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In the Wacker process, palladium acetate complexes catalyze the homogeneous reaction of ethylene and
water to form acetaldehyde. We have studied the mechanism of this reaction in detail, using density functional
theory computational methods. The putative most active catalyst is a dimer complex, which has been modeled
by clusters of two palladium ions coordinated by acetate ligands. The active site is formed by one of the
palladium ions. In the Wacker process as catalyzed by palladium acetate, ethylene coordinates to palladium.
Next, coupling with hydroxyl species from the solution takes place in an outer-sphere mechanism. A series
of hydrogen transfers, in which terminal acetate participates, converts the hydroxyethyl ligand into acetaldehyde.
Finally, the product desorbs. The overall reaction enthalpy is exothermic. One of the hydrogen transfers, the
step that results in acetaldehyde formation, is the rate-determining step. This step costs 61 kJ/mol. All reactions
presumably take place within the coordination sphere, and thus hydrogen from the solvent is not incorporated
into the product. Solvent effects are explicitly taken into account in all steps.

I. Introduction place to form acetaldehyde. All these transfers take place within
the coordination sphere of the palladium, as hydrogen exchange

is the selective oxidation of ethylene to acetaldehyde, generaIIyW'_th th_e so!vent does not ‘?"‘e plat@ne of these hydrogen
known as the Wacker process. This process was simuItaneousl)}’mgr""t'Ons is rate-determining.

developed by Wacker-Chendiand by the group of Moise@v The first steps of the Wacker process have been studied
in the late nineteen-fifties. The Wacker reaction involves the extensively by computational methods. The most important
reaction of ethylene with palladium(ll) chloride in water Studies have been reviewed recently by Dedidle nucleo-
(reaction 1). Palladium is thereby reduced to palladium black. Philic coupling reaction, especially, has been studied extensively,
To make the reaction catalytic, palladium is reoxidized by both with semiempiricdf and ab initio techniqueS. Studies
reaction with copper(ll) chloride and oxygen (reactions 2 and Of the actual system are not always available, so results from
3). Commercially, the process gives about 95% vyield of analogous reactions have to be used to obtain insight into factors

An industrially important homogeneously catalyzed reaction

acetaldehyde, and applied conditions are about-130°C and of importance As for the coupling reaction, the main conclu-

4 atm pressuré. sion is that it involves a trans attack of hydroxyl species or
water on ethylene. This induces slipping of ethylene and further

C,H,+ PdCl* + 3H,0— activates the ligand. For other reactions that take place in the

mechanism, however, results are hard to compare, as they were
obtained for other metal ions. The involvement of the metal

pd + 2CuCl, + 2CI" — PdC}2™ + 2CuCl @) ion is critical in the.hydroge.n transfers. _
Recently, extensive studies of the most important steps of

CuCl+ 4H30+ + 4CI" + O, — 4CuCL + 6H,0 (3) the Wacker process, which are the coupling reaction and
B-hydrogen elimination, have been performed with ab initio and
The major features of the Wacker process are well estab- density functional theory computational methods by SiegBahn.

lished#5 First, ethylene coordinates to palladium, replacing a Solvent effects, which were previously neglected, are explicitly
chloride ion. Some of the other chlorides are replaced by water taken into account. Actually, it is not straightforward to develop
and hydroxyl ligands. Then, addition of hydroxyl to the ethylene models that consider solvent effects of the first coordination
takes place to form a hydroxyethyl ligand. It is not clear whether sphere, as can be seen from the many approaches studied. The
this step involves a trahsr a cis additior’,whereby hydroxyl best approach seems to involve coordination of chains of water
originates respectively from the coordination to palladium or molecules to model the coupling and th®elimination
from the solvent. Both mechanisms are proposed, but agreementeactions:®?® The effect of the water solvent outside the
seems to be more in favor of trans addition. Differences in coordination sphere is self-consistently taken into account by a
observations could also be due to differences in reaction reaction field. SiegbalA demonstrates that the trans attack is
conditions. Successively, a series of hydrogen migrations takesindeed the favorable coupling reaction. It is suggested that the

CH,CHO+ Pd’ 4+ 2H,0" + 4CI™ (1)
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Figure 1. Proposed catalytic cycles of the inner- and the outer-sphere Wacker reaction as catalyzed by palladium acetate.

rate-determining step is not tifiehydrogen elimination, butthe  1l. Methods
hydrogen transfer that finally forms the acetaldehifde. . . .

