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Vinyl acetate can be synthetized by both homogeneous and heterogeneous processes involving Pd atoms as
reaction centers. We have determined the reaction mechanisms by means of density functional theory applied
to molecular models for the homogeneous catalyst and to slabs that model the most active heterogeneous
ensemble to unravel the similarities and differences in the reaction networks under these different conditions.
We find that although the reaction network is similar, the rate determining step is different. Thus, direct
extrapolations from organometallic chemistry to gas-phase heterogeneous catalysis should be handled with
care.

Introduction

Vinyl acetate, VA, is an important monomer involved in the
production of polymers employed as paints, adhesives, coatings,
and fibers.2 VA is synthetized from ethylene and acetic acid,
and although initially the synthetic process was based on
homogeneous palladium-catalysts,3 now it has almost been
completely substituted by Pd-based heterogeneous process.4-7

The preference for the heterogeneous process is based on the
better performance against corrosion and poisoning by chlorides
and water. Both the homogeneous and the heterogeneous routes
are reproduced in Figure 1, where the benzoquinone/hydro-
quinone (BQ/HQ) pair is used as external oxidant for the
homogeneous reaction.

The homogeneous process was described by Moiseev around
1960,3,8,9 and it belongs to the family of oxidative acyloxylation
reactions.10 Acyloxylations can be carried out in acetic acid at
moderate temperatures (50-60 °C).11 The mechanism shows
the following steps.12,13 First, the alkene coordinates to the Pd(II)
catalyst. In the following step, the C-O bond is formed by
nucleophilic addition of the acetate to the alkene. The next step
is the C-H cleavage that results in formation of the C-C double
bond. Finally, regeneration of the catalyst by a redox system
takes place. The first description of the mechanism was
developed by van Helden et al., who assumed that the
elimination of the �-hydrogen atom was the rate limiting step.14

The industrial heterogeneous catalysts are based on silica
suported Pd-Au alloys with excess of alkali acetate. The
reaction takes place at 130-200 °C and 5-10 atm and the yield
is 96% or higher of VA in terms of ethylene conversion.4

Oxygen is employed in the reaction to drive acetic acid
dehydrogenation, and it is released as water molecules. In the
reaction mechanism oxygen is dissociated on the surface, then
one of the oxygen atoms drives the dehydrogenation of acetate.
Ethylene can be adsorbed in a neighboring Pd center and then

the C-O coupling takes place, finally an oxygen atom or a
hydroxyl group can provoke the �-hydrogen elimination leading
to the product. Detailed experimental studies exist on the
ensemble effects found for VA synthesis over Pd-Au alloys.15-19

Since the same metal is employed in both homogeneous and
heterogeneous versions of the catalyst, there is an interest to
analyze the similarities and differences on the reaction mech-
anisms on both cases. Both homogeneous20,21 and heteroge-
neous22 catalysis have been intensely and successfully studied
from a computational point of view, but seldom in direct
comparison. In fact, the understanding of the link between
homogeneous and heterogeneous catalysis constitutes a chal-
lenge in the development of new catalysts.23,24 The present work
follows our analysis for the selective activation of alkynes on
gold catalyts.25

To this end, we have employed theoretical tools based on
density functional theory (DFT). We considered for both systems
the simple model reaction between ethylene and acetic acid.
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Figure 1. Reaction scheme for the synthesis of vinyl acetate from
ethylene and acetic acid on Pd-based catalyst.

J. Phys. Chem. A 2009, 113, 11758–1176211758

10.1021/jp902929x CCC: $40.75  2009 American Chemical Society
Published on Web 09/21/2009



For the homogeneous system, the catalyst employed was [Pd(κ2-
O2CCH3)2]. It has been suggested that the catalyst may act in a
dimeric or trimeric form, but previous studies have shown the
reaction to take place in a single palladium center;26 the
monomer should thus be a good model. This previous work by
Kragten et al.26 is to our knowledge the only previous
computational study on the homogeneous process. It did
consider the dimeric form of the catalyst in some steps, but it
did not compute the full catalytic cycle, and it applied a very
simplified model system in the calculation of the transition state
for the only step that was analyzed in detail. The monomeric
palladium acetate model has been also applied in the theoretical
study of other reactions.27 The oxidant in our study was
p-benzoquinone, one of many that have been found to be
experimentally efficient.11 It is transformed in hydroquinone after
the reaction. As for the heterogeneous system, the PdAu alloys
form a continuous solid solution; on high gold composition
range, Pd atoms can be prepared to be in the surface as
impurities. It has been shown experimentally that the open (100)
surface with a particular Pd dimer configuration (at a distance
of �2dPd-Pd) is the most active for the reaction.15

