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bstract

The reaction pathway for the palladium-catalyzed synthesis of vinyl acetate from acetic acid, ethylene and oxygen is investigated using
eflection–absorption infrared spectroscopy by monitoring the rate of acetate titration by gas-phase ethylene. This reveals that acetate species
re removed by reaction with gas-phase ethylene resulting in vinyl acetate formation. Reaction with C2D4 reveals a large (∼6) isotope effect
ndicating that hydrogen is involved in the rate-limiting step. This also results in the appearance of an infrared feature that is assigned to an
cetoxyethyl-palladium intermediate. Acetate reaction rates are different for the isotopomers, CH2CD2 and CHDCHD. These observations are
onsistent with a reaction pathway first proposed by Samanos in which ethylene reacts with an acetate species to form an acetoxyethyl-palladium
ntermediate, which then reacts to form vinyl acetate by a �-hydride elimination reaction. The Hérisson–Chauvin pathway for olefin metathesis,
hich proposes that reaction occurs between a surface carbene and alkene to form a C metallacycle, which decompose by the reverse of this
3

athway to form metathesis products, is tested on a MoAl alloy formed by reactions with Mo(CO)6 with an alumina thin film grown on a refractory
etal substrate. This is the accepted pathway in homogeneous phase, and is demonstrated to occur on the alloy surface by grafting intermediates

sing iodine-containing precursors.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The ability to understand catalytic reaction pathways in detail
equires kinetic measurements to be made on the elementary
eaction steps on model systems that mimic the realistic catalyst.

hen the heats of adsorption of the reactants are larger than, or
f the same magnitude as the activation energy of the surface
eaction step, ultrahigh vacuum techniques such as temperature-
rogrammed desorption can be used to probe elementary step
eaction kinetics. If this is not the case, the reactants merely
esorb without reacting. In such cases, elementary reaction steps
an only be explored when the surface is pressurized by the
eactant and requires the nature of the surface to be probed in
he presence of high pressures of one or more of the reactants,
herefore requiring surface-sensitive techniques that can operate

nder high-pressure conditions. Photon-based methods such as
nfrared spectroscopy are ideally suited to such experiments and
ts utility is illustrated in the following using the example of the

∗ Corresponding author. Tel.: +1 414 229 5222; fax: +1 414 229 5036.
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etathesis; Reaction pathway

alladium-catalyzed synthesis of vinyl acetate monomer (VAM)
rom acetic acid, ethylene and oxygen [1]:

H3COOH + C2H4 + (1/2)O2 → CH3COOC2H3 + H2O

(1)

ince this reaction is catalyzed by supported palladium, and a
d(1 1 1) single crystal has been shown to catalyze the reaction
2], the mechanism of vinyl acetate synthesis is studied on a
d(1 1 1) single crystal. In many cases, however, single crystal
ubstrates are not faithful models of the working catalyst and
odel systems that more closely mimic the supported system
ust be synthesized. An example of this strategy is illustrated

or model catalysts systems grown on an oxide support, in this
ase, by the reaction of molybdenum hexacarbonyl with alu-
ina films grown on a refractory metal support [3–11]. This

esults in the formation of a number of phases, depending on
emperature and the nature of the support. However, of partic-

lar interest is a molybdenum–aluminum alloy system, which
as been demonstrated to be extremely active for the migratory
nsertion of methylene into surface alkyl groups, resulting in the
etection of alkenes up to C4 after grafting methylene species

mailto:wtt@uwm.edu
dx.doi.org/10.1016/j.molcata.2007.08.026
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Scheme 1. Illustrations of the propose

nto the surface [12]. It has been suggested that, in homoge-
eous phase, olefin metathesis reactions proceed via a similar
igratory insertion of a carbene into the C–metal bond of an

lkene to form a metallacycle [13–30]. The reverse of this reac-
ion, metallacycle decomposition to evolve an alkene leaving a
urface carbene, results in the formation of metathesis products.
he efficacy of the model alloy for migratory insertion reac-

ions allows the carbene–metallacycle pathway to be explored
n ultrahigh vacuum.