In a reaction analogous to the Wacker process, vinyl acetate A~ Computational Details. Both the inner- and the outer-
is formed by the reaction of ethylene with acetate in acetic acid SPhere Wacker-like mechanisms were studied by means of
solvent!3 Higher vyield and activity are obtained by using density functlonal theoretical (DFT) computat!onal methods.
palladium acetate as catalyst with alkali acetate prométéfs. ~ 1hese calculations have been performed with the DGauss
In a previous papef we have presented the results of a study Program’ version 2.3. All structures have been completely
of a Wacker-like mechanism to form vinyl acetate as catalyzed 960metry optimized at the GGA level. Optimizations have been
by palladium acetate. In the presence of water, acetaldehyde ig?€rformed spin-restricted; the ground state has been determined
formed as a byproduct via the Wacker reacfit# Both for all structures. We have used the Ipcal dens!ty approximation
reactions, the vinyl acetate formation and the Wacker reaction, (LDA) in the form given by Voske-Wilk —Nusaif® with self-
are competitive reactions. In this paper, we present a mechanisnfonsistently incorporated gradient corrections due to Bécke
for the palladium acetate-catalyzed Wacker process. The mech-2nd Perdev#? Relativistic corrections for palladium have been
anism is schematically presented in Figure 1. This mechanism@PPlied self-consistently via effective core potentials. The
is analogous to that proposed for the vinyl acetate formation Program represents the molecular orbitals as linear combinations

and shows close resemblance with the Wacker reaction catalyze®f Gaussian-type orbitals. The basis sets are of dofibieality
by palladium chloride. and include polarization functions for all non-hydrogen atoms

We have studied both the inner- and the outer-sphere (DZPV).2! A second set of basis functions, the auxiliary basis

mechanisms (see Figure 1), as characterized by the couplingse"?,2 is used to expand the electron density in a set of single-
reaction of hydroxyl with ethylene. First, ethylene coordinates Particle Gaussian-type functions. Basis sets are optimized to
to palladium at a terminal acetate site (step 1). In the inner- '€duce basis set superposition (BSSE) errors. The accuracy of
sphere mechanism, hydroxyl is coordinated to palladium by the method is very hlg_h. Structural predlctlon_s fpr transition-
exchange with a terminal acetate (step 2). Then, coupling of metal containing species were found to be Wl'th!n 0.05 A for
hydroxyl and ethylene to form hydroxyethyl takes place via an Pond lengths and 3 to°4or bond angles. Predictions for the
inner- or an outer-sphere reaction, whereby hydroxyl originates energies were within 20 to 25 kJ/mol of the expected values.
respectively from prior coordination to palladium or from the =~ B. Solvent Effects.In homogeneous reactions, the solvent
solvent (step 3). Successively, several hydrogen transfers takgPlays an important role. Energies and mechanisms are often
place, resulting in the formation of acetaldehyde (steps 4 throughaffected. Therefore, in a detailed study of a homogeneously
6). Acetaldehyde desorbs (step 7), and reoxidation of palladium catalyzed reaction, the solvent effect should be taken into
to palladium acetate closes the catalytic cycle (step 8). This account explicitly. The theories to estimate the solvent effect
Wacker reaction as catalyzed by palladium acetate has not beefave been studied extensively. Basically, the best methods
studied previously with computational methods, as far as we involve accounting for the solvent effects by coordinating the
know. We have studied all steps apart from the reoxidation. In solute with solvent molecules in the first coordination sphere
principle, the studies have been performed in a vacuum, butand modeling the rest of the solvent by embedding it all in a
the solvent effects have also been taken into account explicitly. reaction field. We do not have these embedding techniques in
The importance of this study is the comparison with the our computational program, and therefore use a different
reaction that forms vinyl acetate. Both reactions are catalyzed approach. This is explained in detail elsewh&r@he most
by the same palladium acetate complexes, and are therefordmportant features are given below.
competitive. The formation of acetaldehyde is the most impor-  An important property of acetic acid is the formation of dimer
tant side reaction in the homogeneous vinyl acetate forma- structures due to the large dimer energy. A compilation of
tion.313161t is this side reaction that makes the homogeneous calculated and measured energies obtained for various dimer
process to form vinyl acetate unfavorable with respect to the structures is given in Table 1. The agreement between theory
heterogeneous process. and experiment is good. Both the bonds in acetic acid dimers
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TABLE 1: Dimer Interactions @ . r . -
interaction — AEformation dimer energy (lit.) T — r, H, — 2 }H—1—|
c
H,0..H,0 26 23(19.9% H,C._.O O._CH O._CH
ACOH..HOAC 70 63.6¢ - o Y Ho ,oJ\o\ Y
ACOH..H,0 50 r, 305y py-© r,|2%pd  Pd<©
. L . . . o {0 HO 5. o @
2 Energies are given in kJ/mdlValue obtained with computational /&O\[/O 2\ 2 Y 2\
theoretical methods. He O ¢ O™ “CH, H ©7 CH,
3
H
and in water that binds to acetic acid are strong; these bonds - 14 15

are much stronger than in water dimers. From these dimer Figure 2. Schematic representation of the palladium acetate dimer.

