grubbs 1 dur-
ng the metathesis reaction, all three carbene signals are already
resent after 14 min.

ig. 4. 1H NMR spectra of the carbene proton region at different time intervals
f a 1-octene/RuCl2(PCy3)2( CHPh) reaction mixture in CDCl3 at 25 ◦C.
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The change over time in the size of the carbene �-H sig-
als of the three carbene species involved in the metathesis of
-octene is given in Fig. 5. The size of the benzylidene signal
radually decreases (Fig. 5(a)) suggesting the conversion of the
enzylidene to the heptylidene and methylidene; after 300 min
ll of 1 has been converted (see also Fig. 4). The simultaneous
ecomposition of the benzylidene to some other species cannot
e ruled out. The sharp increase to a maximum of the heptyli-
ene signal within 14 min is followed by a gradual decrease as
he reaction proceeds (Fig. 5(b)) while the methylidene signal
radually increases to a maximum within 2 h followed by a slow
ecrease (Fig. 5(c)) possibly due to catalyst decomposition. In
he presence of 1-octene it seems as if the benzylidene is rapidly
onverted to the heptylidene while the formation of the methyli-
ene proceeds at a much slower rate. Ulman and Grubbs [12]
lso observed that the alkylidene is generally the more reac-
ive compared to the methylidene in the metathesis of alkenes
ith 1.

.2. Model system and notations

Conceptually the productive metathesis of 1-octene in
he presence of Grubbs carbene complexes is illustrated in
chemes 2 and 3. This mechanistic model is mainly based on

he dissociative mechanism proposed by Grubbs et al. [13,15],
odelled by Adlhart and Chen [14] and our experimental results.
The generic labels A–I are given to the individual ruthenium

arbene and derived species involved in the reaction mechanism.
he mechanism consists of the initial loss of PCy3 from 1 (A) to
ield RuCl2(PCy3)( CHPh) (B). The different stereochemical
pproaches of 1-octene towards the catalytically active species
B, F1, F3 and F4) leads to four activation steps (1–4 nota-
ions in Scheme 2) and six catalytic cycles (a and b notations
n Scheme 3). To identify which step is under consideration, a
umerical suffix (1–4) is associated with the labels C to I (e.g.
1–F1 represents activation step 1) and the additional alpha-
etic suffixes a and b indicates the different catalytic cycles.
ransition states are denoted analogously, e.g. G3a–H3a is the

ransition state for the conversion of G3a to H3a.
The mechanism is initiated by the dissociation of a phosphine

igand from the 16-electron benzylidene complex A to form the
4-electron active species B (Scheme 2). This is followed by acti-
ation steps (Scheme 2) and catalytic cycles (Scheme 3) based
n the stereochemical approaches of the 1-octene towards the
ifferent carbene species. These steps/cycles consist of several
uccessive formal [2 + 2] cycloadditions to form a metallacy-
lobutane and cycloreversions to form the respective catalyti-
ally active species. Before the precatalyst can enter the catalytic
ycle, there is an initiation phase (activation) in which the cata-
yst first has to be converted from the benzylidene complex (A)
o the methylidene (F1, the second activation step will also yield
1) or heptylidenes (F3 and F4). This takes place through the
oordination of 1-octene to the metal centre of the 14-electron

ntermediate to form a �-complex, which undergoes a formal
2 + 2] cycloaddition to form a metallacyclobutane ring, which
n turn can revert to a new �-complex. The liberation of the
lkene from the new �-complex leads to the new catalytically
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ig. 5. 1H NMR signals at different time intervals of the carbene �-Hs in a 1-o
b) Ru CHC6H13 and (c) Ru CH2].

ctive alkylidene species that enters the catalytic cycle. Acti-
ation steps 1 and 2 leads to the formation of the methylidene
omplex with the liberation of cis- and trans-1-phenyl-1-octene.
n the other two activation steps styrene is liberated to form the
eptylidene species with the alkyl chain of the carbene facing
ut of (F3) or into (F4) the plane of the paper, depending on

he coordination orientation of 1-octene relative to the phenyl
ing of the carbene that is facing into the plane. Within the cat-
lytic cycles the heptylidene is converted to the methylidene,
hich is then again converted back to the heptylidenes until all

o
a

/RuCl2(PCy3)2( CHPh) reaction mixture in CDCl3 at 25 ◦C [(a) Ru CHPh,

he 1-octene has been consumed or the catalyst has decomposed.
uring the conversion of the heptylidene to the methylidene, cis-

nd trans-7-tetradecene is formed, while ethene forms when the
ethylidene is converted to the heptylidene.