. Experimental

All experiments were carried out under ultrahigh vacuum
onditions to allow clean, well-characterized samples to be
btained. A wide range of surface analysis techniques have been
sed to follow the reaction pathways and these, along with the
ample preparation and cleaning techniques have been described
n detail elsewhere [31]. All gases used for the experiments were
f 99+% purity and were transferred to glass bottles, which
ere attached to the gas-handling line for introduction into the
acuum chamber and their purities were determined mass spec-
roscopically. The purities of the key compounds used in this
ork were as follows: C2H4 (Matheson, Research Grade), acetic

cid (Aldrich, 99.99+%), C2D4 (CIL, 98% D), CD2CH2 (CDN,
9% D), CHDCHD (CDN, cis/trans mixture, 99% D) and 18O2
CIL, 95% 18O2), molybdenum hexacarbonyl (Aldrich, 99%),
ropylene (Matheson, 99.5%), d6-propylene, CD2 CH CH3,
H2 CH CD3 (Cambridge Isotope, ≥99% D), 1-iodopropane
nd 1,3-diiodopropane (Aldrich, 99%).

. Results and discussion

.1. The reaction pathway for the synthesis of vinyl acetate
n Pd(1 1 1)
Two alternative mechanisms have been proposed to describe
he palladium-catalyzed formation of VAM. The first, suggested
y Samanos, involves the coupling of ethylene directly with
hemisorbed acetate on Pd [32]. The resulting acetoxyethyl-

s
(
v
fi

seev and Samanos reaction pathways.

alladium intermediate then undergoes a �-hydride elimination
eaction to form vinyl acetate. Alternatively, ethylene could first
ehydrogenate to form a vinyl-palladium intermediate, which
hen would couple with a surface acetate species to form VAM
irectly. This is known as the Moiseev mechanism [33] and these
athways are illustrated in Scheme 1.

The structures of adsorbed �2-acetate [34] and ethylene [35]
ave been determined separately on Pd(1 1 1) using low-energy
lectron diffraction (LEED) and reflection absorption infrared
pectroscopy (RAIRS) [34–37]. These experiments reveal that
he acetate adsorbs with the molecular plane oriented perpen-
icular to the palladium surface with the oxygen atoms located
lmost above palladium sites such that the carbon atom in the
arboxylate is positioned directly above a bridge site. The sat-
ration coverage is ∼1/3 of a monolayer (where coverages are
eferenced to the palladium atom site density on the surface)
38]. Ethylene is substantially rehybridized on clean Pd(1 1 1)
nd also adsorbs at the bridge site on the clean surface so that the
dsorption of di-�-bonded ethylene should therefore be blocked
y the acetate species [35].

The work outlined in the following addresses the ques-
ion of the nature of the reaction pathway primarily using
sotopically labeled reactants. A Pd(1 1 1) surface satu-
ated with acetate species was pressurized with ethylene
P(ethylene) = 2 × 10−7 Torr) and the integrated intensity of the
cetate feature at 1414 cm−1 followed as a function of time at
sample temperature of 327 K, where the data for reaction
ith C2H4 (�) are displayed in Fig. 1. Separate calibration

xperiments show that the integrated intensity of this feature
s, to a good approximation, proportional to coverage. This
learly shows that surface acetate species react with gas-phase
thylene and temperature-programmed desorption experiments
erformed in the presence of gas-phase ethylene confirm that
hese react to form vinyl acetate [39]. In order to investigate
hether the rate-limiting step involves hydrogen, the acetate
pecies on Pd(1 1 1) was also reacted with C2D4 (�) CD2CH2
�) and CHDCHD (�) and the resulting plots of acetate coverage
ersus time are also displayed in Fig. 1. Shown as lines on this
gure are fits to a kinetic model that will be discussed in greater
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Fig. 1. Plot of the time dependence of the coverage of the acetate species mea-
sured from the intensity of the 1414 cm−1 acetate mode for the reaction of
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Fig. 2. Infrared spectra of acetate species on Pd(1 1 1) reacted with ethylene at a
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vinyl acetate on an ethylidyne-saturated Pd(1 1 1) surface. This
observation provides confirmation that the reaction between
ethylene and adsorbed acetate species yields vinyl acetate,

