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ABSTRACT: The production of propene (H,C=CH—CH,) has attracted
widespread interest due to industrial demand, and an intriguing route
involves the metathesis of ethene (H,C=CH,) and trans-2-butene (H,C—
CH=CH-CH,). We recently investigated the initiation of olefin
metathesis on tungsten trioxide (WO,) catalysts, by showing that trans-2-
butene more readily forms W-carbene active sites on the surface, compared
to ethene. We now present our analysis of the propagation steps at these
active sites. We have computed optimized structures and energetics of the
reaction intermediates and products of propagation. We have also computed
the rate constants for the elementary steps comprising the reaction
mechanism. These results are used to elucidate a complete mechanistic
description of the metathesis of ethene and trans-2-butene. We find that
W=CH, sites are less active in the propagation process compared to W=

CHCH,. Furthermore, [2 + 2] cycloaddition of trans-2-butene to form the six-membered (oxa)metallacycle ring is the rate-
determining step; the rate constant is more sensitive to temperature and the reaction becomes faster than (oxa)metallacycle
decomposition when the temperature exceeds 750 K. By revealing the relationship between the WO; surface structure and
catalytic activity for olefin metathesis at different temperatures, we aim to use this information to predictively guide the
development of more active and selective catalysts for propene production.
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1. INTRODUCTION

Global demand for (poly)propene, which is an important
building block for commodity chemicals ranging from plastic
products to gasoline components, has spurred considerable
attention on industrially viable routes to propene production.
Compared to the traditional high temperature/pressure steam
cracking method, olefin metathesis routes promoted by
heterogeneous catalysts rely less on large sources of heat'
and are carbon neutral. Generally, heterogeneous catalysts
containing Re, Mo, or W2 are favored over homogeneous
catalysts for metathesis reactions due to their ease of separation,
stability, and recyclability. Thus, olefin metathesis processes,
which are solvent-free, generate little waste, and require low
catalyst loads, are inherently energy-efficient and cost-effective;”
however, concerns persist over the high temperatures and/or
high pressures required to achieve high activity or selectivity.*”

Catalyst materials based on transition metals, specifically Mo,
Re, and W, are particularly promising due to the high reactivity
of their unpaired d electrons, which can adopt multiple
oxidation states to form active complexes and lower the energy
barriers to metathesis reactions."’ Handzlik investigated the
metathesis activity of Mo methylidene species in zeolites and
revealed that an MoO(CH,) (metal-carbene) fragment is a vital
intermediate, with a high positive change, such that the oxygen
site plays an important role in dictating the high catalytic
activity.'' Meanwhile, Luo et al. studied methyltrioxorhenium-
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catalyzed olefin cyclopropanation and found that the reaction is
catalyzed by the metal Re site by forming a ReO structure."
Tungsten trioxide WO; is well-known for its stability over
industrial reaction temperature ranges, and it also can be easily
deposited on supports using physical or chemical ap-
proaches.*"37'% Several researchers explored the use of
alumina- or silica-supported WO; as a catalyst for metathesis
between ethene and trans-2-butene. Chen et al.'® found that the
working lifetime of the WO; catalyst decreases with the w8 hly
space velocity during metathesis reactions, which thus presents
a useful guideline for engineering metathesis processes.
Davazoglou et al.'’ obtained equal metathesis activity with
well-dispersed, low loading WO;/SiO, catalysts, compared to
catalysts of higher tungsten content. Huang et al.'®'® prepared
a series of WO, catalysts by the thermal spread method and
found that proportional correlation between the concentration
of tetrahedral tungsten oxide species and catalytic activity for
metathesis. While W is octahedrally coordinated in all solid
WO; phases, such as the orthorhombic, monoclinic, and
triclinic phases, it can assume a distorted octahedral
coordination upon WO, deposition,”® or even a tetrahedral
coordination if the loading is small enough for W to interact
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directly with the support.”’ Liu et al.** deposited WO; on
alumina supports and showed that a moist atmosphere
hastened the calcination of the catalyst to expose surface
facets. Chaemchuen et al. obtained Raman, UV—vis, and H,-
TPR spectra that suggest WO; catalysts calcined at 550 °C
exhibit high activity for the metathesis of ethene and trans-2-
butene to produce propene.’® As the activity of the WO,
catalyst appears to depend strongly on the calcination
temperature during catalyst preparation, the catalysts calcined
at 550 °C likely exhibit the orthorhombic phase.

Hérisson and Chauvin were the first to postulate that
metathesis can proceed at modest temperatures through two
processes: (1) initiation to form metal-carbene active sites; (2)
propagation, including the [2 + 2] cycloaddition of (parallel-
aligned) alkene double bonds to form metallocyclobutane
intermediates at these metal-carbene active sites.”*™*® Szeto et
al. investigated these two processes at low pressure and
temperature using WH; active sites. Two parallel catalytic
cycles have been proposed where the cycle involving the less
sterically hindered tungstacyclobutane intermediates is most
likely favored. It has been found that the arrangement of
substituents on the least thermodynamically favored tungsta-
cyclobutane governs the conversion rate of the cross metathesis
reaction for propylene production from butenes and/or
ethylene.”” However, the two-step metathesis process has not
still been fully understood, and the structure/activity relation-
ships are not clear, due to limitations in experimentally
detecting the molecular structure of metal-carbene active sites
and metallocyclobutanes with current spectroscopic techni-
ques.”* ™' First-principles calculations based on density
functional theory can complement experimental mechanistic
studies and provide valuable information on the structure of the
active centers and the energy of adsorbates interacting with the
surfaces.>*™>® In addition, detailed reaction pathways can be
derived and characterized bg the kinetic parameters of the
constituent elementary steps. 7

We recently performed a comprehensive density functional
theory study of metathesis initiation on the orthorhombic WO,
(001) surface.*® Although W is octahedrally coordinated in this
phase and not tetrahedrally coordinated as it would be for
supported WO; clusters, it does appear to adopt a slightly
distorted octahedral coordination in this surface plane so that
W should be active for olefin metathesis. The (001) surface was
chosen because our ab initio thermodynamics analysis indicated
that the energy of formation of the (001) surface is an order of
magnitude more favorable than those for the (100), (111), and
(110) surfaces, respectively. The WO; crystal is easily cleaved
along the (001) surface, because it is layered along this
direction as a result of the antiferroelectric distortion of the W
sublattice. Thus, good-quality single crystals of WO; (001) can
be prepared by moderate heating in an oxygen-rich atmosphere
and characterized using scanning tunneling microscopy (STM),
low energy electron diffraction (LEED), and photoelectron
spectroscopy (UPS, XPS).*>** We note that the highest energy
barrier for metathesis using WO is slightly higher than that
using a Mo methylidene catalyst and similar to the barrier using
a rhenium alkylidene oxo complex catalyst.'"***%*! However,
compared to the WOj; structure, these metal alkylidene oxo
systems may be unstable, because they are more easily affected
by bimolecular decomposition, which is facilitated by a decrease
in steric protection.*” Finally, because WO, is potentially redox
active™** and the alumina and silica supports are relatively
inert, any catalytic activity for olefin metathesis should arise
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from W. Thus, the use of a surface slab model gives a
quantitative baseline of metathesis activity, from which more
detailed analyses of catalyst surface structure and morphol-
ogy—especially the coordination of W in anchored tungsten-
carbene active sites—can be performed in the future for
comparison.