energies, it is predicted that acetic acid forms mainly dimer gpojresentations of the actual complex (left) and the model used (right)
structures and that water is bound to acetic acid in the acetic gre shown. Diameters used for the calculation of the cavity radius are

acid solution. indicated.
Only in reactions involving water or acetic acid is the
coordination with an acetic acid molecule from the solvent the second largest radius. This is done to account for the
modeled explicitly. For all other reactants, such as the palladium different conformations arising from those rotations in the
acetate clusters, bonds with acetic acid are too weak to breakmolecules that are fastest around the axis of the largest radius.
the acetic acid dimer structuteéCoordination with acetic acid  Van der Waals radii of the atoms at the shell of the ellipsoid
monomers is therefore not considered. However, the coordina-have been added (we usety = 1.52 A;ryy = 1.20 A). The
tion of molecules from the solvent is important in the activated obtained radius has been used in the calculation of both the
complex, as the activation barrier could be lowered significantly. electrostatic and the cavity contributions. The values of radii
This will be demonstrated in the next section. that we evaluated with our method for a number of the same
For the rest of the solvent effect, we have used an approachmolecules used by T@n et al.?® are in agreement with that
with continuum theories. An extensive review of the techniques study.
to consider the solvent as a continuum is given by Tomasi and
Persicc?® We have used the approach of the reaction field |ll. Computational Results
theory2” which is reviewed in textbook®, to estimate the . . .
electrostatic contribution. In addition, the cavity formation is A. Palladlgm Aceta’Fe Clusters. P?”ad'“m.aceta“? dimers
also taken into account by using the approach suggested byare the_ putative catalytically most active species for y|_nyl acetate
Tunon et al.2? (see formula 6), with the formulation of Uhfg formation and for alkene exchange reacné?i_ﬂgnce, Itis very
to consider the formation of the cavity surface (first term of reasonable to assume the same level of activity for these dimers

formula 6). The dispersion and the repulsion contributions to in the Wacker reaction. A schematic representation is shown

the solvent effect are neglected, as they are expected to be low@S Structure 14 ir.' Figure 2. T.WO palladium lons are linked by
We observed in a previous stufiyhat dipole and quadrupole bridging acetates; each palladium ion has two additional acetates

contributions to the electrostatic energy are negligible for coordllnated na monodentate mode at terminal 5|te§. The
palladium acetate clusters, due to their large size. Moreover,pa”ad'um(”) ions are expected to be square planar coordinated.

ion contributions are absent due to the choice of models in which e have modeled the palladium acetate dimer, as shown

the charges are counterbalanced. However, electrostatic conSchematically as structure 15 in Figure 2. The bridging acetates

tributions are important in reactions involving molecules from &' modeled by formates. At the active site, a palladium(il) ion,
the solvent. The solvation energy is calculated according to W€ used two term|_ngl acetates. Howe_v_er, at the palladium ion
that does not participate in the reactivity of the complex, we

AEgoation= AEeiectrostatic T AEcavity (4) saturated the coordination with water and hydroxyl ligands. This
simplification has a 2-fold reason. First, the cluster is smaller,
with thereby saving computational resources. Second, the charge of
the ion can be balanced to equal zero by the addition of protons,
Eelectrostatic= Edipole T Equadrupole= —(€ — 1)/(2¢ + 1)’la® — which are then accommodated at these water and hydroxyl

_ 2, 5 ligands.
3(e — D22+ 3)Q7a” (5) The palladium acetate cluster optimized in a vacuum shows

and all expected features. The bridging ligands form a puckered
eight-membered ring structure, whereby the terminal ligands
Ecavity = 4zaly — RT In(1— V) (6) come out of the plane. The water and hydroxyl ligands on the
palladium ion that does not participate in the mechanism are
For the dielectric constan¢) and surface tensiory), we have oriented perpendicular to the plane formed by the bridging
used the values of acetic acid at room temperature of 6.20 andacetates and the palladium ions; these ligands do not change
27.10 mN/m, respectiveR?. The volume,Vs, and numeral their positions during the course of the reaction. These clusters
density,ns, are that of the solvent; values at room temperature have a singlet spin state. A more elaborate description of the
are used® The dipole {) and quadrupoleQ) moments have  palladium acetate cluster used is given elsewfere.
been calculated. As for the solvent effect, it is important to notice the large
The radius of the cavityd) is difficult to estimate. In the size of the palladium acetate cluster. In our approach to estimate
literature, several methods are suggestedie have used an  the solvent effect, only the cavity formation is significant.
approach of enclosing the cluster in an ellipsoid. The radius is Because of the simplifications of the palladium acetate dimer
taken as the geometrical mean of the radii that span the ellipsoidstructure, the estimation of the cavity radius is not straightfor-
around the cluster optimized in a vacuum. The largest possibleward. As discussed elsewhéfaye corrected this by addition
perpendicular radii have always been used; in the calculation of the differences in the radii between the model and the actual
of the mean, we multiplied the largest radius by the square of complex (sor1 = ry’ + rzandr, = ry’ + 2ry), as indicated in



