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Abstract

The mechanism of olefin hydrogenation catalyzed by PdII and AuIII Schiff base complexes, both with an analog d8 electronic structure, is
analyzed by means of kinetic and computational methods. The computational study is able to explain the differences experimentally observed in
relation to the influence of the solvent (polarity and proton donor ability) and of the hydrogen pressure on the AuIII- and PdII-catalyzed reaction
mechanisms. These considerations can guide the proper selection of solid supports for heterogenization of catalysts to significantly increase their
activity.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Whereas platinum, palladium, and rhodium have been used
for decades as catalysts in various homogeneous and hetero-
geneous reactions [1–6], gold was long believed to be chemi-
cally inert. Only in recent years have gold complexes and gold
supported on different carriers attracted much interest as cat-
alysts [7–9]. Small-crystal size gold supported on inorganic
oxides or carbon (particle size �5 nm) are highly active and
selective for such reactions as CO oxidation at low tempera-
ture [10–13], water–gas shift [14], alcohol oxidation [15,16],
carbon–carbon bond formation reactions [17], and chemose-
lective reduction of substituted nitroarenes [18]. Homogeneous
gold complexes have been applied in cross-coupling and ho-
mocoupling reactions, as well as in hydrogenation of alkenes
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and imines [19]. Because AuIII and PdII have the same d8 elec-
tronic structure, similar behavior could be expected for AuIII

and PdII complexes, at least for some reactions. Consequently,
to gain insight into the similarities and differences in reactiv-
ity between species that have similar electronic compositions
at the outer shell but other differences that can affect their re-
activity, we compared the mechanism of olefin hydrogenation
catalyzed by two well-defined single-site molecular catalysts
formed by AuIII and PdII organic complexes. We carried out
kinetic experiments to evaluate the catalytic performance of dif-
ferent heterogenized Schiff base complexes of AuIII and PdII

for the hydrogenation of diethyl ethylidensuccinates, and stud-
ied the effect of reaction variables on the kinetics of the reac-
tion. The experimental results suggest that a slightly different
mechanism should operate in the 2 catalysts. Consequently, we
carried out a detailed computational study of the mechanism of
olefin hydrogenation catalyzed by a PdII complex using density
functional theory methods and compared the results with those
obtained previously for AuIII catalysis [20]. The computational
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study was able to explain the differences observed experimen-
tally between the 2 catalytic systems.

2. Experimental

The synthesis and characterization of homogeneous and het-
erogenized ligands and metal-complexes is fully described in
the Supplementary material [21,22].

2.1. Catalytic experiments

We studied the catalytic properties of the Pd and Au com-
plexes in hydrogenation reactions in a 100-mL batch reactor
(Autoclave Engineers) at 40 ◦C, 4 atm dihydrogen pressure, and
a metal/substrate molar ratio of 1/1000. The evolution of the
reaction of hydrogenated product was monitored by gas chro-
matography analysis using a Hewlett–Packard 5890 II with a
flame ionization detector in a cross-linked methylsilicone col-
umn.

2.2. Catalyst recovery and recycling

At the end of the hydrogenation process, the mixture of re-
action was filtered. The residue of the mesoporous support was
washed to completely remove the remains of products and/or
reactants and then reused.

2.3. Computational details

Calculations were carried out using the program package
Gaussian03 [23] at a density functional theory (DFT) level us-
ing the hybrid B3LYP functional [24]. The basis set for N and
O was 6-31g(d), that for Cl was 6-31 + g(d), that for C and H
directly involved in the reaction was 6-31g(d,p), and that for the
rest of the C and H atoms was 6-31g. The Pd was described by
means of the LANL2DZ [25] pseudopotential and its associated
basis set for the valence electrons. Solvent effects were included
by means of the polarized continuum model (PCM) [26].

For the transition states, analytical frequencies were calcu-
lated to ensure that only 1 imaginary value was obtained. Nor-
mal coordinate analyses were performed on these saddlepoints
by intrinsic reaction coordinate (IRC) routes [27] in both direc-
tions to the corresponding minima. When the IRC calculations
did not converge, additional geometry optimizations starting
from the IRC structures were carried out to identify the reac-
tants and products linked by the specific TS considered.