Using this methodology, we showed that tungsten-carbene
active sites readily form on the WO, (001) surface, so that
metathesis between ethene and trans-2-butene™ should be
feasible. We revealed that the reaction pathways for W-carbene
active site formation differs between ethene and trans-2-butene,
though both proceed via five-step processes. In the ethene
pathway, six-membered, five-membered, and four-membered
(oxa)metallacycles are formed successively. However, in the
trans-2-butene pathway, only five-membered and four-mem-
bered (oxa)metallacycles are formed. We also found that the
opening of the four-membered (oxa)metallacycle is the rate-
limiting step of the ethene pathway, while the forming of the
five-membered (oxa)metallacycle is the rate-limiting step of the
trans-2-butene pathway. We ultimately found that trans-2-
butene preferentially forms W-carbene active sites, compared to
ethene, due to the presence of electrophilic and steric effects
that destabilize the intermediates.

In this work, we studied metathesis propagation on the WO,
(001) surface, as cleaved from the orthorhombic bulk; this
allowed for consistency with our previous study.’® We first
calculated detailed geometries and energetics of reaction
intermediates and products. Next, we modeled various
configurations for adsorbed ethene and adsorbed trans-2-
butene, and we compared the thermodynamic stability of the
resulting (oxa)metallacycle species. We then studied the
pathways of propagation proceeding on the stable W-carbene
species and determined the rate-limiting step. We also
developed a thorough kinetic model of the metathesis reaction
over the WO, (001) surface, based on transition-state theory.
Such a technique, which explicitly takes into account the
entropic contributions, allowed us to calculate rate constants
for elementary steps and quantify their responses to changes in
temperature. These results will hopefully guide the develop-
ment of more active catalysts and more suitable reaction
conditions for propene production.

2. METHODS

2.1. Structural Optimization. Tungsten trioxide (WO;)
exhibits a gerovskite—like structure, with corner-sharing WOy
octahedra.® ™ However, structural analyses of WO, have
revealed considerable deviations from the ideal cubic perovskite
type, with the majority of these distortions corresponding to
antiferroelectric displacements of W atoms and mutual
rotations of oxygen octahedra.®® In accordance with our
previous study on metathesis initiation,®® we used the
orthorhombic phase for bulk WOy; its space %roup is Pmnb,
with a = 7341 A, b =7.570 A, and ¢ = 7.754 A The deviation
from the ideal perovskite structure is characterized by a zigzag
motion of the W atomic positions in the b and ¢ directions, as
well as a tilt relative to the a direction.”>**°

The WO, bulk is easily cleaved along the (001) surface,
because it is layered along this direction as a result of the
antiferroelectric distortion of the W sublattice;*"* indeed,
good quality single crystals of WO, (001) can be prepared by
moderate heating in an oxygen-rich atmosphere®™ > and
characterized using scanning tunneling microscopy (STM), low
energy electron diffraction (LEED), and photoelectron spec-
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W=CHCHj; Active site

Wsc : Sixfold coordinated tungsten
W;c @ Sixfold coordinated tungsten
O,¢ : Twofold coordinated oxygen
Ca1, Caz ¢ Active site carbon

Figure 1. Geometry-optimized WO; (001) surface with W=CHCHj active site. Because of the repeated Wy.—O,.—Wj, structural motif on the

surface, we employ a side view to represent the supercell.

troscopy (UPS, XPS).***° Thus, to build the surface slab
models, the WO, bulk is cleaved along the (001) surface, which
is also chosen for consistency with our previous study on active
sites formation over WO,.>* We used a five-layer semi-infinite
slab to model the WO, (001) catalyst structure with W=
CH,CHj active sites. The use of the periodic models avoids the
introduction of edge effects and allows for a more accurate
description of surface relaxation.

All calculations were performed within the framework of
density functional theory (DFT), usin§ the Vienna Ab Initio
Simulation Package (VASP 52)77 and the generalized
gradient approximation of Perdew, Burke, and Ernzerhof®® to
represent the exchange-correlation energy. The Projector
Augmented-Wave (PAW) method,*”*> with a 400 eV energy
cutoff, was used to describe the wave functions of the atomic
cores. The tetrahedron method with Bldchl corrections® was
used to set the partial occupancies for the orbitals. While a k-
point mesh size of 6 X 6 X 1 was used for the WOj; surface slab
in our previous study,®® we ultimately used the 3 X 3 X 1 I'-
centered Monkhorst—Pack k-point mesh for the WO; surface
with W=CH,CHj; active sites, which still gave results that were
sufficiently converged (within 1 X 107> eV using the conjugate
gradient method). We observed that spin-polarized calculations
did not yield significant changes to the calculated energies
compared to nonspin-polarized calculations.**

We optimized the structure of active sites W=CH,CHj to
get a W=C bond length of 1.918 A, and a C—C bond length of
1496 A. A p(2 x 2) supercell was used to ensure that all
adsorbates do not interact with their periodic images (ie.,
separation by at least 10 A). The WO, (001) surface with W=
CH,CHj active sites thus consists of five chemically distinguish-
able types of surface atoms (Figure 1):

1. 5-fold coordinated tungsten Wy,
2. 6-fold coordinated tungsten Wy,
3. 2-fold bridging oxygen O,
4

. Active-site carbon C,, binding to surface Wy, atom

S. Active-site carbon C,, from CHj group

2.2. Energetics of Activation and Reaction. The energy
of adsorption, E,q4, for the olefin molecules on the surface is
defined as

Eads =E

adsorbate+surface Esurface - Eadsorbate

where E .. is the total energy of the surface slab, E 4 iS
the total energy of the gas-phase adsorbate, and E_ i pates surface 1S
the total energy of the composite system. Because the
calculations are performed at 0 K and fixed cell volume, the
differences in Gibbs free energy should equal the differences in
total energy. By this definition, a negative value of E;
corresponds to an exothermic and spontaneous adsorption
process.