Wacker Reaction in Acetic Acid J. Phys. Chem. A, Vol. 103, No. 1, 19983

TABLE 2: Energy Contributions to Steps in the Mechanism TABLE 3: Hydroxyl Coordination via a Solvation Path

AE (kd/mol) AE (kd/mol)
reaction step total vacuum solvation reactiort total vacuum solvation

1. ethylene coordination -17 -3 -14 PdOAc*GH, — PdGH, + Y,HOACc* 92 98 -6

Inner Sphere Pd%‘g;'AT_‘O':'l‘m%AH —88  —83 —5
2. hydroxyl coordination 4 15 -11 | GHa+ 1z G 4 15 11
3. coupling -21 —24 2 tota -
4. p-H transfer 41 39 2 a Charges of clusters are counterbalanced by the addition of protons
5. H back-transfer —53 —55 2 in some reactions. Water and acetic acid, which form from hydroxyl,
6. Htransfer 63 67 —4 acetate, and the proton used to compensate for the charge, are indicated
7. AcH desorption 48 38 10 with an asterisk. Only the group that undergoes the reactions is given

Outer Sphere in the reaction equation.
3. coupling —42 —43 0 o ) ) )
4. B-H transfer 36 42 -6 resulting in a back-bonding hydroxyethyl ligand. Successive
5. H back-transfer —96 —104 8 hydrogen transfers convert the hydroxyethyl to acetaldehyde
6. Hransfer 60 59 2 (steps 4 through 6). Acetaldehyde desorbs (step 7), and
7. AcH desorption —43 —45 2

reoxidation of palladium closes the catalytic cycle (step 8). A

. . compilation of the energies calculated for these steps is given
Figure 2. Van der Waals radii of the atoms at the shell are added.in Table 2, and the optimized structures are shown in Figure 3.

The radius is ta_ken as the geometrica_l mean of the radii that A distinctive step in the inner-sphere mechanism is the
span the ellipsoid, Wh'Ch are half the diameterandr,. The . coordination of hydroxyl to palladium (step 2). After the
radius of the plugter is between ‘?‘bOUt 6 and.6.5 A.The SOIV"?‘t.'On coordination of ethylene at a terminal site, a terminal acetate is
energy contribution to the reaction energy is not very sensitive exchanged with hydroxyl. The ethylene and the hydroxyl ligands
to sys?ematic errors in the radii used. For instance,_ an error of are thereby coordinated adjacent to one another. As seen from
9'5 Ain the radii of reactants and p.rOdl.JCtS resqltg in a change structures 16 and 17, the changes in the square planar coordina-
in the energy of up to.10 kJ/mol, which is well within the error tion of the palladium ion are minimal. For the exchange, we
of the DFT computational method. , have calculated an energetically neutral reaction enthalpy, after

B. The Wacker Process.In the following, the Wacker  taking solvent effects into account (see Table 2). The reaction
process as catalyzed by palladium acetate dimer structures W'"energy in a vacuum is slightly higher, with 15 kJ/mol. The
be discussed. First, ethylene coordinates to palladium acetategg|yent effect of 11 k/mol is largely due to the differences in
Then, in the inner-sphere mechanism, terminal acetate iSihe solvation energy of water and of acetic acid in acetic acid.
exchanged with hydroxyl. The next step is the coupling of pimer formation is responsible for most of the solvation energy,
hydroxyl with ethylene. The hydroxyl originates either from {hoygh also the quadrupole contributions of the solvent mol-
prior coordination to palladium in the inner-sphere mechanism gc\jes are important.
or from the solgtion in the outer-sphere mechanism. After the  1pere are actually two different paths possible to perform
coupling, a series of hydrogen transfers takes place, wherebyine sybstitution of hydroxyl for acetate: a solvation path or a
hydroxyethyl is transformed into acetaldehyde. The two possible ligand path. In the solvation path, acetate has to desorb first,
mechanisms_, inner- apd the outer.-.sphere, differ most apparently;q successively the vacancy is filled up by hydroxyl. In
in the coupling reaction. In addition, the hydrogen transfers conirast, in the ligand path, hydroxyl or water is coordinated to
differ. palladium first and is then followed by desorption of acetate.

The inner- and the outer-sphere mechanisms are discusse@oth are analogous to the two options for the coordination of
separately. A compilation of the thermodynamics found for all ethylene to palladium. We have demonstrated in a previous
steps in the mechanisms is given in Table 2. The energy study's that ethylene exchanges with acetate via a ligand path.
contributions are separated into components obtained for theThe same mechanism to exchange hydroxyl with acetate has to
reaction both in a vacuum and after the correction for the solvent he expected. The activated complex must have a structure that
effect. In addition, activation barriers have been estimated for js nearly trigonal bipyramidal, and the activation barrier therefore
some of the steps that could be rate-determining. has to be low. We did not study this mechanism in detail.