Fig. 3. Infrared spectra of acetate species reacted with ethylene at 327 K until
2H4 (�), CH2CD2 (�), CHDCHD (�) and C2D4 (�) with acetate species on
d(1 1 1) with an ethylene pressure of 2 × 10−7 Torr at a reaction temperature
f 327 K.

etail below. Clearly there are substantial differences in the reac-
ion rates between C2H4 and C2D4 indicating that hydrogen
s involved in the rate-limiting step. Interestingly, the reaction
ates for d2-ethylene isotopomers depend on the deuterium posi-
ion: reaction is slower for the 1,1-dideuterated reactant than
or 1,2-dideuteroethylene. The implication of this result will be
iscussed in greater detail below.

Experimental data shown in Fig. 1 were collected for 100
cans to allow a large number of data points to be collected for
he kinetic measurements. Similar experiments were carried out
s a function of time, but now by collecting spectra for 1000
cans to yield better signal to noise. The resulting spectra are
isplayed in Fig. 2 for reaction at 327 K on clean Pd(1 1 1) and
how a decrease in the intensity of the 1414 cm−1 feature due
o the removal of acetate species noted in Fig. 1, along with
he formation of ethylidyne (from the peak at 1327 cm−1) [39].
n additional feature is observed to grow at ∼1778 cm−1, in

he C O stretching region. Heating an acetate-covered surface
o this temperature in the absence of ethylene does not result
n the appearance of this peak. Shown in Fig. 3 are a series of
nfrared spectra collected at identical temperatures and ethylene
ressures until the acetate species had been removed using: (b)
2H4 (reproducing the spectrum in Fig. 2), (c) C2H4 on an 18O-
overed surface formed by exposing clean Pd(1 1 1) to 18O2 and
d) using C2D4. Shown for comparison is the spectrum of CO on
d(1 1 1) (Fig. 3a), where the CO exposure was selected to yield
similar intensity to the features produced by reaction between
thylene and adsorbed acetate species. This confirms that these
eatures are not due to CO adsorbed from the background. The
eaks at 1330 and 1090 cm−1 in these spectra (Fig. 3(b) and (c))

re due to ethylidyne species [39]. These data also show that
urface oxygen does not appear to be involved in the surface
eaction, but the 1778 cm−1 feature shifts to ∼1718 cm−1 when
he reaction is carried out using C2D4.

t
P
a
o

ressure of ∼2 × 10−7 Torr at 327 K for various times collected for 1000 scans
o improve the signal-to-noise ratio. The reaction times are indicated adjacent
o the corresponding spectrum.

In order to establish whether the 1718 cm−1 feature is due
o an isotope shift of the 1778 cm−1 mode, and to aid in estab-
ishing the nature of the species giving rise to the ∼1778 cm−1

eature, both d6- and normal vinyl acetate were adsorbed on
thylidyne-covered Pd(1 1 1) at 300 K for ethylidyne coverages
f 0.25 (saturation) and ∼0.1 monolayers. The resulting spec-
ra are shown in Fig. 4 for normal (Fig. 4(a)) and perdeuterated
Fig. 4(b)) VAM. The spectra reveal that VAM exhibits a sin-
le feature at ∼1778 cm−1 for both normal and perdeuterated
he acetate had been removed, for reaction with (b) C2H4 with acetate-covered
d(1 1 1), (c) C2H4 with acetate-covered 18O-(2 × 2)/Pd(1 1 1) (d) C2D4 with
cetate-covered Pd(1 1 1). Shown for comparison is the infrared spectrum of CO
n Pd(1 1 1) (a).
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removal rate when using C2D4 is substantially lower than
when using C2H4. Of greater interest, however, are the dif-
ferent acetate removal rates for d2-ethylene, where CD2CH2
reacts more slowly than does CHDCHD. This observation allows
ig. 4. Infrared spectrum of (a) d0-vinyl acetate adsorbed on 0.25 and 0.1 mL of

thylidyne and (b) d6-vinyl acetate on 0.25 and 0.1 mL of ethylidyne at 305 K.