For calculating energies of adsorption, the inclusion of an
empirical dispersion correction® appeared to affect the total
energies of all reactant and product species almost equally; for
example, the energy of adsorption for ethene changed only
from —20.7 kJ/mol to —23.8 kJ/mol upon addition of the
dispersion correction, and no change in the preferred site for
adsorption was noted. Thus, for comparing trends in energies
of adsorption in this catalytic system, the uncorrected PBE
functional should be sufficient, and again, would provide
consistency with our previous study on metathesis initiation.*®

We also assume that for surface-mediated reactions, the
change in Gibbs free energy with temperature can be quantified
as ((0G)/(9T))p = —S, which we can assume is primarily due
to the vibrational component. We thus carried out a vibrational
analysis in order to validate the optimized geometry of the
adsorbed species and transition states. ALl W atoms were rigidly
constrained during these calculations. The Hessian dynamical
matrix was obtained by numerical differentiation of the forces
and diagonalized, which provided the harmonic molecular
frequencies and the normal modes. These calculations made it
possible to compute zero-point energy (ZPE) corrected
energies and vibrational partition functions.

dx.doi.org/10.1021/cs500531b | ACS Catal. 2015, 5, 59-72
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Figure 2. Proposed mechanism of metathesis propagation on WO;(001) catalysts, staring from W=CHCH, active site. Reactants, intermediates,

and products are shown.

To locate transition states and calculate the energies of
activation and resulting reaction pathways, we used the
climbing-image nudged elastic band (CI-NEB) method,**®’
with four images between the initial and final states. This
method enabled us to map out stationary points along the
minimum energy paths, and identify transition states, for each
of the propagation process on WOj; surface with W = carbene
active sites. Because these paths were directed by force
projection, the energy was not necessarily consistent with the
force being optimized; thus, we chose the force-based quick-
min optimizer to ensure the convergence of the nudged elastic
band algorithm. The time step employed was 0.01 fs.

2.3. Kinetics of Reaction. The heat capacity, C, = T
((0S)/(0T))p, was computed numerically, by differentiating the
entropy that was previously computed from the vibrational
partition function. Due to the lack of experimental data for S
and C, of the adsorbed species, we validated our methodology
on gas phase ethene, and we found that the calculated entropy
and C, are in good agreement with the data from Yaw’s
handbook®® (i.e., the maximum relative error is less than 5%).
For adsorbed species, the vibrational entropy contribution can
be obtained using the same methodology as the gas phase
species, while assuming that the translational and rotational
contributions are negligible and taking into account the relevant
energies of adsorption and desorption when comparing to the
gas phase values. With these assumption and modification in
place, we are confident that this procedure should work well for
adsorbed species, including (oxa)metallacycles, since the errors
involved are negligible.

To obtain enthalpy, H, estimates at finite temperature, T, for
all (oxa)metallacycle intermediates and products, the electronic
energy was corrected for the zero point energy (ZPE)
contribution and temperature variation (ie., using C,).
Technically, T = 0 K results in an undefined value during the
evaluation of C, as the temperature appears in the
denominator. We can approximate H(0 K) ~ H(1 K), and
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define its value by H(1 K) = U(0 K) + ZPE, where U is the
total energy calculated from DFT.
Thus, the enthalpy can be obtained from eq 1 as below:

T
H(T) = U(OK) + ZPE + / C(T)dT’ 0
1
Similarly, we can obtain the reaction enthalpy, AH,, for the

forward and reverse elementary steps at finite temperatures.
Within the framework of a kinetic model, the activation
energy can not be fitted independently, due to the
thermodynamic constraint that AH,, equals the difference
between the forward activation energy barrier, E, ; and reverse
activation energy barrier, E, .. Hence, we develop a related eq 2
to calculate the activation energy for an elementary reaction:

E,((T) = E,tppr + B(AH,(T) — AE, per) (2)

where E, ¢ ppy corresponds to the forward activation energy
barrier and E, , ppr corresponds to the reverse activation
energy barrier at 0 K; they are constants obtained from DFT
calculations.

The reaction enthalpy at finite temperature, AH,,,(T), is
calculated from the enthalpies of the initial state and final state
for the constituent elementary reactions. AE_, per is the
difference between the energies of final state and initial state at
0K, as derived from DFT and kept as constants throughout the
calculations. The variable  denotes the relative position of the
transition state compared to the initial (i.e., = 0) or final (i..,
B = 1) state of the relevant elementary reaction. It can be
obtained by considering which image in the CI-NEB
calculations (out of four) corresponds to the transition state.
When the value of f is close to 0, it describes to an initial-like
transition state; thus, the forward activation energy may be kept
at the DFT value, while the reverse activation energy is
temperature dependent and needs to be thermodynamically
calculated by analogy to eq 2. When the value of § is close to 1,
it corresponds a final-like transition state; thus, the reverse
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(A) CayCep=CeyWec

S,IN-W,,
E,4=-19.59 kJ/mol E,4=-17.33 ki/mol

(B) Ca;Cey=Cg17Oy¢

$,IN-O,¢

(C) CayCer=Cey"Wssc

S,IN-W,
E,4=-20.75 kJ/mol

Figure 3. Adsorption configurations and energies for ethene on WO; (001) with W=CHCH, active site. Cg; and Cg, denote two carbon atoms in
ethene. C,; and C,, denotes two carbon atoms in active site. S; denotes Stage 1 of the propagation process, and IN denotes the initial state for

propagation.

activation energy may be kept at the DFT value, while the
forward activation energy is corrected using eq 2. Otherwise,
for intermediate values of f3, the difference between AH,, (T)
— AE,,, ppr affects both the forward activation energy and
reverse activation energy. This calculation technique is based
on the Bronsted—Evans—Polanyi relationship, which states that
the difference in activation energy between two reactions of the
same family is Eroportional to the difference of their enthalpies
of reaction.®~"!

The energies of activation at the transition states are also
corrected via ZPE and C,. The pre-exponential factor, 4, is
calculated from the entropy differences between the initial and
transition states of the respective elementary step, as shown
below in eq 3:

©)

where Qrg and Q, are the partition functions of transition states
and initial states, respectively. kg is Boltzmann’s constant, and h
is Planck’s constant. The partition functions themselves are
approximated with the vibrational contribution being dominant.