.3. Molecular modelling
Theoretical studies can be of immense use to resolve the effect
f ligand coordination and to gain deeper insights into the mech-
nism of catalytic reactions. There have been a few recent studies
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Scheme 2. Dissociation (A–B) and activation (B–F) steps in the mechanism of productive 1-octene metathesis using RuCl2(PCy3)2( CHPh).

Scheme 3. Catalytic cycles in the mechanism of productive 1-octene metathesis using RuCl2(PCy3)2( CHPh).
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Table 2
Crystallographic and theoretical values of key bond lengths and angles of
RuCl2(PCy3)2( CHPh).

Exp.a Calculatedb Calculatedc

Bond lengths (Å)
Ru C 1.838 (2) 1.878 1.860
Ru–Clavg 2.390 (1) 2.452 2.420
Ru–Pavg 2.416 (1) 2.490 2.435

Bond angles (◦)
Cl–Ru–Cl 168.21 (2) 160.97 162.4
P(1)–Ru–P(2) 161.90 (2) 163.35 –
Ru C–R 136.70 (2) 136.04 –

a
b
A
o
g

t
p
(
t
g
f
b
(
s
s
a
because they more effectively promote phosphine dissociation,
while small and electronically neutral groups (e.g. H) are less
effective at labilizing the phosphine ligand [12]. This is not
significantly clear in Fig. 6. The trend for the formation of
Scheme 4. Trans alkene coordination in the dissociative pathway.

hat calculated mechanistic parameters or combined experimen-
al work with computational studies on the alkene metathe-
is mechanism with ruthenium carbenes [13,14,16,25–31]. In
hese studies the catalytic cycle and ligand dissociation of the
ethylidene species (F1) were extensively explored. In many of

hese studies use were made of model PR3 (R = H, Me) ligands
nd/or ethene as model substrate with the methylidene complex
uCl2(PR3)2( CH2) to mainly reduce the computing cost. This

eaves room for interpretation concerning the steric and elec-
ronic influences of the actual ligands (PCy3 versus PR3 (R = H,

e)) and substrates (1-octene versus ethene) with the benzyli-
ene complex (versus methylidene complex) as precatalyst.

The quantum-chemical calculations that we employed in this
tudy were applied to the RuCl2(PCy3)2( CHPh) complex with
closer focus on the trans addition of 1-octene to the catalyti-

ally active species. The coordination of the alkene trans with
espect to the ligand L is the most favourable pathway due to the
act that large phosphines, like PCy3, has a Tolman cone angle of
70◦ [32,33] and the position trans with respect to the carbene
ould be avoided due to the strong �-donor effect of the carbene
ond. This is shown to be the case according to the computa-
ional studies of Adlhart and Chen [14] (ADF program, BP86
unctional) in which the coordination of the alkene trans towards

is one of the two most favourable pathways in the catalytic
ycle. The coordination of the alkene in the trans position can
e in two discrete, perpendicular orientations (Scheme 4). In our
tudy the coordination of the alkene parallel to the Cl–Ru–Cl line
nd perpendicular or orthoganal to the carbene (CP) was used
n the equilibrium geometry calculations of the �-coordination
tructures (C, E, G and I) because it was found to be the ener-
etically favoured geometry. If the alkene coordinates in the Cp
ode (Scheme 3) it has to turn approximately 90◦ to align with

he benzylidene carbene bond (CII mode) to yield the metalla-
yclobutane intermediate (C–D, etc.). The Cp–CII conversion is
urrently under investigation. For the sake of simplicity all the
-coordination structures are given in the CII mode.

For the purpose of this study the global minimum structure
btained from the geometry optimisation (GGA/PW91/DNP) of
-octene was used with the hexyl chain constrained in further
alculations. In this structure the hexyl chain was “straight” and
emained so in optimisations of intermediates where the hexyl
hain was kept unconstrained to confirm the constrained con-
ormation. The influence of other conformers of 1-octene on the
nergetics of the reaction pathway was not considered further in

his study.

In an attempt to get a better idea of the validity of the compu-
ational method we used in this study comparisons are made of
ey bond lengths and angles of 1. The calculated bond lengths

F
o

a Ref. [34].
b DMol3 GGA/PW91/DNP—full DFT calculation of geometries.
c Ref. [35] (ADF BP86—QM/MM calculation of geometries).

nd angles are compared with crystallographic data reported
y Nguyen and Trnka [34] and calculated values obtained by
dlhart and Chen [35] (Table 2). An acceptable correlation is
btained with bond lengths being overestimated and bond angles
enerally being underestimated in the calculations.