3. Results and discussion

3.1. Synthesis and characterization of ligands and complexes

In recent years, we have developed a modular system com-
bining functionalized ligands with different supports and link-
ers, to allow systematic access to various immobilized chiral
catalysts [28]. Here we applied this methodology to immobi-
lize the Schiff base ligand 2 (see Scheme S3 in Supplementary
material) on a mesoporous silica support such as MCM-41.
Table 1
Turnover frequencies (TOF, h−1),a for the catalytic hydrogenation of diethyl
itaconate in EtOHb

Ligand AuIII PdII

2 3430 3360
2-(MCM-41) 4920 4980
2-(MCM-41, Si/Al = 50) 6730 6000

a TOF = mmolsubs./mmolcat. h.
b 4 bar H2, 40 ◦C and substrate/catalyst ratio 1000.

MCM-41 is a short-range amorphous material containing a
large number of silanol groups available for grafting, but has
long-range ordering with hexagonal symmetry with regular
monodirectional channels 3.5 nm in diameter.

All solids were functionalized in the same manner accord-
ing to the procedure described in the Supplementary Mater-
ial. Supported precursors, ligands, and heterogenized ligands
were characterized by microanalysis, FT IR, and 13C NMR.
The heterogenized ligands reacted with palladium(II) acetate
or tetrachloroauric acid to furnish the corresponding anchored
PdII and AuIII complexes used for catalytic reactions. The cat-
alysts prepared on this way presented metal loading of 0.10–
0.30 mmolmetal/gsupport as determined by atomic absorption
analysis and were characterized by various spectroscopic tech-
niques (see Supplementary material).

3.2. Catalytic hydrogenation activity

The hydrogenation of diethyl ethylidensuccinates (i.e., di-
ethyl itaconate, diethyl citraconate, and diethyl benzylidensuc-
cinate) with these structurally well-defined PdII and AuIII com-
plexes was carried out under mild conditions (EtOH as the
solvent, 4 atm. hydrogen pressure, 40 ◦C). The hydrogenation
was carried out to explore the possibilities of recovering the
catalysts, the influence of the nature of the support, and the
comparison of the activity and stability of supported catalysts
with their homogeneous counterpart. The results for the hy-
drogenation of diethyl itaconate catalyzed by PdII and AuIII

complexes are given in Table 1.
It can be seen that the activity of the homogeneous AuIII and

PdII complexes is similar and, for both metals, the TOFs in the
case of the supported catalysts increase with respect to the ho-
mogeneous systems. This indicates that silica mesostructured
molecular sieves (MCM-41) are suitable supports for heterog-
enizing metal-complex homogeneous catalysts. Storage of the
heterogenized catalysts at room temperature for 6 months had
no effect on their catalytic performance, indicating that they are
stable over time. They also were stable under reaction condi-
tions and could be recycled at least 6 times with no appreciable
loss in activity (Fig. 1).

It has been shown [20] that in the case of AuIII-catalyzed
alkene hydrogenation, the hydrogen is activated through het-
erolytic cleavage to give a hydride intermediate. This process
involves charge separation with no oxidative addition of hy-
drogen to the metal; thus, increasing polarity and acidity of
the support should increase the reaction rate. To test this hy-
pothesis, we supported complexes 2Au and 2Pd on pure silica
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MCM-41 (a very polar support due to its numerous surface
silanol groups) and on MCM-41 in the form of aluminosili-
cate (Si/Al = 15), which presents surface Brönsted acid sites.
In both cases, the catalytic activity of the supported complexes
increased with respect to the homogeneous systems, suggest-

Fig. 1. Catalytic hydrogenation of diethyl itaconate with 2Pd-MCM-41.
ing that the activation of H2 by PdII is similar to that previously
obtained for AuIII [22].

We evaluated the influence of reaction temperature and H2
pressure on the activity of the 2Pd complex for hydrogenation
of diethyl benzylidensuccinate; the results are shown in Fig. 2.
As in the case of gold, the kinetic curves show an induction pe-
riod that is more significant at low temperature; however, when
the partial pressure of H2 is varied from 2 to 4 bar, the induc-
tion period diminished for the 2Au catalyst but did not change
for the 2Pd catalyst (Fig. 2b). With respect to the influence of
the solvent used (depicted in Fig. 3), it is considerably greater
in the case of gold. We discuss these effects and their causes
throughout the article.