The coordination of ethylene to palladium acetate has been To study the option that acetate dissociates first, preceding
studied previously by density functional thedfyln both the the hydroxyl coordination, we have taken an approach in which
theoretical study and the experiméhtt is seen that coordina-  charges are balanced (see Table 3). In this approach, the
tion is slightly favorable. In our previous study, we calculated dissociation of acetate and the coordination of hydroxyl are
that ethylene binds weakly to palladium (see Table 2). We accompanied by the transfer of a proton from and to the
suggested in the same study that the exchange does not involvgalladium acetate cluster, respectively. The proton is accom-
an activation barrier. Ethylene coordinates on top of the modated on the hydroxyl ligand coordinated to the palladium
palladium ion and gradually coordinates to the terminal site as jon that does not participate in the mechanism. The same
the palladium-acetate bond breaks. The mechanism involves approach will be discussed in more detail later for the outer-
a trigonal bipyramidal structure, which is generally the geometry sphere coupling reaction. We calculated an energy of about 92
adopted by the activated complex or intermediate in square kJ/mol for the vacancy formation; the addition of hydroxyl from
planar substitutions of palladium and platindhEthylene has  the solvent results in an overall reaction energy of 4 kJ/mol. It
ann?-coordination to palladium (structure 16 in Figures 3 and s clear that the formation of a vacancy is energetically highly
5). unfavorable. The ligand path is therefore the more likely path.

a. The Inner-Sphere MechanismThe coupling of ethylene Inner-sphere coupling involves the insertion of ethylene into
with hydroxyl coordinated to palladium is characteristic of the the palladium-hydroxyl bond. A four-membered ring structure
inner-sphere mechanism. In this path, hydroxyl exchanges withis formed, whereby the hydroxyethyl back-bonds, e.g., binds
terminal acetate (step 2). Then, coupling takes place (step 3),with both the a-carbon and the oxygen to palladium (see
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Figure 3. Reaction scheme of the inner-sphere mechanism. Calculated bond lengths (A) and angles are given. Only the atoms that are involved
in the mechanism are labeled.

(HO H energies aret41, —53, and+63 kJ/mol for thes-H transfer,
(a) HO-PdCH —= HO—|5d-O=g H back-transfer, and H transfer, respectively. Solvent effects
H.O CH, H.O CH are relatively small. The estimation of the activation barriers
2 2 3 . . . . .
direct transfer of the endothermic steps will be discussed in the following.

The -hydrogen transfer was studied in a previous wWerk.

CH, inner sphere  CH, Thi; rgaction ipvolyes a slipping mechanism, fqr which no

,& )\ activation barrier is found. The only contribution to the

(,) o o” © activation barrier is the opening of the back-bonding hydroxy-

(b) 2(\H H )1 H |1| ethyl ligand. When taking all contributions into account, we

] . H have found an activation barrier of 25 kJ/mol with respect to

HO_Fd'CHCH ——> HO-PdO=C the hydroxyvinyl product formed. The activation barrier thus

H,0 8 H,0 CH, becomes 65 kJ/mol.

solvent-assisted transfer We have used a model approach to estimate the activation
Figure 4. Models used for the inner-sphere hydrogen transfer. Both barrier of the hydrogen transfer (step 6), as will be discussed in

direct transfer (a) and solvent-assisted transfer (b) are shown. the following. In this reaction, hydrogen from the hydroxyl is

transferred to palladium, and acetaldehyde is formed. We have

structure 18, Figure 3). This step is calculated to be exothermic, used a model with one palladium ion, coordinated by hydroxy-
with —21 kJ/mol. The reaction involves slipping of ethylene ethyl, hydroxyl, and water (see Figure 4). To perform the
from an#? to ann*-coordination, which is energetically not a  transfer, two different paths could be followed that we designate
difficult step. by “direct transfer’ and “solvent-assisted transfer”. In the

After hydroxyethyl is formed, a series of hydrogen transfers solvent-assisted transfer, the transfer proceeds via an acetic acid
converts the ligand to acetaldehyde. Hydrogen is thereby solvent molecule that acts either as acid or as base. On the other
transferred back and forth between the ligand and the palladiumhand, the direct transfer proceeds without solvent involvement.
ion. A B-hydrogen transfer results in hydroxyvinyl (step 4), For both paths, the transfer has been performed by changing
which has anz?-coordination (structure 19). Hydrogen is the fundamental reaction coordinate in small steps of about one-
successively transferred back to the hydrocarbon ligand (seetenth of a bond length. At each position, the energy has been
structure 20) in a step indicated as “hydrogen back-transfer” evaluated for the structure in which all other coordinates have
(step 5). Finally, the hydrogen from hydroxyl is transferred to been completely optimized. In the direct transfer, the reaction
palladium, designated as “hydrogen transfer,” to give the coordinate is the hydrogerpalladium bond; in the solvent-
coordinated acetaldehyde ligand (step 6). Both transfers of assisted transfer, this is either the hydrogpalladium bond
hydrogen from the hydrocarbon ligand to palladium are (step 2 in Figure 4b) or the acetic acid’s oxygérydrogen bond
unfavorable; the back-transfer is favorable. The calculated (step 1 in Figure 4b). For the direct transfer, we have found a