We also modelled the activation steps of 1 with ethene to
he corresponding metallacyclobutane intermediate and com-
ared our results with the values obtained by other authors
Fig. 6). The electronic energy profile we calculated was for
he Grubbs 1 benzylidene system, while the electronic ener-
ies obtained by Adlhart and Chen [14] (ADF program, BP86
unctional, triple � basis set on ruthenium and a polarized dou-
le � basis set for all other elements) and Burdett et al. [28]
Jaguar 4.1 program, B3LYP hybrid functional, LACVP** basis
et) was calculated for the Grubbs 1 methylidene. It has been
hown that sterically bulky and electron-donating R groups (e.g.
lkyl, Ph) lead to higher initiation rates (phosphine dissociation)
ig. 6. A comparison of the calculated and literature electronic energy profiles
f the activation steps of ethene metathesis using RuCl2(PCy3)2( CHR).
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Comparison of electronic energies of the �-coordination intermediate
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he metallacyclobutane ring is similar in all three cases, but a
ore stable 16-electron complex (“C”) as well as a 14-electron
etallacyclobutane (“D”) is obtained from the benzylidene com-

lex. It was shown that electron-withdrawing phosphine ligands
ill destabilize the 14-electron metallacyclobutane intermedi-

te (“D”) relative to the 14-electron carbene species (“B”) [14].
herefore the presence of an electron-donating species will have
stabilization effect on these complexes. This explains the cat-
lytic activity of the methylidene but lack of activation by the
enzylidene.

The coordination of the substrate to the 14-electron species
B–C) is a step that is in competition with the recoordination

f the phosphine ligand (B–A). In our model there is only one
ubstrate molecule competing with one phosphine, although in
catalytic system with catalyst to substrate ratios of 1:500 or
ore this competition is statistically favoured towards the sub-

p
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m

Fig. 7. Electronic energy profiles of the activation steps of the meta

ig. 8. Electronic energy profiles of the activation steps in the productive 1-octene m
thene 1.99 0.97 −10.54 7.80
-Octene 3.69 1.23 −5.70 9.74

trate. The stoichiometric competition described in our model
xcludes this statistical competitiveness. The competition can
e described by comparing the energy of coordination of the

hosphine to the energy of coordination of the substrate by tak-
ng the ratio of the respective energy differences. These values
re summarized by the ratio �EB–A/�EB–C in Table 3 for the
etathesis of 1-octene and ethene with 1. Generally for Grubbs

thesis of ethene and 1-octene using RuCl2(PCy3)2( CHPh).

etathesis using RuCl2(PCy3)2( CHPh) (C4–F4 structures only are shown).



M. Jordaan et al. / Journal of Molecular Catalysis A: Chemical 254 (2006) 145–154 153

s rout

1
t
o

i
n
o
t
[
“
1
l
m
f
i
1
a
f

I
(
o
s
c
p
o
t
s

h
m
s
A

F
F

Fig. 9. Electronic energy profile of the trans and ci

(1) phosphine recoordination is favoured, while the affinity
owards phosphine increases with an increase in the chain length
f the substrate.

If the electronic energy profiles of 1 with ethene and 1-octene
s compared (Fig. 7) it is clear that the 1-octene does not coordi-
ate as strongly as the ethene to B (“C”). The electronic energy
f activation of “C” to “D” with ethene is 2.87 kcal/mol while
he value with 1-octene is 12.89 kcal/mol. Adlhart and Chen
35] calculated the activation energy for the insertion barrier
C” to “D” with styrene as 12.30 kcal/mol. The activation with
-octene seems to be the less favourable outcome. The metal-
ocyclobutane intermediates are in both cases of similar ther-

odynamic electronic stability. The difference here is that �E
rom “C” to “D” for ethene is −4.67 kcal/mol but for 1-octene

t is −6.49 kcal/mol, which could be a small driving force for
-octene activation. The other big difference between the ethene
nd 1-octene routes is the dissociation of the product (styrene) to
orm the alkylidene species F1 and F4, respectively (“D” to “F”).

n
F
o
i

ig. 10. Electronic energy profile of a complete pathway in the 1-octene metathesis m
4 to F1).
es from the heptylidene F4 to the methylidene F1.

n the 1-octene route the energy increases with 9.52 kcal/mol
D4–F4) while the ethene route requires 15.28 kcal/mol (energy
f F1 is 22.11 kcal/mol following the ethene route), which could
everely hamper the rate of activation. Thus if the substrate is
hanged from a C2 to a C8 alkene, deviations in the electronic
rofiles are observed which could have an impact on the rate
f activation of the complexes. One should therefore be careful
o directly apply the model with ethene as a simple substrate to
ystems using larger substrates like 1-octene.