Computational Methods

All calculations were performed at the DFT level. For the
homogeneous reaction, we used the hybrid Becke3LYP28-30

functional with a hybrid Becke exchange functional and a
Lee-Yang-Parr correlation functional28,29 as implemented in
Gaussian03.31 The Pd atom was described using an effective
core potential for the inner electrons32 and its associated double-�
basis set for the outer ones. The 6-31G(d) basis set was used
for the atoms H, C, and O.33 Solvent effects were introduced in
selected cases through PCM single-point calculations34 on gas
phase optimized geometries. Aniline was used as solvent due
to its very similar dielectric constant compared to acetic acid
(εr ) 6.89 and 6.21, respectively). The structures of the reactants,
intermediates, transition states, and products were fully opti-
mized without any symmetry restriction. Transition states were
identified by having one imaginary frequency in the Hessian
matrix. The presented energies for the homogeneous processes
correspond to potential energies corrected with zero-point
energies and solvation effects. The relative gas phase potential
energies with and without zero point energy corrections are
collected in Table S1 (Supporting Information) and show no
significant differences with the values discussed in the text. We
decided against including entropic corrections because of the
well-documented problems35,36 for their accurate introduction
for solvated systems through simple statistical thermodynamics
based on gas phase calculations.

For the heterogeneous reaction, periodic density functional
theory calculations have been performed with the VASP code.37

A slab containing five layers represents the Au(100) surface
with a p(4 × 4) reconstruction. Two of the surface Au atoms
have been replaced by Pd reproducing the next-nearest neighbors
local ensemble known to be the most active species.15,25 The
two outermost layers and the adsorbate degrees of freedom have
been allowed to relax. The energies have been obtained within
the RPBE38 functional. Inner cores have been replaced by
PAW39,40 pseudopotentials while valence electrons have been
expanded in plane waves with a cutoff energy of 400 eV. The
Monkhorst-Pack scheme41 with 2 × 2 × 1 k-points has been
employed. Transition states have been located by the use of
the climbing image version of the nudged elastic band algo-
rithm42 and in all cases a single imaginary frequency has been
obtained for these structures.

The choice of the computational methods was based on the
usual approaches currently applied in computational homoge-
neous and heterogeneous catalysis. The use of different descrip-
tions can however hamper the comparison. In order to evaluate
the effect of the use of the different computational set-ups, we
carried out a systematic series of VASP RPBE single-point
calculations on all the Gaussian03 B3LYP optimized structures
for the homogeneous systems. A cubic box of 15 Å3 was used
in these periodic calculations. The results, collected in Table
S2 (Supporting Information), show relative potential energy
differences of 36 kJ/mol at most, and in no case modify the
qualitative analysis of energetics discussed in the text.

Complete Reaction Paths

The key features of the reaction mechanisms have been
previously characterized computationally with some degree of
detail for both the homogeneous26 and heterogeneous counter-
part.43,44 However, to our knowledge, a comparison of the full
catalytic cycles had not been previously reported. We carried
out this calculation, and the overall profile for the reaction is
presented in Figure 2 where both reaction mechanisms have
been overlapped. We find both reaction mechanisms to have
the three main steps that were expected, ethylene-acetate
coupling (C-O formation), �-hydrogen elimination, and catalyst
reoxidation. The nature of the rate-determining step is however
different and the exothermicity of the reaction, due to the
presence of the oxygen-water pair, is much larger for the
heterogeneous process.

For the homogeneous system, the barriers for the three main
steps are 74.9, 96.2, and 92.1 kJ/mol, respectively. The rate-
determining step involves therefore the �-hydrogen transfer in
agreement with previous experimental considerations.14 For the
heterogeneous counterpart the reaction shows a major reaction
bottleneck (127.4 kJ/mol) associated to the formation of the
C-O bond on the surface. Hydrogen activations are relatively
easy both for acetic acid and the hydrogenated VA product.
The main steps for the reaction are thus very similar, but the
relative barriers are different. We will analyze in what follows
in more detail each of the main three steps.

Ethylene-Acetate Coupling

In the homogeneous reaction, the ethylene-acetate coupling
consists in the formal insertion of the ethylene into one of the
Pd-O bonds of [Pd(κ2-O2CCH3)2], see Figure 3a. The κ symbol
indicates that the ligand only coordinates the metallic center
by two of the three possible atoms, in this case the two O atoms.
In the starting point of this step, the ethylene is coordinated η2

to the metal, and one of the acetates is coordinated in a κO
1 mode

with Pd-O distances of 2.202 and 2.772 Å; see hoI1. The
presence of the ethylene distorts thus strongly the initial κ2

coordination of one of the acetates in the catalyst, although this
involves no insertion yet into the Pd-O bond. The insertion
takes place at the transition state where a rotation takes place
of both the acetate and ethylene fragments. The barrier to reach
this structure is 74.9 kJ/mol, and the C-O distance is 2.163 Å.
In the final state, the hydrogenated VA, VAH, is bound to the
metal center by the terminal C and O atoms. The newly formed
C-O distance is 1.471 and the metal-to-carbon and metal-to-
oxygen distances are 2.013 and 2.085 Å, respectively. The step
is mildly exothermic with the final state 6.7 kJ/mol below the
initial state. This is not the rate determining step for the whole
process, but the barrier of 74.9 kJ/mol is not neglectable, as
had been considered in the previous computational study by
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Kragten et al.,26 that had focused only in the barrier for the
�-hydrogen elimination step.