n accord with previous temperature-programmed desorption
esults where gas-phase vinyl acetate was detected [39]. It should
e emphasized that this spectrum is considerably different from
hat of vinyl acetate on clean Pd(1 1 1) [40], which exhibits

large number of features, one of which is a C O stretch-
ng mode at ∼1760 cm−1. Furthermore, heating this surface
o ∼300 K results in substantial vinyl acetate decomposition.
vidently, the presence of ethylidyne on the surface inhibits
inyl acetate decomposition. Indeed, lowering the ethylidyne
overage to ∼0.1 ML (Fig. 4) results in some decomposition
s evidenced by the feature appearing at ∼1398 cm−1. How-

ver, the feature at ∼1718 cm−1 is clearly not due to vinyl
cetate adsorbed on the surface. The presence of this feature
oes, however, provide a clue to the reaction pathway. In the
oiseev pathway, the only species expected to be present on

F
s

ysis A: Chemical 281 (2008) 14–23 17

he surface are ethylene, vinyl and acetate species, and vinyl
cetate, and the ∼1718 cm−1 mode is due to none of these.
he species participating in the Samanos pathway are ethylene,
cetate, vinyl acetate and the acetoxyethyl-palladium intermedi-
te resulting from insertion of ethylene into the acetate–Pd bond
see Scheme 1). Such an acetoxyethyl-palladium intermediate
ill have a C O stretching frequency lower than that of vinyl

cetate [41,42] implying that the 1718 cm−1 mode could be due
o the presence of the reaction intermediate. The appearance
f this feature can be rationalized on the basis of the Samanos
athway [32]. Since the acetoxyethyl-palladium intermediate
ecomposes to form vinyl acetate via a �-hydride elimination
eaction, the rate of this reaction will be slowed substantially by
euteration at the � position accounting for its appearance when
2D4 reacts with surface acetate species. Indeed, further reac-

ion with C2D4 results in a loss in intensity of the 1718 cm−1

ode and the growth of a mode at ∼1788 cm−1 in accord with
his proposal.

These results demonstrate that ethylene reacts with acetate
pecies on Pd(1 1 1) to yield vinyl acetate [39], consistent with
he detection of vinyl acetate adsorbed on ethylidyne-covered
d(1 1 1) (Fig. 4) by infrared spectroscopy following reaction
etween ethylene and acetate species. The feature appearing at
1718 cm−1 after reaction between C2D4 and acetate species

s assigned to the presence of an acetoxyethyl-palladium inter-
ediate arising from a reaction between gas-phase ethylene and

dsorbed acetate. This assignment is based on the observation
hat the C O stretching frequency of alkyl acetate is ∼60 cm−1

ower in frequency than for vinyl acetate [41,42]. These data
trongly suggest that vinyl acetate is formed by the insertion
f ethylene into the O–Pd bond of the acetate species followed
y �-hydride elimination to yield vinyl acetate; the Samanos
athway [32].

Additional evidence for the Samanos pathway comes from
he isotope data of Fig. 1. Clearly, as noted above, hydro-
en is involved in the rate-limiting step since the acetate
ig. 5. Schematic diagram summarizing the films formed on various alumina
urfaces by reaction with molybdenum hexacarbonyl.
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s to immediately exclude the Moiseev model since, in this
ase, the rate-limiting step, which involves hydrogen, must
e hydrogen abstraction from the ethylene to form the vinyl
pecies. A fit to the experimental data (Fig. 1) yields value of

i(H)/ki(D) ∼ 6. This is a reasonable value for a primary iso-
ope effect. In the case of reaction with d2-ethylene, the rate
onstant should be (ki(H) + ki(D))/2 yielding an isotope effect
f 2/(1 + (ki(D))/ki(H)) ∼ 1.7. This will be the same irrespective

p
a
o
a

ig. 6. (a) I3d5/2 photoelectron spectra of 5 L of 1,3-diiodopropane adsorbed on a M
emperatures are displayed adjacent to the corresponding spectrum. Shown as an inset
nd atomic iodine (centered at 619.2 eV) plotted as a function of temperature. (b) Refl
,3-diiodopropane on a MoAl alloy as a function of annealing temperature, where the
he surface chemistry is indicated schematically at the bottom of the figure.
ysis A: Chemical 281 (2008) 14–23

f the location of deuterium, in contrast to what is observed
xperimentally.