Wacker Reaction in Acetic Acid J. Phys. Chem. A, Vol. 103, No. 1, 19985

(4)

outer-sphere

acetaldehyde hydrogen ﬂgH (;,5/13?@_
desorption transfer H 2g

Figure 5. Reaction scheme of the outer-sphere mechanism. Calculated bond lengths (A) and angles are given. Only the atoms that are involved
in the mechanism are labeled.

high activation barrier of 160 kJ/mol. Involvement of acetic acid i OYCH:‘- & 1 og ey T
decreases the activation barrier significantly. In the transfer, no. " %0 , ? ? O %o vz §

acetic acid could act first as a base or as an acid. This is indicated Ho’ 'o\[,o' )/\_/\IO~H H,0 bT’d 27 ~0oH 0.0
in Figure 4 with steps 1 and 2, respectively. In step 1, a H H H CH,

protonated acetic acid has been formed; this path does not give

rise to an activation barrier relative to the product. On the other Figure 6. Approach to model the outer-sphere coupling of ethylene
hand, when acetic acid acts as an acid first (step 2), the activationwith hydroxyl: the change of charge is counterbalanced by transfer of
barrier is higher by 18 kd/mol. The former path (first step 1, & Proton.

then step 2) seems to be the most favorable, and the activation ) . )
barrier relative to the product is absent. Adsorption and (step 8). Another difference from the inner-sphere mechanism

desorption energies of acetic acid could be neglected, as botHS the reduction of palladium to a zero oxidation state, which
are about the same and are estimated to be about 30 kd/molt@kes place by thg-hydrogen transfer (step 4). A compilation
whereby coordination is endothermic. of the energies of these steps is given in Table 2, and the

The last step of the mechanism that we studied involves the OPtimized structures are shown in Figure 5.
acetaldehyde desorption (step 7). In a vacuum, the desorption The coupling of hydroxyl from the solvent with ethylene
costs 57 kJ/mol. When considering the solvent effects, the coordinated to palladium is characteristic of the outer-sphere
desorption is 8 kJ/mol more favorable. In this step, a vacancy mechanism (step 3). A hydroxyethyl ligand is thereby formed.
is created (structure 22), which will be filled by an acetic acid The adjacent site is saturated by an acetate ligand, which
molecule from the solvent (structure 23). We calculated in that Prevents the back-bonding of the hydroxyethyl ligand (structure
case an endothermic energy of 48 kJ/mol, of which 10 kJ/mol 24) that is seen in the inner-sphere mechanism.
is attributable to the solvent effect. Modeling the coupling reaction is not straightforward. The

b. The Outer-Sphere Mechanism.In the outer-sphere  charge of the palladium acetate cluster changes, and solvated
mechanism, the coupling of hydroxyl from the solvent with hydroxyl has to be modeled in an adequate way. To study this
palladium-coordinated ethylene is the most characteristic stepreaction, we have used an approach that balances charges. This
(step 3). Since hydroxyl originates from the solvent, it does not is schematically indicated in Figure 6. In this approach, the
have to be coordinated to palladium first, as in the inner-sphere addition of hydroxyl is accompanied by the addition of a proton
mechanism. Analogous to the inner-sphere mechanism, a serieso balance the charge of the palladium acetate cluster. The
of hydrogen transfers converts the hydroxyethyl to acetaldehydeaddition of an ion to the complex is very likely accompanied
(step 4 through 6). The main difference is that the hydrogen by the coordination of an ion with an opposite charge to balance
transfer involves the adjacent terminal acetate rather than thethe charge. The simplest model would be a proton binding to
palladium metal itself. Again, acetaldehyde desorbs (step 7), the complex. The reaction is calculated to be exothermic, with
and the catalytic cycle is closed by reoxidation of palladium —42 kJ/mol; the solvent effect is negligible.
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H (structure 28), but saturation of the created vacancy by acetic
H.C (oﬁ H,C-C, acid from the solution (structure 29) makes the reaction energy
s->cH @ o HO exothermic, with—43 kJ/mol. The solvent effects are small.
@ HoPig o HO-Pah,
20 direct transfer H,0 IV. Discussion
CH, A summary of the thermodynamics is given in an energy
A~ outer sphere CH, diagram, as shown in Figure 8. From this diagram, it is clear
1(0 Q H ofé that the outer-sphere mechanism is energetically the more
(b) H H) 5 Hc-C H © favorable mechanism. This is due to the more favorable or less
Hac‘cHO o) 3 ‘0 OH unfavorable energetics of_aII steps of the mechanism. The outer-
H O—\Ptio H O—IIDdOJ\ sphere coupling, especially, is more favorable._ The rate-
2H o H —™ 2H o H determining step differs between the two mechanisms. In the
2 2 inner-sphere mechanism, this seems to be eithgs-thedrogen