3.3. Reaction mechanism

According to the literature [29,30], the proposed mechanism
of alkene hydrogenation catalyzed by PdII complexes com-
prises 3 main steps, which we describe in this section: (i) initial
activation of the dihydrogen molecule, (ii) incorporation of the
alkene into the coordination sphere of the catalyst and inser-
(a)

(b)

Fig. 2. Hydrogenation of diethyl benzylidensuccinate using 2Pd (left) and 2Au (right) catalysts and ethanol as solvent. Influence of (a) reaction temperature and
(b) H2 pressure.
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(a)

(b)

Fig. 3. Influence of solvent on the hydrogenation of diethyl benzylidensuccinate
using (a) 2Pd and (b) 2Au catalysts.

Fig. 4. Model complex for the catalyst. Distances in Å.

tion into the Pd–H bond, and (iii) a second hydrogen transfer
closing the catalytic cycle. The mechanism of the reaction cat-
alyzed by 2Pd, as shown in Scheme S3 in the Supplementary
material, was calculated using the complex depicted in Fig. 4
as a model for the catalyst and ethylene as the simplest alkene.
We next discuss the results obtained for these 3 main steps.
Fig. 5. Possible heterolytic cleavage pathways for the dihydrogen molecule.

3.3.1. Activation of the H2 molecule
Because the hydrogen source in the present reaction was

molecular hydrogen, the H2 molecule had to be activated by
the metallic complex to perform alkene hydrogenation. Two
known routes are available for activating the dihydrogen mole-
cule: homolytic cleavage and heterolytic cleavage. As discussed
previously, the influence of the support on the activity of PdII

complexes (similar to that of AuIII), along with the difficulty
that the metal center has in reaching the oxidation number PdIV,
make homolytic activation of the dihydrogen molecule highly
improbable for this complex. This is commonly accepted for
Pd(II) hydrogenation catalysts [29–31]. This was indeed con-
firmed by theoretical calculations; the product of the oxidative
addition was found to lay 37.9 kcal/mol above that of the reac-
tants, indicating that the barrier for this reaction will be at least
37.9 kcal/mol. Thus, we discounted homolytic cleavage as a
possible pathway for H2 activation.

H2 heterolytic cleavage is more common in early-transition
metals, even though several cases have recently been reported
for late-transition metals [32–39]. For this particular system, the
catalyst had several ligands that were able to undergo [2 + 2] σ

bond metathesis of the dihydrogen molecule: the oxygen and
nitrogen of the Schiff base ligand and the chlorine ligand. In
all of these pathways (depicted in Fig. 5), the hydrogen mole-
cule is heterolytically activated by the catalyst; a proton goes
to the ligand, whereas a hydride is bonded to the metal, keep-
ing the oxidation state of Pd unchanged. The participation of
hydride palladium species in hydrogenation reactions has been
proposed previously [40,41].

A previous computational study of alkene hydrogenation
catalyzed by AuIII complexes [20] found the highest barrier
in the pathway in which activation occurs by means of the
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(a)

(b)

Fig. 6. Optimised geometry of the transition states for the heterolytic cleavage
of H2: (a) over the O ligand (ts1a) and (b) over the Cl ligand (ts1c). Distances
in Å.

N(amine) ligand. In addition, the N(amine) ligand can be eas-
ily replaced by the olefin within the catalytic cycle (vide infra).
Thus, in the case of the Pd catalyst, we did not consider this
possibility for hydrogen activation, and performed calculations
for the heterolytic cleavage only over O and Cl ligands.

Heterolytic cleavage over the O atom presented a barrier
of 32.0 kcal/mol in the gas phase. Including solvent effects,
the barrier remained practically unchanged, with a value of
32.7 kcal/mol. Referring to the possibility of dihydrogen split-
ting over the chlorine atom in the gas phase, the barrier was
28.1 kcal/mol with respect to the corresponding reactants, in
which the hydrogen molecule is weakly interacting with the cat-
alyst. In this case, however, the barrier height decreased signifi-
cantly when solvent effects were included through a continuum
model, adopting a value of 19.2 kcal/mol. The transition states
for the heterolytic cleavage of H2 over O and Cl are shown in
Fig. 6, and the variation in the Mulliken charges on selected
atoms in relation to separated reactants is given in Table 2. In
the case of H2 splitting over O (ts1a), the Pd center decreased
its positive charge considerably, whereas the O atom did not
significantly change its negative charge, because the oxygen
atom can delocalize the charge over the adjacent π system. In
contrast, in the case of H2 cleavage over Cl (ts1c), there was
a considerable increase in the negative charge on the chlorine
atom, indicating that the polarity of the solvent (ethanol) played
a significant role in this case, decreasing the activation barrier
by about 9 kcal/mol.

