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Density functional theory calculations at the PBE1PBE/DGDZVP level of theory were performed to
investigate the mechanism and chemoselectivity of Pd(II)-catalyzed allylation of aldehydes. The transfer
of formaldehyde to theπ-allyl group of bis-π-allylpalladium complex is a thermodynamically favored
process (∆G) -1.4 kcal/mol), and its Gibbs free energy of activation (∆Gq) corresponds to 23.0 kcal/
mol. Further support for the mechanism proposed herein, which requires the coordination of an aldehyde
molecule to the metal center, comes from correctly predicting the chemoselectivity of the reaction when
it is conducted with mixed bis-π-allylpalladium complexes containing crotyl, methallyl, and 2-methoxyallyl
groups.

Introduction

Homoallylic alcohols can be synthesized from the reaction
between allylstannanes and aldehydes in the presence of Lewis
acids either at high temperatures or at high pressures.1 Yama-
moto and co-workers2 have shown, however, that homoallylic
alcohols can be obtained in high yields at room temperature
without using Lewis acids when the reaction is carried out in
the presence of Pd(II) or Pt(II) complexes (eq 1). Furthermore,
by using NMR spectroscopy, these authors have been able to
identify the key intermediate of the Pd-catalyzed allylation of
aldehydes (and imines), characterized as the bis-π-allylpalladium
complex1, shown in eq 1. Most importantly, the symmetric
bis-π-allylpalladium intermediate exhibits nucleophilic reactiv-
ity, in stark contrast with the electrophilic reactivity of ordinary
π-allylpalladium complexes of type Pd(η3-allyl)XL, with X )
halogen, OAc, etc. and L) ligand (eq 2).3 The latter complexes

are generated from allyl halides, acetates, or related substrates
in the presence of Pd(0). The resultingπ-allylpalladium
complexes do not react with aldehydes and imines since the
π-allyl group of these complexes exhibits electrophilic reactivity.

In a recent theoretical study based on density functional theory
(DFT) calculations, Szabó4 investigated the amphiphilic char-
acter of the title bis-π-allylpalladium complex1 with the purpose
of explaining the observed mechanistic differences of its
reactivity toward nucleophiles and electrophiles. The electronic
structure calculations indicated the presence of d-π hypercon-
jugative interactions in theη1-allyl moiety of the (η1-allyl)(η3-
allyl)Pd(PH3) intermediate (Chart 1), which has been suggested
to affect its structure and reactivity toward electrophiles and
nucleophiles. Most importantly, the energy barrier associated
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CHART 1

10.1021/jo061985r CCC: $37.00 © 2007 American Chemical Society
J. Org. Chem.2007,72, 861-869 861Published on Web 12/29/2006



with the transition state (TS) arising from the intermolecular
attack of one molecule of formaldehyde (CH2O) on theη1-allyl
moiety of the Pd(II) precursor complex was estimated to be
4.3 kcal/mol (a value of 7.5 kcal/mol was computed by including
the zero-point energy correction, ZPE).

According to the experimental findings of Yamamoto and
co-workers, the presence or absence of phosphine can be
exploited to control the chemoselective allylation of aldehydes
(imines) to yield homoallylic alcohols (amines).2b While the
coordination of phosphine to Pd(II) is essential for the Stille
coupling reaction,5 this is not the case for the allylation reaction
whose mechanism (Chart 2) would rather involve an intermedi-
ate complex (1-r) in which the aldehyde is coordinated (via
oxygen) to the metal center.6 In the present computational study,
we want to see whether the presence of phosphine is pertinent
to the Pd-catalyzed allylation of aldehydes discovered by
Yamamoto and co-workers. To do so, we employ modern DFT
methods to characterize the structures and stabilities of the
complexes1-r and1-p, which have a formaldehyde molecule
coordinated to Pd(II), and the corresponding transition state (vide
infra) that arises from the nucleophilic attack of theη1-allyl
moiety to the coordinated aldehyde of1-r. The subsequent
transmetalation of1-p with allyltributyltin (C3H5SnBu3) closes
the catalytic cycle of Chart 2 by producing again1 and
homoallyloxystannane.2b Furthermore, we set out to investigate
the chemoselectivity of the Pd(II)-catalyzed aldehyde allylation
reaction that proceeds through the asymmetric bis-π-allylpal-
ladium complexes2-4 obtained by using crotyl-, methallyl-,
and 2-methoxyallylstannanes (Chart 3). According to the original
experiments of Yamamoto and co-workers, benzaldehyde was