solvent-assisted transfer transfer (step 4) or the hydrogen transfer (step 6); both have

Figure 7. Models used for the outer-sphere hydrogen transfer. Both about the same barrier. On the other hand, the hydrogen transfer
direct transfer (a) and solvent-assisted transfer (b) are shown. (step 6) is the rate-determining step in the outer-sphere mech-
anism. Only for the-hydrogen transfer in the inner-sphere
Once hydroxyethyl is formed, acetaldehyde is formed by a mechanism have we found an activated complex; we did not
series of hydrogen transfers (steps 4 through 6). Contrary tofind an activation barrier higher than the reaction energy for
the inner-sphere mechanism, the hydrogen is not transferred togny other step. Another difference is the participation of acetic
the palladium ion, but to the adjacent terminal acetate. Due t0 acid molecules in the transfers. In the inner-sphere mechanism,
strong trans effects by the hydrocarbon ligand, the bridging this participation is important in lowering or even eliminating
acetate-palladium bond is elongated. In some of the steps, this the activation barriers. On the other hand, in the outer-sphere
bond is even almost broken. Similar to the inner-sphere mechanism, the geometry of the palladium acetate clusters does
mechanism, the transfer of hydrogen to the terminal acetate iSmake direct transfers between the terminal ligands possible, and
endothermic, and the back-transfer of hydrogen is exothermic. thereby excludes participation of the solvent. The activation
The calculated reaction energies ar86, —96, and+60 kJ/ barriers of the rate-determining steps both in the inner-sphere
mol for the f-H transfer, H back-transfer, and H transfer, and in the outer-sphere mechanisms are about the same.
respectively. Solvent e_ffects are relatively smqll. The estimation When comparing the proposed mechanisms of the Wacker
of the activation barriers of the endothermic steps will be (eaction as catalyzed by palladium chloride and by palladium
discussed in the following. acetate, many similarities can be observed. As far as we know,
The activation barrier of thg-hydrogen transfer has been  the only detailed study of the Wacker reaction as catalyzed by
studied previously® In this reaction, the activation barrier is palladium acetate is presented in this paper. The catalysts and
lowered to become the same as the reaction energy by thethe solvent are very different, but most of the major features
involvement of an acetic acid molecule from the solution. The are found to be similar for both systems. This is seen from the
transfer of hydrogen goes via aeitlase reactions between the  similarity of the proposed mechanisms in the literature for the
ligands and the acetic acid of the solvent that is coordinated to palladium chloride-catalyzed reactith® and in our present
the cluster. study. Catalyzed by either catalyst, the coupling of hydroxyl
To estimate the activation barrier of the hydrogen transfer in with ethylene probably involves an outer-sphere reaction. For
the outer-sphere mechanism (step 6), an approach has been usehe palladium chloride-catalyzed reaction, this was demonstrated
similar to that of the inner-sphere mechanism. Again, the direct by experiment&l®3and theoretic8*2methods. Further, in both
transfer and the solvent-assisted transfer have been studied. BotBystems the rate-determining step seems to involve one of the
paths are shown schematically in Figure 7. In the direct transfer, hydrogen transfers. In addition, in both systems all reactions
we did not find an activation barrier relative to the product. take place inside the palladium coordination sphere: hydrogen
This seems to be due to the seven-membered cyclic structurefrom the solvent is not incorporated into the product when
that can be formed. In addition, we have studied the solvent- performing the reaction with palladium chloride in watéhe
assisted transfer. Acetic acid could act first as a base (step 1)most apparent difference is the involvement of the adjacent
or as an acid (step 2). When step 1 is performed first, a terminal acetate. This ligand acts as a “storage place” for
protonated acetic acid molecule is formed. A mechanism via hydrogen in the hydrogen transfers that take place on the
this structure does not give rise to an activation barrier relative palladium acetate complex. The transfer of hydrogen to the
to the product. For the reaction the other way around, thus steppalladium ion, which takes place for the palladium chloride
2 first, the activation barrier is calculated to be higher by 164 catalyst, is unfavorable.
kJ/mol. Solvent-assisted hydrogen transfer, whereby step 1 is A similar detailed computational study of the Wacker reaction
followed by step 2, is the favorable path. Coordination of acetic has been performed by SiegbafifBoth the coupling reaction
acid is endothermic, with 30 kJ/mol, which is lower than the and thes-hydrogen transfer, as catalyzed by palladium chloride
reaction energy of this step. The energy cost to coordinate aceticspecies in water, have been studied. In contrast, we have studied
acid is offset by the removal of the molecule after the transfer. palladium acetate dimer species in acetic acid. In addition to
From our studies, it cannot be concluded whether the solventthe differences in solvent and catalyst, the approach to estimate
is involved, as the activation barrier is eliminated both with the solvent effect also differs from our studies. In Siegbahn’s
and without solvent involvement. Since the concentration of studies, a chain of water molecules accounts for the first
acetic acid monomers in the solvent is low, direct transfer is coordination sphere of the solvent. At the best level of
expected to be the favorable path. Siegbahn’s studie¥2 the reaction energies and the activation
The last step of the mechanism is the acetaldehyde desorptiorbarriers are in fair agreement with our values; differences could
(step 7). The desorption is endothermic, with 14 kJ/mol be attributed to the differences in systems and the uncertainty
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Figure 8. Energy diagrams of the inner- and the outer-sphere mechanisms, including solvent effects. Activation barriers are indicated by a little
arc; a barrier as low as the reaction energy is designated by “no act.”. The structure numbers refer to models shown in Figures 3 and 5.