The mathematical and thermodynamical calculations above
enable us to obtain the relationship between reaction rate
constants and temperature by the Arrhenius form in eq 4, using
the calculated E, {T) and A(T):

k(T) = A(T)exp(—b"zf—(TT)]

4)

Similarly, we can calculate the reverse rate constant by
substituting instead E, ,(T).

3. RESULTS AND DISCUSSION

3.1. Proposed Mechanism for Propagation of Olefin
Metathesis to Propene on W-Carbene Active Sites.
During metathesis propagation, W=CHCH,; first reacts with
ethene to form propene and W=CH,, which then further
reacts with trans-2-butene to yield the second propene
molecule. Our previous study on W-carbene active site
formation showed that trans-2-butene preferentially reacts
with 6-fold coordinated tungsten at the surface to form a
W=CHCH; active site;* trans-2-butene is favored over ethene
due to the presence of electrophilic and steric effects that
destabilize the intermediates. Therefore, the W=CHCH,
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active site is the initial state of the propagation cycle, as
shown in Figure 2.

Thus, we propose that the first stage of propagation is
composed of ethene [2 + 2] cycloaddition at the W=CHCH,
active site and cycloreversion of the first (oxa)metallacycle to
form the first propene molecule, and the second stage is
composed of trans-2-butene [2 + 2] cycloaddition at the W=
CH, active site and cycloreversion of the second (oxa)-
metallacycle to form the second propene molecule. The
(oxa)metallacycle may be either the four-membered ring with
Wy, and carbon; five-membered ring with Wy, O, and carbon;
or six-membered ring with Wy, W;, and carbon. In the
following section, we present optimized (oxa)metallacycle
structures for each stage of propagation, model propagation
on WO, (001) catalysts, and we determine the rate-limiting
step and investigate the thermal kinetics at each stage of the
propagation cycle by calculating the rate constants of
elementary steps.

3.2. Propagation of Ethene for Metathesis.
3.2.1. Ethene Adsorption on W=CHCH; Active Site. As
propagation is defined as the redistribution of fragments of
alkenes by the scission and regeneration of carbon—carbon
double bonds, the ethene molecule should bind to the W=
CHCH; active site by [2 + 2] cycloaddition of two carbon—
carbon double bonds. In our calculations, the free ethene is in
gas phase, so we study ethene adsorption to the surface prior to
the reaction. The adsorption of ethene molecules, with their
Cg; and Cyg, atoms, at the W=CHCH; active site can proceed
by three types of two-site adsorption:

(A) CupCppy=Cpg;*W¢.: Cg; and Cg, adsorb to 6-fold
coordinated tungsten Wy, and active site carbon C,,,
respectively

Cp1Cpp=Cpg;*Oy:: Cp; and Cyg, adsorb to 2-fold
coordinated oxygen O,. and active site carbon C,,
respectively

Cy1Cpp=Cpg**Ws Cg; adsorbs to S-fold coordinated
tungsten Wy, while Cg, adsorbs to Cy,

(B)

(©

S, denotes Stage 1 of the propagation process, and IN
denotes the initial state for propagation.

After geometry optimization, the ethene molecule moves in
space to find the most energetically stable adsorption structures
and energies. The corresponding configurations are shown in
Figure 3. For C,,--Cg,==Cp, "Wy, adsorption, corresponding
to (A)-type binding, the ethene molecule in vertical orientation
tilts slightly relative to the orientation of W, —C,,. It leads to a
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four-membered ring, S;IN—Wy, which includes four active
atoms, Wy, C,j, Cgj, and Cg,. For (B)-type binding, it
produces a five-membered ring, S;IN—O,,, which includes five
active atoms, Wy, C,;, Cpy, Cpy, and surface O,. For (C)-type
binding C,;-+-Cg=Cp-**Ws,, the six-membered (oxa)-
metallacycle ring S;IN—Wj_ is formed.

Figure 3 and Table 1 show that the (C)-type binding
configuration is the most energetically favorable, with

Table 1. Calculated Energies of Adsorption for Ethene and
trans-2-Butene Cycloaddition on WO; (001) with W-
Carbene Active Sites

two-site binding

ethene E g trans-2-butene E g
adsorption configuration (kJ/mol) (kJ/mol)
Cctive site"C=C Wi -19.6 —03
Cactive site'"C=C-+Oy —-17.3 -89
Cactive site” " C=C-- W5, -20.8 —124

one-site binding

adsorption ethene E g trans-2-butene E 4,
configuration (kJ/mol) (kJ/mol)
W, C=C - _
W,C=C -17.3 -9.38
OyC=C —43 21
Cactive sire”"C=C =72 =35

Table 2. Calculated Changes in Bond Lengths upon Ethene
Adsorption at W-Carbene Active Sites and Formation and
Cycloreversion of (Oxa)Metallacycles

adsorption W=C (A) Cpi—Cp, (A)
before adsorption 1918 1.339
(A): S,IN-W, 2033 1.381
(B): S,IN-0O,, 2.018 1.352
(C): S, IN-W,, 1.992 1.367
W=C Cg1—Cp, W—Cg; or O—Cyg, Ca1—Cry
formation (A) (A) (A) (A)
S, IN—W,, 2154 1.492 2013 1.896
$,IN=0,. 2.113 1.375 1.868 1973
S IN-W;, 2.089 1.489 2.245 1.822
cycloreversion Ww=cC (A)
8, IN—-W,, 1.924
$,IN-0,, 1924
S IN-W,, 1924

corresponding bond lengths shown in Table 2. Both the
We.—Cy, and Cg—Cg, bonds in the (C)-type binding
configuration are elongated compared to their values prior to
adsorption; this suggests that the molecule is activated. The
(A)-type binding configuration is slightly less energetically
favorable, even though the W=C bond at the surface and the
C=C bond in the ethene molecule are even longer than that in
the other adsorption configurations. This may be attributed to
the small four-membered ring inducing a stronger steric effect
than the six-membered ring, such that the overlapping electron
clouds result in elongation of the W=C bond in the (A)-type
binding configuration to reduce the cost in energy. By
comparing the area formed by the rings, using all obtained
data on bond lengths, we can conclude that the location where
there is less shielding reduces the net intermolecular forces
acting on the ethene molecule; thus, the (C)-type binding
configuration is relatively stable compared to the (A)-type
binding configuration. By contrast, the (B)-type binding
configuration to form a five-membered ring is the least
energetically favorable. The ethene molecule is only slightly
activated, and the low energy of adsorption may be attributed
to the weak interaction between oxygen atoms in metal oxide
and carbons atom in the alkene. This suggests that tungsten
atoms are more active than oxygen atoms for small alkene
propagation on the WO; (001) surface. For all configurations,
the methyl group has not been affected upon adsorption and
only moves slightly away (&~ 0.01—0.02 A) from the carbon
atom of the metal-carbene active site.