transferred on the coordinatedπ-allyl group of 2, whereas for
3 and4, the transfer occurred on methallyl and 2-methoxyallyl
groups, respectively.2a

Computational Details

All of the DFT calculations were performed with the Gaussian03
software package.7 The PBE1PBE hybrid functional8a containing
the generalized gradient functional of Perdew, Burke, and Ernzerhov
(PBE)8b,c and a predefined amount of Hartree-Fock exchange
energy was employed in combination with the all-electron double-ú
valence-polarized basis set of DGauss (DGDZVP).9 Calculations
using the Stuttgart-Dresden SDD basis set10 for Pd (Pt) and using
the DGDZVP basis set for the remaining elements were also carried
out. SDD implements relativistic effective core potentials (ECPs),
which replace the core electrons of nuclei below the second row,
thereby reducing the computational cost of electronic structure
calculations on molecules containing heavy elements. Transition-
state (TS) structures were located by employing the synchronous
transit-guided quasi-Newton (STQN) method of Schlegel and co-
workers.11 Accordingly, the search of an unknown TS structure is
performed using the optimized structures of both reactant and
product as input. Frequency calculations have been carried out for
all of the optimized geometries to check that local minima are being
characterized by real vibrational frequencies, while transition states
are requested to possess only one imaginary frequency.12 Atomic
charges were computed with the natural population analysis (NPA)
method of Weinhold and co-workers,13 which overcomes some
deficiencies encountered with the canonical Mulliken-type charges.
The binding energy of selected complex species was computed
while taking into account the well-known basis set superposition
error (BSSE) by means of the counterpoise approximation method
of Boys and Bernardi.14 Pre- and postprocessing operations were
carried out with the GaussView15 (version 3.09) and Molden16
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Justification of the Theoretical Model. Adamo and Barone8a

have analyzed the performances of the PBE1PBE hybrid functional
(also termed PBE0) by computing physical properties for a number
of different molecular systems. They found that this model provided
molecular structures and properties with a similar and sometimes
even better accuracy than that achieved by more popular hybrid
functionals.

Results and Discussion

A. Bis-π-Allylpalladium Complexes. Before investigating
the mechanism of the Pd(II)-catalyzed allylation of aldehydes,
it is worth analyzing the molecular structures of1 (Chart 2)
and the mixed bis-π-allylpalladium complexes2-4 (Chart 3)
resulting from theη3 coordination of allyl, crotyl, methallyl,
and 2-methoxyallyl groups to theπ-allylpalladium moiety.
Figure 1 shows the optimized geometries of complexes1-4.
The presence of a methyl at position 1 in the allyl group to
yield crotyl has almost no effect on the length of the central
Pd-C bond length, which changes from 2.174 to 2.176 Å. In
contrast, the introduction of the methyl in position 2 in the
coordinated allyl group to yield methallyl lengthens the Pd-C

bond to 2.191 Å. Even larger than that is the lengthening
provoked by the presence of OMe at position 2, which yields a
central Pd-C bond length of 2.230 Å. The replacement of one
π-allyl unit in 1 with crotyl, methallyl, and 2-methoxyallyl
groups does not affect the geometry of the opposingπ-allyl
unit, whose C-Pd-C angle adopts the constant value of∼68°.
Although the lack of crystallographic data for these specific
complexes prevents a direct comparison with the optimized
structures shown in Figure 1, a calculation performed on the
bis(η3-2-methallyl)Pd(II) complex yielded an optimized geom-
etry which is in satisfactory agreement with the experimental
structure determined by Gozum et al. (structure not shown).17

The natural charge of Pd in1-4 corresponds to+0.61 au
and is practically unaffected by the nature of the coordinated
π-allyl group. The natural charges of the C atoms in the
coordinated methallyl (3) and 2-methoxyallyl (4) groups main-
tain the (pseudo)symmetric character with respect to the plane
containing Pd and the central C atoms of the ligands, as in the
coordinatedπ-allyl groups of1, whereas in the crotyl group of
2, there exists a significant concentration of negative charge
on its external Me group (-0.63 au).