In the case of the analogous AuIII catalyst [20], as well as
in other samples reported by other authors using different cat-
Table 2
Variation in the Mulliken calculated atomic charges on selected atoms in rela-
tion to separated reactants in the gas phase (g) and with the solvent included by
means of the PCM method (PCM)

ts1a (g) ts1a (PCM) ts1c (g) ts1c (PCM)

Pd −0.214 −0.227 0.089 0.073
Cl 0.067 0.089 −0.321 −0.314
O 0.015 0.007 −0.004 0.002

(a)

(b)

Fig. 7. Optimised geometry of the transition states for the solvent-assisted het-
erolytic cleavage of H2: (a) over the O ligand (ts1a2) and (b) over the Cl (ts1c2).
Distances in Å.

alysts [39], it was shown that the participation of species with
proton donor-acceptor capabilities could significantly modify
the reaction energy profiles. Therefore, we focused our efforts
on searching for a reaction step in which a solvent molecule
(ethanol) is directly implicated in the heterolytic activation
of H2. The optimized structures of the solvent-assisted tran-
sition states obtained over both the oxygen and the chlorine
ligand atoms are depicted in Fig. 7.

The geometry of these transition states can be associated
with a trigonal bipyramid structure in which the leaving ligand
and the forming hydride both lay at the equatorial plane. The
barrier heights of these steps are 32.8 for O and 18.6 kcal/mol
for Cl, practically equivalent to those calculated for the non-
solvent-assisted process. These results indicate that, as in the
AuIII complex, the heterolytic activation of H2 was far more
favorable over the chlorine atom than over the oxygen atom.
Nevertheless, in contrast to the AuIII complexes, the direct as-
sistance of a solvent molecule did not significantly decrease the
activation barrier for the H2 heterolytic splitting. Fig. 3 com-
pares the influence of the solvent on the activity of AuIII and
PdII complexes as determined experimentally. For PdII, the ac-
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(a)

(b)

Fig. 8. Products of the heterolytic splitting of the dihydrogen molecule over the
Cl ligand: (a) product for the non-assisted pathway (Ic1–HCl), (b) product of
the assisted pathway (Ic1–EtOH). Distances in Å.

tivity was slightly improved when ethanol was used instead of
acetone; this may be related to the slightly higher polarity of
ethanol (dielectric constant ε = 24.55) with respect to acetone
(ε = 20.70) [42]. For AuIII, however, the effect of the solvent
was much more pronounced, because the activity in ethanol
was considerably higher than that in acetone. This effect cannot
be explained only in terms of solvent polarity, but rather is re-
lated to the active role of the ethanol molecule in the heterolytic
activation of H2. According to the mechanism calculated for
AuIII complexes, a solvent with proton-donating ability, such
as ethanol, is required for the reaction to proceed.

Fig. 8 shows the optimized geometry of the products of the
nonassisted and the solvent-assisted pathways for the 2Pd cat-
alyzed reaction. It can be seen that in the product of the het-
erolytic cleavage without solvent assistance, a dihydrogen bond
exists between the hydride of the Pd–H bond and the proton of
the recently formed HCl molecule characterized by a distance
of 1.459 Å (Ic1–HCl). This product is located at 18.8 kcal/mol
with respect to the catalyst and the hydrogen molecule. The
solvent-assisted heterolytic cleavage of the dihydrogen mole-
cule produced an intermediate in which the proton of the HCl
molecule was hydrogen-bonded with the oxygen atom of the
ethanol molecule (Ic1–EtOH). This hydrogen bond is strong,
with a distance of 1.474 Å. In this product, the proton of the
ethanol molecule forms a dihydrogen bond with the hydride
Fig. 9. Trigonal bipyramid structures after ethylene coordination.

ligand [43], with a H–H distance of 1.895 Å. This product is lo-
cated 12.5 kcal/mol above the respective reactants: H2, ethanol,
and the catalyst interacting. It should be noted that in the analo-
gous process in gold catalysis this step was exothermic by more
than 10 kcal/mol [20]. This difference is likely due to the fact
that the AuIII catalyst was positively charged, and the products
in that case were EtOH+

2 and Cl− forming an ionic pair.
Based on the foregoing results, we can conclude that when

PdII complexes are used as catalysts, the dihydrogen heterolytic
cleavage is more favorable over chlorine than over the oxo
group. Our calculations also indicate, in agreement with exper-
imental evidence, that although solvent effects are important in
lowering the activation barrier, the direct assistance of a solvent
molecule is not needed for the reaction to occur, in contrast with
the results obtained for the AuIII catalysts.