To ensure that we have a complete understanding of ethene
behavior in the surface, we have also considered single-site
adsorption of the molecule. All of the calculated adsorption
energies are also shown in Table 1. We found the single-site
absorption configurations are generally energetically unfavor-
able compared to the corresponding two-site adsorption
configurations. As it does not appear that this pathway would
be preferred for propagation, we will not discuss it further here,
although they could be explored as the subject of future work
on side reactions to the main Hérisson—Chauvin mechanism.

3.2.2. Formation and Cycloreversion of the C, (Oxa)-
Metallacycle. Adsorbed ethene reacts with a W=CHCH,
active site to form a C, (four carbon atoms in total)
(oxa)metallacycle species by [2 + 2] cycloaddition. Based on
three type of adsorption configurations, three possible C,
(oxa)metallacycles can be obtained, as shown in Figure 4

o (oxa)metallacycle species S;IM—Wj_ from ethene [2 + 2]
cycloaddition on adsorption sites C,; and Wy,

o (oxa)metallacycle species S;IM—O,. from ethene cyclo-
addition on adsorption sites C,; and O,

SIIM-OZC

51|M'W5c

Figure 4. Optimized structures of (oxa)metallacycles from ethene [2 + 2] cycloaddition on WO; (001) with W=CHCH]; active site. S; denotes

Stage 1 of the propagation process, and IM denotes the intermediate.
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Figure 5. Minimum energy paths for ethene propagation at Stage 1 by binding to C,; and Wy, (black), C,; and O, (red), and C,, and W;, (blue);
and for 2-butene propagation at Stage 2 by binding to Cg, and Wj, (blue), and Cyg; and O, (red).

e (oxa)metallacycle species S;IM—Wj_ from ethene cyclo-
addition on adsorption sites C,; and Wy,

The S, represents Stage 1 as mentioned above, TS denotes
transition state, and IM denotes intermediate.

Table 2 again gives the bond lengths upon formation of the
C, (oxa)metallacycle. Most of the (oxa)metallacycle pathways
significantly activate the C=C bond of ethene, except for the
S, IM—0,, (oxa)metallacycle species. We note that for the
S, IM—W;. (oxa)metallacycle species, the C,,—Cy,—Cp; bond
is nearly linear, with a C—C—C angle of 163.1°.

In order to proceed to propagation, the intermediate C,
(oxa)metallacycle species must be decomposed by cyclo-
reversion to yield a propene molecule; thus, only a methylene
compound remains on the surface. Because we have three
different (oxa)metallacycle intermediates, S;IM—W,, S;IM—
0,, and S, IM—W;,, there exist three possible paths to the
product in Stage 1. We used the CI-NEB method, with
transition states between the three initial adsorption config-
urations and three C, (oxa)metallacycle intermediates, and
between the C, (oxa)metallacycle intermediates and W=CH,
+ propene, to map out stationary points along the minimum
energy paths. Three transition states, S;TS;—W, S;TS,—0,,
and S, TS,—W,,, in the cycloaddition step, and three transition
states, S;TS,—W,, S,TS,—0O,, and S,TS,—W,, in the
cycloreversion step, were identified as corresponding to the
closing and opening of a four-, five-, or six-membered
(oxa)metallacycle ring.

The energy diagram depicting the ethene propagation stage
on WO; (001) with W=CHCH]; active sites is presented in
Figure S, with specific energies of adsorption and energies of
reaction in Table 3. We normalized the total energy of ethene,
2-butene, and clean WO, (001) with W=CHCH, active sites
to zero. We denoted adsorption configurations (S;IN—Wj,
S, IN—-O,. and S;IN-W,.) as W=CHCH;—ethene(ad). For
the C,;, and O, binding pathway, the formation of the five-
membered (oxa)metallacycle species S;IM—O, has the highest
activation barrier and the most endothermic reaction energy.
However, for the C,;, and Wy  binding pathway, the
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Table 3. Calculated Energies of Activation and Energies of
Reaction for (Oxa)Metallacycle Formation and
Cycloreversion Steps during Ethene Propagation

formation cycloreversion
adsorption E, AE,, E, AE,,
configuration (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
(A): S,IN-W, +43.6 +23.8 +713 +55.1
(B): S,IN-0O,, +91.2 +49.8 +81.3 1269
(C): S;IN-W,, +61.6 +37.6 +119.2 +42.5

decomposition of the six-membered (oxa)metallacycle species
S, IM—W;,, has the highest activation energy barrier. When
comparing all energy barriers in ethene propagation, it is easily
seen that the C,; and Wy, binding pathway, with the four-
membered (oxa)metallacycle intermediate, has the lowest
activation energy barriers in both the [2 + 2] cycloaddition
step and the cycloreversion step. It indicates the small
(oxa)metallacycle ring is more active, with stronger electron
interaction. This favorable activation energy barrier for C,; and
Wy, interaction should be sufficient to overcome a small
penalty (1.1 kJ/mol) for the overall energy of formation
compared to the C,; and Wy_ interaction. Therefore, ethene
preferentially forms a four-membered C, (oxa)metallacycle
intermediate by [2 + 2] cycloaddition at C,; and W, then
proceeds to cycloreversion to produce another W=CH, active
site for further propagation.

The detailed structures of the reaction species involved in the
Ca; and Wy (A)-type pathway, including transition states, are
shown in Figure 6, with bond lengths listed in Table 2. We can
see the length of the W4 —C,, and Cy;—Cg, bonds increase
along the propagation pathway, while the distances between
Cy; and Cg,, and between Wy, and Cg;, decrease. For the
transition state S;TS;—Wj,, the C,;—C,, bond is still almost in
vertical orientation, although it tilts slightly relative to the
surface normal, while the W —Cg; bond is formed with a
length of 2.150 A. The resulting four-membered ring has a W—
C—C—C dihedral angle of 142.7°. For the transition state

dx.doi.org/10.1021/cs500531b | ACS Catal. 2015, 5, 59-72
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Figure 6. Optimized structures of the initial state, transition states, intermediate, and product along the minimum energy pathway for ethene
propagation. The red dashed line denotes the formed bond with decreasing length along the path, and the blue dashed line denotes the broken bond
with increasing length along the path.