At first sight, a similar effect should occur with the Samanos
odel. In the case of reaction with CD2CH2, there is an equal
robability of CH2 or CD2 being in the �-position in the
cetoxyethyl-palladium intermediate yielding an isotope effect
f ∼1.7, while for CHDCHD there will always be a CHD group
t the �-position, similarly yielding an isotope effect of ∼1.7.

oAl surface at 150 K and heated to various temperatures, where the annealing
are the areas of the I3d5/2 signals from 1,3-diiodopropane (centered at 620.2 eV)
ection–absorption infrared spectra (RAIRS) following the adsorption of 2 L of
annealing temperatures are displayed adjacent to the corresponding spectrum.
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owever, if the acetoxyethyl-palladium intermediate blocks the
dsorption of ethylene, any acetoxyethyl-palladium intermedi-
tes formed from CH2CD2 with two deuteriums in the �-position
ill decompose more slowly than those with hydrogens at that

osition, and block ethylene adsorption to a larger extent. For
eaction with CHDCHD, there will always be hydrogen at the
-position, so that the intermediate can decompose more rapidly

esulting in less blocking of the ethylene adsorption by the

a
t
w
c

ig. 7. Temperature-programmed desorption spectra of various exposures of 1,3-diio
nd 26 and 27 amu (ethylene) and (b) 16 (methane). The 1,3-diiodopropane exposure
ndicated schematically at the bottom of the figure.
ysis A: Chemical 281 (2008) 14–23 19

ntermediate. This suggests that reaction with CD2CH2 should
e slower than that with CHDCHD as found experimentally
Fig. 1). The data in Fig. 1 were fit using a simple kinetic model
hat assumes that ethylene adsorption is blocked by both surface

cetate species and the acetoxyethyl-palladium intermediate and
hat the reaction rate is given by k × θ(ethylene) × θ(acetate),
here θ refers to the surface coverage, and k is the reaction rate

onstant. Reactions were carried out at a sufficiently high pres-

dopropane adsorbed on a MoAl alloy surface, monitoring (a) 41 (propylene),
s are marked adjacent to the corresponding spectrum. The surface chemistry is
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of the metallacycle decomposes by a hydrogen-transfer reaction
to form propylene. Shown for comparison is the TPD profile for
propylene itself adsorbed on the alloy, which has the most intense

Fig. 8. (a) I3d regions collected following the adsorption of 5 L of diiodomethane
on a MoAl alloy film at 150 K and heating to various temperatures, where anneal-
ing temperatures are marked adjacent to the corresponding spectrum. The spectra
were collected after allowing the sample to cool to 150 K. (b) 16 (CH4) amu
0 F. Gao et al. / Journal of Molecular

ure to saturate the surface with ethylene. Since acetate species
lock ethylene adsorption, the ethylene coverage was taken to
e 1 − θ(acetate). The rate constant is varied depending on the
umber of deuteriums in the � position of the acetoxyethyl-
alladium intermediate resulting in a change in its coverage and
concomitant change in reaction rate. The results of this simple
inetic model yield the lines plotted in Fig. 1. While the fits are
ot perfect, they effectively reproduce the different rates found
or CH2CD2 and CHDCHD.

.2. The reaction pathway for the olefin metathesis on
olybdenum–aluminum alloys

Models of alumina-supported catalysts can be synthesized
y reacting Mo(CO)6 with alumina films grown on a Mo(1 0 0)
ubstrate [3–11]. The alumina film is grown by evaporating alu-
inum onto the metal support and oxidizing using water to yield

ydroxylated alumina. This can be dehydroxylated by heating
o various temperatures in ultrahigh vacuum to desorb water.
he Mo(CO)6 decarbonylation pathway has been extensively

nvestigated. However, reacting the carbonyl with the alumina
urface at ∼700 K results in a number of surface phases sum-
arized in Fig. 5. Of particular interest is the molybdenum