3.3.2. Coordination and insertion of the olefin to the catalyst
The next step in the catalytic cycle involves the alkene

molecule. Exploring the potential energy surface for a penta-
coordinated structure including the alkene in the coordination
sphere of the catalyst identified two isomers, Ic2 and Ic2bis.
These isomers exhibited geometry close to that of a trigonal
bipyramid structure. The relative energies of Ic2 and Ic2bis
intermediates with respect to ethylene and Ic1 were 14.6 and
14.9 kcal/mol, respectively. These two structures are schemat-
ically represented in Fig. 9, and their optimized geometries are
depicted in Fig. 10.

In principle, the reaction could evolve from any of these iso-
mers. Therefore, we examined a reaction pathway starting from
each of these intermediates. The two pathways found for olefin
insertion into the Pd–H bond are schematically depicted in
Fig. 11. From the Ic2 intermediate, the reaction may evolve
through ligand coordination breaking to regenerate a square
planar structure, with the alkene occupying the position previ-
ously occupied by the N(amine) ligand. The optimized geome-
try of the transition state for this step (ts2) is depicted in Fig. 12.
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(a)

(b)

Fig. 10. Optimised geometry of the trigonal bipyramid isomers: (a) Ic2 and
(b) Ic2bis. Distances in Å.

Fig. 11. Different pathways to obtain the alkyl intermediate (Ic4a,b) from Ic2
and Ic2bis.

(a)

(b)

(c)

Fig. 12. Optimised geometry of the transition states for (a) ethylene coordina-
tion with N(aminic) leaving (ts2), (b) ethylene insertion into the Pd–H bond
after N(aminic) leaving (ts3) and (c) N(aminic) leaving and ethylene insertion
into the Pd–H bond occurring concomitantly (ts2bis). Distances in Å.
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The energy cost for N(amine) removal and ethylene coordina-
tion starting from Ic2 was only 0.4 kcal/mol, and formation of
the Ic3a intermediate was exothermic by 6.3 kcal/mol. A re-
lated study by Vrieze and co-workers [44] on the insertion
reaction of CO into Pd–C bonds of complexes containing ter-
dentate nitrogen ligands proposed that one of the terminal N of
the chelate ligand is substituted by the incoming CO within the
reaction mechanism [44]. Another study in a different system
analogously proposed the breakage of one labile palladium–
pyridine bond in alkyne hydrogenation to coordinate an addi-
tional molecule present in the reaction media, such as hydrogen
or an alkyne molecule [45].

Once the square planar intermediate Ic3a is formed, a small
conformational change (associated to the change of the N–C–
C–N dihedral angle) gives rise to intermediate Ic3b, which is
lower in energy (by 0.6 kcal/mol). In both intermediates Ic3a
and Ic3b, coordination of the olefin is perpendicular to the
plane containing the metal center and the other ligands. The
next step corresponds to insertion of the alkene into the Pd–H
bond through transition state ts3. This process has been sys-
tematically studied computationally for the second-row metal
complexes, including a palladium monohydride species [46].
The insertion process involves rotation of the olefin concomi-
tantly to the insertion process itself (see Fig. 12b), producing
the intermediate Ic4a, in which there is an agostic interaction
between the metal and the recently formed C–H bond, as ex-
pected after the insertion process [47a]. This step is thermo-
dynamically favorable by 8.8 kcal/mol, with an energy barrier
of 5.0 kcal/mol. Along with Ic4a, there is another conformer,
Ic4b, which is 0.8 kcal/mol lower in energy.