(A) CgyCgr=Cqy"Wec (B) CgyCqp=CayOy¢ (C) CeyCar=CayWsc

SZIN-WGC SZIN-OZC SZIN-WSC
E,4=-0.29 kJ/mol E,q=-8.91 ki/mol E,4=-12.35 kJ/mol

Figure 7. Adsorption configurations and energies for trans-2-butene on WO; (001) with W=CH, active site. Cy, and Cy, denote two doubly
bonded carbons in trans-2-butene (secondary carbon atom and tertiary carbon atom in trans-2-butene). Cy,« and Cg,+ represent carbon atoms in the
nonbinding methyl groups. S, denotes Stage 2 of the propagation process, and IN denotes the initial state for propagation.

S, TS,—Wj,, the W—C—C—C dihedral angle changesﬁto 165.8°, respectively. Cp; and Cp, denote two doubly bonded
and the bond length of W —Cy;, decreases to 1.968 A; both are carbons (ie., secondary carbon atom and tertiary carbon
characteristic of the reformation of the W=C bond. The

atom) in trans-2-butene.
Cp1+-Cpy=Cp1"*O,:: Cp; and Cg, adsorb to 2-fold
coordinated oxygen O, and active site carbon atom Cg,,

dihedral angle of the intermediate S,IM—Wj_ is 149.6°. Thus, (B)
the structure of S;IM—Wj_ is likened to a puckered ring, rather
than a flat four-membered (oxa)metallacycle ring. The

methylene compound W=CH, (S;P) is obtained by the respectively.
breaking of Wy —C,, and Cg,—Cpg, to release one propene (C) Cgy+Cpy=Cp;*Ws.: Cy; adsorbs to 5-fold coordinated
molecule. The W=CH, now becomes a new Wy, active site for tungsten W, while Cg, adsorbs to Cg;

propagation in Stage 2.

3.3. Propagation of trans-2-Butene for Metathesis.
3.3.1. trans-2-Butene Adsorption on W=CH, Active Site.
Similar to the study on the ethene propagation stage, we first
investigate trans-2-butene adsorption on the surface with W=
CH, active site. The possible two-site adsorption configurations
for trans-2-butene are

S, denotes Stage 2 of the propagation process.

The optimized structures corresponding to these config-
urations are shown in Figure 7. For Cg;+-Cp=Cp,---Wg,
adsorption, corresponding to (A)-type binding, a four-
membered ring S,IN—Wg. is formed, which includes four
active atoms, W, Cg;,Cgy, and Cp,. For Cg;++-Cpy=Cpg;---O,
adsorption, corresponding to (B)-type binding, a five-
(A) CgyCpp=Cp;+We: Cp; and Cp, adsorb to 6-fold membered ring S,IN—O,. is produced, which includes five

coordinated tungsten Wy,  and active site carbon Cg, active atoms Wyc, Cg;,Cpy, Cpy, and surface O,.. For Cg;-
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Cp,=Cpy--Wy_ adsorption, corresponding to (C)-type binding,
the six-membered (oxa)metallacycle ring S,IN—W;_ is formed.

As shown in Figure 7 and Table 1, the strongest adsorption
configuration corresponds to the (C)-type binding config-
uration, with the (B)-type binding configuration being slightly
less favored and the (A)-type binding configuration resulting in
essentially zero adsorption. This last result can be explained by
steric hindrance between the methyl groups in trans-2-butene
and the W=CH, group. The inactive methyl groups require
enough physical space given their electrostatics; thus, they
hinder the process of trans-2-butene adsorption to the catalyst
surface.

Table 4 shows that in the (C)-type binding configuration, the
W=C bond at the surface, and C=C bond in the trans-2-

Table 4. Calculated Changes in Bond Lengths upon trans-2-
Butene Adsorption at W-Carbene Active Sites, And
Formation and Cycloreversion of (Oxa)Metallacycles

adsorption wW=C (A) Cpi—Cp, (A)
before adsorption 1.903 1.329
(A): S,IN-W,, 1.933 1.329
(B): S,IN—-O,, 1.927 1.335
(C): S,IN-W,, 1.929 1.338
wW=C Cp1—Cp W—Cp,; or O—Cy, Cg1—Cp,
formation (A) (A) (A) (A)
S,IN—-O,, 2.005 1.435 1.899 1.532
SHIN—-W5, 1.998 1.517 2225 1.575
cycloreversion W=C (A)
S,IN-0,, 1.935
SIN=W,, 1.935

butene molecule are only slightly elongated relative to their
values prior to adsorption. Thus, we confirm that trans-2-
butene adsorption on W=CH, is weaker than ethene
adsorption on W=CHCH;. The steric effect produced by
inactive methyl groups in trans-2-butene not only destabilizes
the adsorbate, but even hinders bond activation in trans-2-
butene. Thus, initiating the trans-2-butene stage of propagation
may be the rate-limiting step of the reaction pathway.

The experimental findings of Chaemchuen et al.** suggested
that trans-2-butene was the dominant reactant during this olefin
metathesis process, and other researchers’>’> have also
supported this finding. However, we note that cis-2-butene
may also have been detected experimentally as a side product of
this reaction. For completeness, we modeled the adsorption of
cis-2-butene on the W-carbene active site, and we found that

the energy of adsorption was a little less (E 4, = —12.3 kJ/mol)
than that for trans-2-butene adsorption. We believe that this
difference is due to the steric crowding between the methyl
groups, which causes the cis stereoisomer to be less stable than
the trans-stereoisomer. Although we stick to the Hérisson—
Chauvin mechanism here, we note that the inclusion of cis-2-
butene in a full microkinetic model could be the subject of
future work.

3.3.2. Formation and Cycloreversion of the C; (Oxa)-
metallacycle. Adsorbed trans-2-butene reacts with W=CH,
active site to form a C; (five carbon atoms in total)
(oxa)metallacycle species by [2 + 2] cycloaddition. Because
of the weak adsorption of S,IN—W,, and difficulty in
optimizing the structure of the C; (oxa)metallacycle due to
steric hindrance, we no longer consider trans-2-butene
cycloaddition on that site. Based on two remaining types of
adsorption configurations, two possible C; (oxa)metallacycles
can be obtained, as shown in Figure 8:

o (oxa)metallacycle species S,IM—O,. from trans-2-butene
cycloaddition on adsorption sites Cg; and O,

o (oxa)metallacycle species S,IM—Wj_ from trans-2-butene
cycloaddition on adsorption sites Cg, and Wj,

The S, represents Stage 2 as mentioned above, TS denotes a
transition state, and IM denotes an intermediate.