B. Aldehyde Coordination to Palladium.As shown in Chart
2, the first step of the catalytic cycle is concerned with the

(17) Gozum, J. E.; Pollina, D. M.; Jensen, J. A.; Girolami, G. S.J. Am.
Chem. Soc.1988,110, 2688.

CHART 2

CHART 3

CHART 4

FIGURE 1. DFT-optimized structures of the symmetric bis-π-
allylpalladium complex (1) and the mixed complexes with crotyl (2),
methallyl (3), and 2-methoxyallyl (4) groups. Distances are given in
Å, and angles are in degrees.

FIGURE 2. DFT-optimized structure of the1:CH2O complex.
Distances are given in Å.
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coordination of aldehyde to the Pd atom of the bis-π-allylpal-
ladium complex1 to form 1-r. It must be noticed, however,
that the aldehyde does not react directly with the bis-π-
allylpalladium complex1. Rather, experiments2a suggest that
the latter is likely to form an equilibrium with the (η1-allyl)-
(η3-allyl)PdL complex bearing a bulky ligand (L), such as PPh3

or SnBu3, as shown in Chart 4. The bulky ligand, L, of (η1-
allyl)(η3-allyl)PdL can then be rapidly displaced by the aldehyde
to yield complex1-r shown in Charts 2 and 4 (see also eq 5
and Scheme 1 in ref 2a). Our DFT calculations support this
view; the interaction of CH2O with 1 does not yield the
hypothetical pentacoordinated trigonal bipyramidal (TBP) tran-
sition-state complex with the aldehyde molecule coordinated
(via oxygen) to Pd in the apical position but does yield the
weakly bonded complex (1:CH2O) characterized by a long Pd‚
‚‚O distance at 4.099 Å, as shown in Figure 2. The BSSE-
corrected binding energy computed for this complex at the
PBE1PBE/DGDZVP level of theory corresponds to-1.4 kcal/
mol.

Further support for the above arguments was obtained by
performing a series of relaxed potential energy surface (PES)
scan calculations where either the Pd‚‚‚O distance of1:CH2O
was gradually shortened or the Pd-O bond of1-r was gradually
elongated in steps of 0.2 Å. These relaxed PES scan calculations
showed that the two species,1:CH2O and1-r, are not energeti-
cally connected to each other through a common TS.

C. Transition State of the RDS.According to the mecha-
nism proposed by Yamamoto and co-workers, the rate-
determining step (RDS) of the allylation reaction involves the
nucleophilic attack of an allyl C atom to the carbonyl group
coordinated (via oxygen) to Pd with subsequent formation of a
covalent C-C bond (Chart 2).2a,b We have investigated the
geometries and energies associated with the species that are

formed along this RDS with the aid of DFT calculations
performed at the PBE1PBE/DGDZVP level of theory. The
results are shown in Figure 3 (the results obtained using the
SDD basis set for Pd only are written in italics and will be
commented on later). The relative Gibbs free energy and the
ZPE-corrected electronic energy (in parentheses) are calculated
with respect to a standard material represented by1 and CH2O.
As shown in this figure, coordination of the aldehyde to the
Pd(II) center of1 via the mechanism depicted in Chart 4 results
in a change of coordination mode of one allyl group fromη3 to
η1. The C‚‚‚C distance in the precursor complex1-r corresponds
to 2.768 Å. This same distance shortens to 2.284 in the TS (1-
ts), whose associated activation Gibbs free energy (∆Gq)
corresponds to 23.0 kcal/mol. Note that the free energy
difference (∆∆Gq) between1-ts and1-r amounts to only 2.4
kcal/mol. In the product complex,1-p, the newly formed C-C
bond has a length of 1.531 Å. Also, we notice that the formal
double CdC bond of1-p (see also Chart 2) coordinates to the
metal center through a dative-likeπ bond with Pd-C distances
of 2.361 and 2.273 Å. The free energy difference (∆G) between
1-p and the precursor material (1+CH2O) corresponds to-1.4
kcal/mol, which indicates that the reaction is thermodynamically
favored (exergonic).