On the heterogeneous process, in the initial structure ethylene
and acetate are placed on different Pd atoms on the surface.
Acetate shows a κO

1 bonding configuration while ethylene is
adsorbed in a π-Pd mode; see Figure 3 structure heI1. The initial
C-O distance is 3.313 Å. The transition state is reached by a
rotation of both reactants so that they face each other; the C-O
distance at this point is 1.890 Å. In the final state, the terminal
C and O atoms are bound to the active Pd centers on the surface
and the new C-O bond distance is 1.476 Å. The final structure

is more unstable than reactants by 60.2 kJ/mol, being the barrier
127.6 kJ/mol.

According to these results and even if the number of metal
centers in the systems is different, the similarities in the initial
and final states are important. The differences in the transition
state structure can be linked to the Hammond-Leffler
postulate45,46 indicating that in the homogeneous case the C-O
coupling is a reactant-like structure (due to the exothermicity
of the reaction) while for the heterogeneous case a product-
like transition state is obtained (i.e., the reaction is endothermic).

The barrier is significantly higher for the heterogeneous
process. This is likely because the participation of two different
metal centers stabilizes mainly the initial state thus discouraging
the reaction from taking place.

�-Hydrogen Elimination. �-Hydrogen elimination takes
place from two different situations. In the homogeneous process,
this step consists simply of the transfer of the �-hydrogen to
the metal in the intermediate resulting from the C-O bond
formation step; see Figure 4 structure hoI2. In the transition
state, the hydrogen transfer is almost complete; Pd-H is 1.588
Å (to be compared with 1.535 Å in palladium-hydride) and C-H
is 1.615 Å. This is consistent with the high endothermicity of
the process. This step is endothermic by 81.6 kJ/mol, and the
transition state is quite high in energy, 96.2 kJ/mol, and simi-
lar to the product. The relatively high barrier that makes this
the rate-determining step is associated to the low stability
of the palladium hydride complex. This barrier is very close to
the value of 95 kJ/mol computed by Kragten et al. with a
simplified model for the transition state.26

We explored also an alternative pathway where the hydrogen
would not go to the palladium but to an external acceptor, which
we introduced in the form of acetic acid. The energy for the
transition state was higher by 13.8 kJ/mol, and we thus discarded
this alternative pathway. This alternative pathway had been
found to be favored in the previous work by Kragten et al.,
where it was labeled “outer sphere”.26 We think that the
alternative pathway was heavily favored in the previous report
because of the introduction of a free acetate anion without taking
into account its lower abundance in the experimental glacial
acetic acid conditions. The lower concentration of acetate with

Figure 2. Energy profile for VA synthesis on the most active dimer of the PdAu(100) surface and with the homogeneous Pd2+ complex. The
energies are in kilojoules/mole. Origin of energies is in both cases the metal acetate complex plus ethylene.

Figure 3. Initial, transition and final states for the formation of the
C-O bond in (a) homogeneous catalyst; (b) heterogeneous catalyst.
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respect to acetic acid should affect the relative apparent rate
constant, and the mechanism would be competitive at best with
the one reported here. Moreover, if the previously reported value
of 67 kJ/mol were correct, this would not be the rate determining
step, which is in disagreement with the experimental observa-
tion.14

For the heterogeneous counterpart either oxygen or hydroxyl
groups on the surface act as acceptors for the �-hydrogen atom;
see Figure 4 structure heI2. In the initial state structure, VAH
is adsorbed on the Pd centers through a κO,C

2 configuration. OH
atoms can be adsorbed on Au atoms in the neighboring region.
In the initial state, the distance between the �-hydrogen and
the oxygen atom in the hydroxyl group is 2.229 Å. At the
transition state, the proton is close to the hydroxyl group, 1.307
Å, and finally it evolves toward the formation of a water
molecule. The basicity of hydroxyl groups on Au centers is
known to be large and therefore the process takes place very
easily.47 The calculated barrier is 47.8 kJ/mol and both products
readily leave the surface.

The main difference in this step is thus the nature of the
proton acceptor. While for the homogeneous case the metal
center acts as an inefficient acceptor, the availability of oxygen
or hydroxyl species facilitates this particular reaction step in
the heterogeneous process.