Table 4 again gives the bond lengths upon formation of the
C; (oxa)metallacycle. Compared to the elongation of bonds in
ethene [2 + 2] cycloaddition, we can conclude there is less
electron transfer from trans-2-butene to W-carbene than from
ethene to W-carbene, and hence, the catalytic activation is
lower for this step of the propagation process.

To complete the propagation cycle, the intermediate Cs
(oxa)metallacycle species then is decomposed by cyclo-
reversion to yield the second propene molecule and regenerate
the initial W=CHCH,; active site. Because we have two
(oxa)metallacycle intermediates, S,IM—0,. and S,IM—Wj_,
there exist two possible paths for trans-2-butene propagation.
Again, we used the CI-NEB method to map out stationary
points along these two pathways. Two transition states, S,TS,—
O, and S,TS;—Wj,, in the [2 + 2] cycloaddition step, and two
transition states, S,TS,—O0,. and S,TS,—Ws,,, in the cyclo-
reversion step, are identified as corresponding to the closing
and opening of the five- and six-membered (oxa)metallacycle
rings.

The energy diagram depicting the trans-2-butene propagation
state on WO, (001) with W=CH, active sites is presented in
Figure S, with specific energies of adsorption and energies of
reaction in Table S. When comparing all energy barriers in

Szl M'Ozc

Figure 8. Optimized structures of (oxa)metallacycles from trans-2-butene [2 + 2] cycloaddition on WO; (001) with W=CH, active site. S, denotes

Stage 2 of the propagation process, and IM denotes the intermediate.
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Table 5. Calculated Energies of Activation and Energies of
Reaction for (Oxa)Metallacycle Formation and
Cycloreversion Steps during trans-2-Butene Propagation

formation cycloreversion
adsorption E, AE,, E, AE,,,
configuration (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
(B): S,IN—0,, +108.3 +327 +46.3 -822
(C): S,IN-W,, +88.7 +11.6 +17.4 -57.7

trans-2-butene propagation, we find that the Cg, and Wy,
binding pathway, with its six-membered (oxa)metallacycle
intermediate, has the lower activation energy barriers in both
the [2 + 2] cycloaddition step and the cycloreversion step.
Therefore, in Stage 2, trans-2-butene preferentially forms a six-
membered C; (oxa)metallacycle intermediate by [2 + 2]
cycloaddition at Cg; and Ws, and then proceeds to
cycloreversion to regenerate the initial active site W=
CHCH; and complete the propagation cycle. The overall
heat of reaction associated with trans-2-butene propagation in
this stage is estimated to be AH,, = —28.9 kJ/mol. If we
compare the preferred energy pathway in Stage 2 with the
pathway in Stage 1, we find the highest energy barrier
corresponds to the formation of the six-membered (oxa)-
metallacycle species, S,IM—W;,, for trans-2-butene propaga-
tion, with the activation energy of E, = +88.7 kJ/mol; this is
17.4 kJ/mol larger than the corresponding energy barrier for
the decomposition of the S;IM—W;_ intermediate in cyclo-
reversion step for ethene propagation. Therefore, the formation
of the six-membered (oxa)metallacycle species S,IM—Wj_ in
Stage 2 appears to be the rate-determining step for the whole
propagation cycle.

The detailed structure of the reaction species involved in the
Cg; and Wy, (C)-type pathway, including transition states, are
shown in Figure 9, with bond lengths listed in Table 4. Due to
the overlap of several atoms in the side view of the S,TS,—Wi,
transition state, we have not explicitly labeled the bond lengths;

however, we observe similar changes in bond lengths in Stages
1 and 2. Compared to the twisted structure of S,TS,—Wj,, the
S,TS,—Wj_ transition state consists of a nearly flat (oxa)-
metallacycle, with a dihedral angle of 166.8°. We can see that
the initial reactant, trans-2-butene, for Stage 2 of the
propagation cycle, isomerizes to the cis-2-butene structure
during the [2 + 2] cycloaddition step. This structural
conversion can greatly reduce surface strain on the inactive
methyl groups and stabilize the six-membered C; (oxa)-
metallacycle intermediate. However, it also leads to artificially
higher energies of activation for the “elementary step”, as
shown in Figure S. The second propene product is obtained by
breaking the previously elongated W —Cpg; and Cg—Cp,
bonds. This completes the propagation cycle by regenerating
the W=CHCH]; active site for Stage 1 of propagation. We
notice, however, that the W=CHCH; active site regeneration,
while structurally similar due to periodic boundary conditions,
is not at the same surface W atom. In fact, the cycloreversion
produces the W=CHCH]; species at an originally labeled W,
site, instead of at an originally labeled Wy, site site. This 5-fold
coordinated W,. thus becomes a new 6-fold coordinated
tungsten Wy, site, due to the formation of W;.—Cg,. We show
this difference using “*” in S;p (Figure 9). This active site
migration may explain the low deactivation of the WOj catalyst
and its high activity for metathesis of ethene and trans-2-butene.

3.4. Rate Constants for Propagation Cycle. On the basis
of the aforementioned potential energy profiles, depicted in
Figure S, for propagation of ethene and trans-2-butene on the
tungsten trioxide (WO;) (001) surface, we demonstrated that
the activation energy barrier for [2 + 2] cycloaddition of trans-
2-butene to form the six-membered C; (oxa)metallacycle ring is
much higher than other elementary steps. For this reason, we
hypothesize that this is the rate-limiting step of propagation,
and we proceeded to calculate the forward and reverse rate
constants for this process. We used the frequencies of the
(oxa)metallacycle intermediates and their corresponding
transition states to calculate our best predictions for temper-

S,IN-W;,

Figure 9. Optimized structures of the initial state, transition states, intermediate and product along the minimum energy pathway for trans-2-butene
propagation. The red dashed line denotes the formed bond with decreasing length along the path, and the blue dashed line denotes the broken bond

with increasing length along the path.
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Figure 11. Calculated free energy profile for Stage 1 (black) and Stage 2 (blue) of propagation at 750 K.

ature-dependent rate constants of each forward and reverse step

in the two stages of propagation.
As the temperature is increased from 300 to 1000 K, as

shown in Figure 10 (panel c), the rate constant of the forward

reaction (i.e, [2 + 2] cycloaddition of trans-2-butene) increases
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from k; (300 K) = 1.39 X 107 s™* to k; (1000 K) = 2.93 x 10~%
s7, while the rate constant of the reverse reaction increases
from k, (300 K) = 3.89 X 107 s™* to k, (1000K) = 1.71 x 107®
s”'. When the temperature is below about 750 K, the

decomposition rate of the six-membered ring (S,IM—W,) is
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faster than the [2 + 2] cycloaddition of trans-2-butene.
However, the cycloaddition rate constant is more sensitive to
temperature, due to its larger activation energy. The cyclo-
addition thus becomes faster than the decomposition when the
temperature is higher than 750 K.