An alternative pathway for forming the intermediate Ic4b
starts from the Ic2bis structure. In this case, the process occurs
in a single step; the transition state ts2bis reveals a simultane-
ous hydride migration to the ethylene molecule and breaking of
the coordination of the N(amine) ligand. The energy barrier for
this process is 9.6 kcal/mol. This pathway is energetically less
favorable than the two-step pathway starting form the Ic2 in-
termediate, in which the highest barrier is 5.0 kcal/mol. These
results are in agreement with the conclusion reached by Thorn
and Hoffmann [48] that ethene insertion into a M–H bond
is more difficult in a trigonal bipyramidal structure than in a
square planar structure [48].

The existence of direct hydride migration concomitantly
with the N(amine) leaving when starting from the Ic2bis struc-
ture led us to consider an analogous process starting from the
Ic2 structure (see the dashed arrow in Fig. 11). Although we
extensively searched this direct process in the potential sur-
face, we could not locate the associated transition state. In any
case, this process is expected to be energetically similar to that
starting from Ic2bis, which is higher than the stepwise process
previously shown.

3.3.3. Second hydrogen transfer closing the catalytic cycle
The next step in the proposed reaction mechanism is the sec-

ond hydrogen transfer process yielding the product, ethane. The
possibility of alkyl protonation by the acid formed in the first
step, as suggested in the literature [30,31], has been analyzed
Fig. 13. Different ways of coordination of H2 to the Ic4b intermediate and
evolution of Ic5.

for the AuIII system and found to be energetically prohibitive
[20]; therefore, we did not consider this pathway here. Instead,
we investigated H2 molecule coordination to the catalyst at in-
termediate Ic4b. The two alternatives considered for this H2

coordination are shown in Fig. 13. In the first of these, the
Ic4b intermediate evolves by breaking the weak agostic interac-
tion between the metal and the C–H bond and coordinating the
dihydrogen molecule into the vacant site forming the Ic5 inter-
mediate, an exothermic process by 4.0 kcal/mol. In the second
pathway, the N(amine) of the Schiff base complex coordinates
again to the vacant site and H2 coordinates to the complex,
forming a penta-coordinated structure, Ic52. Extensive explo-
ration of the potential energy surface around the coordination
mode supposed for the Ic52 intermediate was performed with-
out success; thus, calculations suggest that when it exists, this
penta-coordinated intermediate will be very high in energy.

Consequently, the reaction mechanism was considered to go
through intermediate Ic5. After the dihydrogen molecule coor-
dination, the next step corresponds to hydrogenolysis to give
the hydride intermediate Ic6a (see Fig. 13) and ethane, which
remains coordinated to the complex by means of an agostic
interaction between the metal and one of the C–H bonds. H2 ac-
tivation goes through a four-centered metathesis-like transition
state (ts4 in Fig. 14) with an activation energy of 12.1 kcal/mol.
An analogous hydrogenolysis step also has been found to be fa-
vorable for the chain termination process in ethylene polymer-
ization by means of the diimine–palladium [47b] and diimine–
nickel [47c], and also in a hydride-exchange process [49].

The final step in the catalytic cycle involves the confor-
mational change of a side chain of the N(amine) ligand, fa-
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Fig. 14. Optimised geometry of the transition state for the hydrogenolysis of
H2 (ts4). Distances in Å.

(a)

(b)

Fig. 15. Optimised geometry of the transition states for (a) conformational
change of the aminic chain (ts5) and (b) N(aminic) coordination to Pd with
ethane release occurring concomitantly (ts6). Distances in Å.

cilitating its coordination to palladium, concomitantly with
product (ethane) release. The conformational change of the
aminic chain (producing intermediate Ic6b) has a barrier height
of 2.9 kcal/mol, and the process is endothermic by only
2.3 kcal/mol. The optimized geometry of the transition state
for this process, ts5, is shown in Fig. 15. The simultaneous co-
Fig. 16. Proposed catalytic cycle without the initial H2 activation. Letters writ-
ten after the intermediate labels correspond to different conformers of the same
species.

ordination of the N(amine) ligand and the elimination of the
ethane molecule through transition state ts6 (see Fig. 15) has
a barrier of only 0.2 kcal/mol. Moreover, this step is exother-
mic by 33.3 kcal/mol and regenerates the palladium–hydride
intermediate Ic1, thereby providing an elegant and easy way to
close the catalytic cycle. Actually, the final product is a differ-
ent conformer of the hydride species. Both conformers (see the
initial and final catalysts of the energy profile in Fig. 17) are
isoenergetic; thus, they have not been distinguished, and both
are referred to as Ic1 in the present work.