The activation steps for the formation of the methylidene and
eptylidene species was investigated in more detail to deter-
ine which pathway is more favourable (Fig. 8). Activation

tep 3 is not shown because of its similarity to activation step 4.
ctivation step 4 (B to C4 to F4) is kinetically and thermody-

amically more favourable than activation steps 1 (B to C1 to
1) and 2 (B to C2 to F1; note F2 = F1). The activation energy
f the rate-limiting step (“D” to “E”) for heptylidene formation
s 25.44 kcal/mol while methylidene formation requires more

echanism using RuCl2(PCy3)2( CHPh) (trans structures only are shown from
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han 29 kcal/mol and the overall energy change from “B” to “F”
s −3.87 kcal/mol and approximately 17 kcal/mol, respectively.
his explains the 1H NMR result, which shows the rapid forma-

ion of the heptylidene at the onset of the reaction.
The catalytic cycles using the heptylidene F4 were further

nvestigated; a 1-octene molecule now coordinates to the catalyt-
cally active species to yield H4 (see Scheme 3). Stereochemi-
ally this coordination can take place in two different modes, the
exyl groups trans (G4a) and the hexyl groups cis (G4b), with
heir respective electronic energy profiles illustrated in Fig. 9.
he two approaches give rise to transition states with differ-
nt electronic energies; the cis mode requiring 3.40 kcal/mol
nd the trans mode only 0.99 kcal/mol. The metallacyclobutane
ntermediates that form (H3a and H3b) then liberates the PMPs,
rans-7-tetradecene and cis-7-tetradecene, and the methylidene
F1). The trans/cis ratio found experimentally (Fig. 2) correlates
oughly with the corresponding activation energy ratio.

Finally the completion of the catalytic cycle, F1 to F4, was
odelled. The complete electronic energy profile of A to F4 to
1 to F4 is illustrated in Fig. 10. The conversion to the hep-

ylidene (F1–F4) is thermodynamically favoured over the con-
ersion to the methylidene (F4–F1) with changes in electronic
nergies of approximately −5 and 6 kcal/mol, respectively. The
ifferent energies shown in the F1 to F4 cycle is due to the for-
ation of trans- and cis-7-tetradecene carried over in the mass

alance used for the calculation.

. Conclusions

Using DMol3 density functional theory calculations we have
escribed the 1-octene metathesis reaction by a dissociative
echanism. A deeper insight into the NMR results were gained
ith the use of molecular modelling, indicating that the heptyli-
ene species is the catalytically active species that preferentially
orms in the 1-octene metathesis reaction with 1.

The DMol3 density functional theory calculations compared
ery well with calculations by other authors. We also found that
he same simple models that efficiently describe the metathe-
is of simple substrates with a methylidene type catalyst cannot
e used to describe the reaction of real systems. It is clear that
he mechanism of metathesis with actual catalytic systems are
omplex if it is done with large substrates like 1-octene and
hat electronic effects cannot fully account for effects that are
bserved like the cis/trans isomerisation of the primary metathe-
is product. Since this was a preliminary computational study
f the complete catalytic cycle we could not make any clear
onclusions regarding activity. What can be concluded is that
he complete catalytic cycle with 1-octene is a very complex
eaction and cannot just be considered by using a simple model.
urther studies of the complete system are necessary to fully
nderstand this mechanism.
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27] S. Vyboishchikov, M. Bühl, W. Thiel, Prof., Chem. Eur. J. 8 (2002)

3962.
28] K.A. Burdett, L.D. Harris, P. Margl, B.R. Maughon, T. Mokhtar-Zadeh,

P.C. Saucier, E.P. Wasserman, Organometallics 23 (2004) 2027.
29] L. Cavallo, J. Am. Chem. Soc. 124 (2002) 8965.
30] F. Bernardi, A. Bottoni, G.P. Miscione, Organometallics 22 (2003) 940.
31] S. Fomine, S.M. Vargas, M.A. Tlenkopatchev, Organometallics 22

(2003) 93.
32] C.A. Tolman, Chem. Rev. 77 (1977) 313.
41–51 (2002) 233.
34] S.T. Nguyen, T.M. Trnka, in: R.H. Grubbs (Ed.), Handbook of Metathe-

sis, vol. 1, Wiley-VCH, 2003, p. 61.
35] C. Adlhart, P. Chen, Angew. Chem. Int. Ed. 41 (2002) 4484.


	Experimental and DFT investigation of the 1-octene metathesis reaction mechanism with the Grubbs 1 precatalyst
	Introduction
	Experimental section
	Materials and methods
	Metathesis experiments
	Computational details

	Results and discussion
	Metathesis of 1-octene using 1
	Model system and notations
	Molecular modelling

	Conclusions
	Acknowledgements
	References