in the computational methods. For the outer-sphere coupling, is the hydrogen transfer that forms the acetaldehyde (step 6).
Siegbahn calculated a reaction energy-0f9 kJ/mol. Our In this step, hydrogen from the hydroxyl that originates from
estimate is—42 kJ/mol. Thef-hydrogen transfer has been water is transferred to the adjacent terminal acetate. This gives
performed by transferring hydrogen to the palladium ion. A rise to an isotope effect for the hydroxyl scission and not for
reaction energy and an activation barrier of 14 and 37 kJ/mol the hydroger-carbon scission, which is exactly what is observed
are given, respectively. Our inner-spheidydrogen transfer in the experiments for the palladium chloride system.
is similar to this reaction. We estimate 41 and 66 kJ/mol,  One of the reasons to study the Wacker reaction on palladium
respectively, for the reaction energy and the activation barrier. acetate catalysts is the comparison with the formation of vinyl
When taking the activation barrier with respect to the hydroxy- acetate. Both reactions are catalyzed by the same catalysts and
vinyl complex formed, both studies agree very well, with a value jn the same solvent. The problem with the homogeneous
of about 25 kJ/mol. Siegbahn’s studies did not consider the formation of vinyl acetate is that the presence of water causes
possibility of f-hydrogen transfer to a terminal acetate, as in the Wacker reaction to become the major reaction, rather than
our outer-sphere mechanism, due to the differences in thethe vinyl acetate formatiot When comparing the mechanisms
catalyst studied. In addition, in acetic acid the hydrogen transfers proposed for the vinyl acetate formatiémand for the Wacker
could proceed via a solvent molecule, which is very different reaction in this study, an explanation of this preference can be
from the mechanisms studied by Siegbahn. Although the systemsgiven. In both mechanisms, ethylene coordinates to palladium
and the methods differ, we have obtained comparable resultsacetate at a terminal acetate site. Since high acetate concentra-
with those of Siegbahn. The major differences between Sieg-tions inhibit the coordination of ethylene, as demonstrated by
bahn’s studies and our studies presented here are the Cata|y$éxperiment§3 and theoryt® both reactions are equally affected
and the solvent. Both give rise to Signiﬁcant differences in the at this Step of the mechanism. The Step where the two
mechanisms. competitive mechanisms diverge is the coupling reaction: either
The same isotope effects as observed for the Wacker reactiorhydroxyl in the Wacker reaction or acetate in the vinyl acetate
catalyzed by palladium chloride in water are predicted from formation couples to the coordinated ethylene. This coupling
our studies of the palladium acetate catalyst in acetic acid. Foris predicted to be far more favorable for the hydroxyl reactant.
the palladium chloride system, the following observations with In addition, the overall thermodynamics is predicted to be far
respect to isotope experiments have been made. Deuterium frommore favorable for the Wacker reaction. However, the activation
the solvent is not incorporated into the prod@ideurther, barriers of both reactions are about the same, although they
deuterated ethylene does not give rise to an isotope éffect. involve a different step.
However, deuterated water gives rise to a strong isotope effect
of 4.053 In our outer-sphere mechanism for the reaction Summary and Conclusions
catalyzed by palladium acetate, hydrogen or deuterium from
the solvent is not expected to be incorporated into the acetal- The homogeneous Wacker reaction as catalyzed by palladium
dehyde product. The rate-determining step in our mechanismacetate dimers in acetic acid has been studied. This reaction
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