3.4. Global reaction mechanism

The complete catalytic cycle, without initial H2 activation
and simplifying some steps that involve conformational re-
arrangements, is shown in Fig. 16, and the corresponding en-
ergy profile is depicted in Fig. 17. The highest energy barrier of
the proposed mechanism is 19.2 kcal/mol, which corresponds
to the initial activation of H2 through its heterolytic cleav-
age over the chlorine ligand. Nevertheless, this process is not
within the catalytic cycle; once the hydrogen molecule has been
initially activated forming the palladium–hydride intermediate,
Ic1, this is the active species involved in the catalytic cycle. This
should result in an induction period in the kinetic curve, which
indeed has been observed experimentally. In Fig. 2a, it can be
seen that the induction period is more significant at low temper-
ature and is slightly diminished when the partial pressure of H2

is increased from 2 to 4 bar (Fig. 2b).
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Fig. 17. Calculated energy profile for the proposed mechanism. Energies in kcal/mol.
The second activation of the H2 molecule, which occurs
within the catalytic cycle, occurs in a different (and easier)
manner. In this case, the H2 molecule initially coordinates to a
vacant site in the Pd catalyst before undergoing the hydrogenol-
ysis process, which has a lower energy barrier (12.1 kcal/mol).
The highest energy barrier step in the catalytic cycle corre-
sponds to N(amine) ligand substitution by the incoming eth-
ylene molecule. This process implies initial ethylene coordi-
nation to the catalyst; a new ligand is added to the palladium
catalyst, forming a penta-coordinated structure—a process not
favorable for a metal center with d8 electronic configuration.
The next step implies N(amine) descoordination to generate
again a square planar structure, with an activation barrier of
15.0 kcal/mol for the overall process. Concerning the sol-
vent effects, calculations indicate that its inclusion in the PdII-
catalyzed reaction is important because the energy barrier of
the initial step is significantly diminished. Nevertheless, and
conversely to the analogous AuIII catalyst, in this case both the-
oretical and experimental results suggest that solvent plays no
active role in the reaction mechanism.

4. Conclusion

In the present work, the catalytic performance and the re-
action mechanism of a homogeneous and two heterogenized
Schiff base complexes of PdII and AuIII in the hydrogenation
reactions of diethyl ethylidensuccinates have been analysed and
compared by means of kinetic and computational studies. The
reaction mechanism for the PdII catalyst occurs in three main
steps: (i) heterolytic activation of hydrogen molecule, generat-
ing a Pd–hydride intermediate, (ii) coordination and insertion
of the olefin into the catalyst, and (iii) coordination of H2 mole-
cule, proton transfer to substrate, and regeneration of the Pd–
hydride species. Our results demonstrate that the hydrogenation
mechanism using PdII complexes is similar to that of the AuIII

counterparts, with some significant differences.
For the PdII complexes, the dihydrogen heterolytic cleavage

is more favorable over chlorine than over the oxo group, as for
the AuIII complexes. Calculations also indicate, in agreement
with experimental evidence, that solvent effects are important
to speeding-up the reaction rate. Nevertheless, in contrast to
the AuIII complex, for the PdII complexes the direct assistance
of a solvent molecule does not significantly decreases the en-
ergy barrier for the initial heterolytic activation of the hydrogen
molecule. This fact is experimentally confirmed by the similar
induction periods found for both acetone and ethanol solvents
(conversely to the AuIII complex).

Regarding the rate-determining step, it is the same for both
complexes once the catalytically active species (the hydride in-
termediate) is formed. This step corresponds to the coordination
of the olefin to the catalyst. Nevertheless, whereas for the PdII

complex, the addition of olefin built a pentacoordinated species,
for the AuIII complex, no five-coordinated complex was found
in the reaction mechanism.

The catalytic experiments on the hydrogenation of ethyli-
densuccinates for the homogeneous catalysts showed similar
activity for PdII and AuIII. The TOFs for the supported cata-
lysts increased compared with those for the homogeneous sys-
tems for both metals. The hydrogen molecule was heterolyti-
cally activated by the metal complex with no oxidative addition
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process. This route implies a charge separation that should be
facilitated by polar supports, as in fact was noted in the hetero-
genized catalysts.
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