xycarbide phase that reduces the alumina substrate on heat-
ng to ∼1400 K to desorb predominantly CO and results in
he formation of a molybdenum–aluminum alloy. It has been
emonstrated previously that this surface is exceptionally active
or the migratory insertion of methylene species into adsorbed
lkyls to form higher hydrocarbons [12]. This property is used to
xamine the migratory insertion of methylene species into ethy-
ene adsorbed on the alloy to form C3 surface metallacycles. In
he homogeneous-phase metathesis pathway, this is proposed to
ecompose by the reverse of the formation pathway to evolve an
lkene and leave the carbene on the surface [13–30]. In order to
xplore this chemistry on the MoAl alloy, C3 metallacycles were
rafted onto the surface by exposure to 1,3-diidodopropane. This
s now a well-established strategy for grafting reaction inter-

ediates onto surfaces, since the C I bond is relatively weak
ompared to the C H bonds and is preferentially cleaved to
eposit the organic fragment along with chemisorbed iodine.
he strategy is illustrated graphically by the schematic dia-
ram at the bottom of Fig. 6. Shown in Fig. 6(a) are a series
f iodine X-ray photoelectron spectra collected following the
dsorption of 1,3-diidodopropane on the alloy and annealing to
igher temperature [43]. Following adsorption at ∼150 K, the
inding energy indicates that the iodine is bonded to carbon.
owever, heating the sample reduces the intensity of this fea-

ure leading to an additional iodine feature appearing at lower
inding energy due to iodine adsorbed on the alloy surface. The
odine spectra of 1,3-diidodopropane and adsorbed iodine are
t to Lorentzian profiles and the spectra at intermediate tem-
eratures are fit to a linear combination of these features. The
eflection–absorption infrared spectrum collected following the

dsorption of 1,3-diidodopropane and heating to various tem-
eratures (Fig. 6(b)) is also consistent with the presence of a C3
etallacycle on the surface since features are in accord with the

ontinued presence of a C3H3 moiety.

t
M
C
r
b

ysis A: Chemical 281 (2008) 14–23

The reaction pathways are probed using temperature-
rogrammed desorption (TPD), where the TPD profiles are
isplayed for the 41, 27 and 26 amu signals in Fig. 7(a) fol-
owing 1,3-diidodopropane adsorption at ∼100 K. The signal at
1 amu is due to propylene desorption suggesting that a portion
emperature-programmed desorption spectra of diiodomethane adsorbed on a
oAl film at 150 K collected using a heating rate of 10 K/s, as a function of
H2I2 exposure. Diiodomethane exposures are marked adjacent to the cor-

esponding spectrum. The surface chemistry is indicated schematically at the
ottom of the figure.
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Fig. 9. Temperature-programmed desorption spectra collected using a heating rate of 10 K/s, (a) monitoring 41 amu (propylene) following adsorption of 10 L of
m ed b
s rption
2 tracte
f botto

s
c
m
2

ethylene iodide and annealing to 250 K to form a methylene species, follow
pectrum of methylene iodide alone. (b) The spectra obtained following adso
9 amu (12C13CH4) where contributions from molecular ethylene have been sub
ollowed by 1 L CH2I2. The surface chemistry is indicated schematically at the
ignal at 41 amu with fragments at 27 and 26 amu. However,
omparison of the relative intensities at 26 and 27 amu for the
etallacycle with the intensity at 41 amu reveals that the 26 and

7 amu intensities are larger than can be accounted for by propy-

l
y
c
s

y exposure to 10 L of ethylene to this surface. Shown for comparison is the
of 5 L of 13C2H4 followed by 10 L of 12CH2I2, monitoring 17 (12CH4) and

d, and (c) the 41 amu (propylene) spectrum following exposure to 1 L of C2H5I
m of the figure.
ene alone, suggesting that the metallacycle also decomposes to
ield ethylene. This notion is confirmed by the TPD spectra
ollected following 5 L exposure of 1,3-diidodopropane, which
hows clearly different desorption profiles at 26 and 27 amu to
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hat at 41 amu, indicating that ethylene is formed at ∼280 K.
onitoring the 16 amu signal (Fig. 7(b)) reveals the forma-

ion of substantial amounts of methane between 250 and 300 K.
s will be shown below, this is due to the hydrogenation of
ethylene species deposited onto the surface by the decompo-

ition of the metallacycle. The reaction chemistry is summarized
chematically at the bottom of Fig. 7.