Catalyst Reoxidation

The reoxidation of the catalyst is done through different
mechanism depending on the nature of the catalyst.

For the homogeneous version of the catalyst an external redox
pair is needed.3 In the present case, the benzoquinone-hydroben-
zoquinone pair has been considered. The reoxidation does not
take place directly from the final state of the previous step, the
hoI3 complex, where a hydride coordinates to palladium. The
reacting system must undergo some changes. First, a benzo-
quinone coordinates in an η2 shape to palladium, resulting in a
spontaneous movement of the hydride from palladium to the
coordinated acetate, that becomes thus a κ1 coordinated acetic

acid. Next, a second acetic acid unit must come into the
coordinating sphere of the metal and replace the vinyl acetate
product, which is released. The rearrangements result in a
complex, hoI4, where two acetic acids are coordinated κ1 to
the metal and the benzoquinone is coordinated in an η2 shape.
These steps, preliminary to catalyst reoxidation, are mechanisti-
cally complex and involve low barriers. Because of this they
are not discussed in detail here, but collected in the Supporting
Information, where three consecutive intermediates between
hoI3 and hoI4 are presented. The highest energy transition state
in this process is less than 5 kJ/mol above hoI3.

From this complex, the reoxidation takes place in two steps,
shown in Figure 5. Each step consists of a hydrogen transfer
from one acetic acid to the benzoquinone. The corresponding
transition states have the expected shape with the hydrogen near
the midpoint between the two oxygen centers involved. The
O-H distances are 1.200, 1.208 Å in the first transition state
and 1.230, 1.198 Å in the second. The energy of the transition
states with respect to the starting point are 81.2 and 92.1 kJ/
mol. Therefore, despite the complexity of the process, the barrier
is still lower than for the �-hydrogen elimination. Thus, catalyst
reoxidation is not the rate-determining step in the homogeneous
process.

In the heterogeneous version of the catalyst, the surface can
adsorb O2; see Figure 6 structure heI4. The binding of O2

molecular precursor is slightly endothermic by 5.2 kJ/mol and
the O-O distance is 1.299 Å. The precursor is bonded to a Pd
atom on the surface and the second O atom is facing a Au (thus
similar to a bridge site). At the transition state, the O-O distance
is elongated to 1.880 Å, and in the final state both O atoms are
placed on different hollow sites on the surface. The transition
state structure is higher than reactants by about 113.9 kJ/mol,
thus reoxidation of the surface is not very easy due to the
presence of Au on the surface. Once completed, reoxidation
leads to two oxygen atoms on the surface which bear almost
no magnetic moment. The final state is 29.5 kJ/mol higher in
energy than the molecular adsorbed state.

Figure 4. Initial, transition, and final states involved in �-hydrogen
elimination. (a) Homogeneous catalyst, (b) heterogeneous catalyst. Figure 5. Key species involved in reoxidation of the homogeneous

catalyst.
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In this step the qualitative differences between the homoge-
neous and heterogeneous processes are the most significative.
At least two steps are needed for the homogeneous process with
the participation of the oxidant and those reactions are not
directly transferable to the heterogeneous counterpart. However,
these qualitative differences have little effect on the efficiency
of the overall catalytic process, because reoxidation is never
the rate-determining step.

Conclusions

The reaction mechanisms on both homogeneous and hetero-
geneous catalysis for the synthesis of vinyl acetate from ethylene
and acetic acid contain the same steps. However, the thermo-
chemistry for the complete process depends on the nature of
the oxidant employed, and the rate determining steps in both
cases are different. For the homogeneous catalysts the most
demanding step is C-H cleavage while for the heterogeneous
catalyst the C-O coupling is found to be the rate determining
step in agreement with the experiments. The reoxidation process
is far simpler in the heterogeneous situation, but it is in no case
the rate-determining step. The complexity of reoxidation in the
homogeneous case may be related to the generation of nanoparticles
Pd(0) that has been found to compromise the selectivity toward
the product.

Finally, the reaction takes place at lower temperatures in the
homogeneous case than in the heterogeneous version of the
catalyst (i.e., 50-60 °C to be compared with 130-200 °C).
This agrees very well with the calculated barriers for the rate
determining step that are significantly higher in the heteroge-
neous version of the catalyst (i.e., 127 vs 96 kJ/mol for the
homogeneous case). This is similar to the results for the C-C
coupling in homogeneous and heterogeneous Au catalysts,25

where organometallic compounds are able to work under softer
temperature conditions.

In conclusion, we demonstrate how homogeneous and hetero-
geneous processes in the case of VA synthesis are closely linked.
However, the direct extension of one of the process to its
counterpart is not straightforward since differences in the rate
determining step might be strongly dependent on the nature of the
catalyst.
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Figure 6. Initial, transition, and final states involved in reoxidation of
the heterogeneous catalyst.
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