The k vs T relation for stage 1 and the second step of stage 2
also have been plotted as shown in Figures 10 (panels a, b, and
d). For [2 + 2] cycloaddition of ethene, the forward reaction
rate constant increases almost linearly from k; (300 K) = 1.57 X
107% 57! to k; (1000 K) = 3.73 X 107 s7', while the reverse
reaction rate constant increases from k, (300 K) = 7.09 X
107%™ to k, (1000 K) = 2.58 X 107%7L For [2 + 2]
cycloreversion of the C, (oxa)metallacycle, the forward reaction
rate constant increases from k; (300 K) = 2.12 X 1078 57! to k;
(1000 K) = 643 x 1077 s™!, while the reverse reaction rate
constant slowly increases from k, (300 K) = 1.42 X 1077 s™" to
k. (1000K) = 4.68 X 1077 s™*. For [2 + 2] cycloreversion of Cj
(oxa)metallacycle, the forward reaction rate constant changes
from k; (300 K) = 9.13 X 107 s to k; (1000 K) = 5.24 X 107°
s™!, while the reverse reaction rate constant increases from k,
(300 K) = 1.33 X 107%! to k, (1000 K) = 3.94 x 10757, All
of these rate constants are at least an order of magnitude larger
than the rate constant of the rate limiting step, which we
concluded was the [2 + 2] cycloaddition of trans-2-butene;
thus, we find good agreement with the results from the energy
barriers calculated at 0 K.

We further analyzed the free energy at 750 K. The free
energy diagram depicting the stage 1 ethene propagation on
WO, (001) with W=CHCHS, active sites, and the stage 2
trans-2-butene propagation on WO; (001) with W=CH,
active sites, is presented in Figure 11. We normalized the free
energy of SIN—W,. to zero. Although the free energy of
activation of [2 + 2] cycloaddition of trans-2-butene at stage 2
displays a lower barrier by 9.4 kJ/mol, compared with the data
for the total energy profile at 0 K, the barrier height for the [2 +
2] cycloaddition of trans-2-butene is still the largest, which
demonstrates again that this is the rate-limiting step.

We note that the activation energy for [2 + 2] cycloreversion
of the C; (oxa)metallacycle is lower than the activation energy
for the reverse reaction of [2 + 2] cycloaddition of trans-2-
butene, so the propagation can occur even if the temperature
falls below 750 K. However, the 750 K threshold is still
significant, because if there is an excess of propene product
(that has been produced in stage 1), the last step may become
slow even it has a low barrier. In this case, the cycloreversion of
S,IM—W;_ may hinder the reaction if the temperature is below
750 K. We also concur that there is a possibility of an excess of
ethene and trans-2-butene if the reaction is carried out far from
equilibrium, which would favor cycloaddition. Nevertheless, we
suggest 750 K as the lower bound for efficient metathesis of
ethene and trans-2-butene, and this temperature is corroborated
by the 300—500 °C temperature range explored by
Chaemchuen et al, and the optimal 90% conversion and 95%
selectivity for propene obtained by reaction at 500 °C.**

While lateral adsorbate—adsorbate interactions may influence
the stability of (oxa)metallacycle intermediates and the kinetics
of reaction on the surface with high coverage, we believe that
under typical reaction conditions for olefin metathesis, the total
surface coverage should be low. Thus, all adsorption energies
and activation energies are assumed to be coverage-
independent, and reaction rate constants should not be affected
much by the surface coverage.

70

3.5. Conclusions. We have performed a comprehensive
density functional theory study of the mechanism for propene
production over tungsten trioxide (WO;) slabs, based on
propagation of ethene at W=CHCH; sites and trans-2-butene
at W=CH, sites. Compared with the mechanism for
metathesis on supported Mo catalyst and Re catalysts, the
propagation reaction on WOj; involves two W sites—one 6-fold
coordinated, and the other 5-fold coordinated. Because these
two active sites are very close (~ 5 A) to each other, an alkene
double bond will interact with these sites to form stable
intermediates, based on the presence of electrophilic and steric
effects. We showed that ethene propagation occurs by [2 + 2]
cycloaddition at the C,; and Wy, sites, followed by cyclo-
reversion of the C,(oxa)metallacycle to produce another W=
CH, active site for further propagation. We also showed that
trans-2-butene propagation occurs by [2 + 2] cycloaddition at
the Cg; and Wj, sites, followed by cycloreversion of the
C;(oxa)metallacycle to regenerate the W=CHCH, active site.
Although it may be argued that ethene adsorption at the Wi,
site is slightly favored energetically compared to the W site,
the latter possesses much more favorable activation and kinetic
pathway for propene production. Furthermore, we showed that
the W=CH, sites are less active in the propagation process
compared to W=CHCHj;, such that the rate-limiting step is
the [2 + 2] cycloaddition of trans-2-butene to form the six-
membered C; (oxa)metallacycle ring.

We note that our proposed mechanism still involves the
metallacyclobutane intermediate S;IM—W;_, which is formed
by [2 + 2] cycloaddition of the ethene double bond to 6-fold
coordinated W alkylidene, and the metallacyclobutane inter-
mediate S,IM—W;_, which is obtained by [2 + 2] cycloaddition
of the 2-butene double bond to S5-fold coordinated W
alkylidene. Therefore, our proposed mechanism validates the
classical Hérisson and Chauvin metathesis mechanism, while
providing detailed structures and energetic information for the
intermediates and transition states; this in turn helps us better
understand the classical mechanism and the performance of
transition metal oxide catalysts in metathesis.

When the temperature is below 750 K, the decomposition
rate of the six-membered ring S,IM—W(,_ is faster than the [2 +
2] cycloaddition of trans-2-butene. However, the cycloaddition
rate constant is more sensitive to temperature due to its larger
activation energy. The cycloaddition becomes faster than the
decomposition when temperature is over 750 K, which we
suggest as the lower bound for the reaction temperature by
which successful metathesis of ethene and trans-2-butene to
produce propene may be achieved. We assert that these results
lay the foundation for future studies on the kinetics of initiation
and propagation, including the role of the catalyst support on
the adoption of tetrahedrally versus distorted octahedrally
coordinated W in the metal-carbene active site, and the effect of
the cis-2-butene side product on the reaction mechanism; this
will guide the development of more active and selective
catalysts for propene production.
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