Methylene species can themselves be grafted onto the alloy
urface using a similar strategy, by exposing it to methylene
odide [12]. The XP spectra displayed in Fig. 8(a) confirm that
dsorbed methylene iodide, with an iodine signal at ∼620.0 eV
inding energy, decomposes on heating to ∼200 K as evidenced
y the appearance of an iodine signal at ∼619.5 eV, due to iodine
dsorbed onto the alloy. The resulting 16 amu (methane) TPD
ata are displayed in Fig. 8(b), showing methane desorption at
300 K, in accord with the proposal that the methane detected

ollowing 1,3-diidodopropane adsorption is due to CH2(ads)
ydrogenation (Fig. 7(b)).

In order to explore whether methylene species insert into the
–metal bond of adsorbed ethylene to form a metallacycle, car-
enes were formed on the surface by adsorbing methylene iodide
t ∼100 K and annealing to 250 K [43]. The surface was then
xposed to ethylene and the resulting 41 amu (propylene) TPD
ata are displayed in Fig. 9(a). This displays an intense feature
entered at ∼320 K consistent with the decomposition of a C3
etallacycle (compare with Fig. 7(a)). As noted above, higher

ydrocarbons are formed from adsorbed methylene species due
o migratory insertion reactions into alkyl species and the 41-
mu spectrum for methylene iodide alone on the alloy surface is
hown also in Fig. 9(a). In this case, the propylene yield is sub-
tantially lower than when co-adsorbed with ethylene. These
esults strongly suggest the formation of metallacycles by reac-
ion between carbenes and adsorbed ethylene in agreement with
he proposed pathway for olefin metathesis in heterogeneous
hase [13–30]. The data of Fig. 7(a) indicate that these can also
ecompose to reform the surface carbene and evolve and alkene.
n order to establish whether this cross metathesis pathway
ndeed occurs on the alloy surface, the carbene was graft onto the
urface using 12CH2I2 and co-adsorbed with isotopically labeled
3C2H4. As indicated in the schematic at the bottom of Fig. 9,
he resulting metallacycle should contain two 13C and one 12C
toms. In this case, there is a 50% probability of the metallacycle
ecomposing to yield the original reactants and a 50% probabil-
ty of yielding 12C13CH4 and depositing 13CH2 species onto the
urface. The results of this experiment are displayed in Fig. 9(b),
here a clear signal due to cross-metathesis products is detected.

n addition, according to the results shown in Fig. 8, the resulting
3C-labeled methylene species should hydrogenate to produce
abeled methane (at 17 amu) and this is indeed found (Fig. 9(b)).
he results indicate that the carbene–metallacycle pathway pro-
osed by Hérisson and Chauvin [17] for homogeneous-phase
lefin metathesis can also occur in heterogeneous phase.
. Conclusions

The experimental results provide clear evidence for ethylene
nsertion into the acetate proceeding via a pathway proposed by

[
[
[

[

ysis A: Chemical 281 (2008) 14–23

amanos [32], that is, by ethylene insertion into an adsorbed
cetate species and subsequent �-hydride elimination to form
inyl acetate. First is the identification of a vibrational mode at
1718 cm−1 when reaction is carried out using C2D4, which

annot be assigned to vinyl acetate itself and is therefore
ssigned to the acetoxyethyl-palladium intermediate. Second,
he differences in reaction rates for CHDCHD and CH2CD2 can
nly be rationalized by the Samanos route by making the reason-
ble assumption that the acetoxyethyl-palladium intermediate
locks the adsorption of ethylene. Molybdenum–aluminum
lloys grown by reacting Mo(CO)6 with thin alumina films on a
efractory metal support have been shown to be very active for
ethylene insertions reactions. This observation was exploited

o explore the Hérisson-Chauvin [17] reaction pathway for olefin
etathesis that proposes a reaction between an alkene and car-

ene to form a metallacycle that decomposes by the reverse of
his pathway to form metathesis products. This reaction pathway
as confirmed on the alloy surface by grafting key intermediates
nto the surface using iodine-containing precursors.
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