D. Chemoselectivity.The chemoselectivity of the aldehyde
allylation reaction can be controlled when mixed bis-π-
allylpalladium intermediates2-4 (Chart 3) are being formed
by reacting the Pd(II) complex with crotyl-, methallyl-, and
2-methoxyallylstannanes, respectively. Accordingly, experiments
indicate that, in the case of2, the p-allyl group is transferred to
the aldehyde, whereas in the case of3 and4, the methallyl and
2-methoxyallyl groups, respectively, are transferred to the
aldehyde.2 To provide a rationale for these experiments, we have

FIGURE 3. Aldehyde allylation reaction via the bis-π-allylpalladium complex1. The relative Gibbs free energies and ZPE-corrected electronic
energies (in parentheses) are given in kcal/mol. The values in italics correspond to results obtained using the SDD basis set for Pd only. Distances
are given in Å.
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carried out a series of DFT calculations on the complexes that
originated from the coordination of formaldehyde to2-4.

Figure 4 shows the energy barriers for the species that
originated from the aldehyde allylation reaction that proceeds
via the mixed (π-crotyl, π-allyl)Pd complex2 (Chart 3). Relative
Gibbs free energies and ZPE-corrected electronic energies (in
parentheses) are calculated with respect to a common standard
material represented by2 and CH2O. Four possible reaction
channels have been investigated. They differ from each other
in the coordination mode (η3-type orη1-type) and orientation
of the crotyl group with respect to the coordinated aldehyde in
the precursor complex. Other reaction channels resulting from

sterically hindered precursor complexes, which are characterized
by short Me‚‚‚Pd distances, were not considered. The smaller
activation free energy barrier (21.1 kcal/mol) is that arising from
the TS,2a-ts, having the crotyl groupη3-coordinated to Pd and
with the Me group oriented on the same side of the coordinated
aldehyde. When the Me group is oriented on the opposite side
of the coordinated aldehyde, as in2b-ts, the computed free
energy of activation increases to 22.3 kcal/mol.

In both of the cases discussed previously, aldehyde is
transferred to the allyl group. On the other hand, higher
activation free energies of 23.5 and 27.6 kcal/mol are required
for the transfer of aldehyde to crotyl when the latter group is
η1-coordinated to Pd, as in2c-ts and2d-ts, respectively. The
large∆Gq barrier computed for2d-tsarises from the Me group
of crotyl being in close spatial proximity to the Pd center (Pd‚
‚‚Me ) 3.120 Å), which destabilizes the TS. Steric hindrance
is not as severe in2c-ts, whose crotyl group appears to be
affected by hyperconjugative effects, which affect its nucleo-
philic reactivity toward the coordinated aldehyde. An inspection
of the natural atomic charges of the precursor complex2c-r
indicates that the charge of the C atom involved in the formation
of the C-C bond is considerably smaller than those of the other
precursor complexes (-0.27 au versus-0.50 au). Notice that
all four RDS’s are thermodynamically favored (∆G < 0),
although only two reaction channels are characterized by∆G
values that are smaller than-1 kcal/mol (see2c-p and2d-p).

FIGURE 4. Allylation reaction via the mixed (π-crotyl,π-allyl)Pd complex2. The relative Gibbs free energies and ZPE-corrected electronic
energies (in parentheses) are given in kcal/mol. Distances are given in Å.

TABLE 1. Computed Activation Energies Associated with the
Formation of TS from the Corresponding Precursor Complexa

TS ∆∆Eq ∆∆(E+ZPE)q ∆∆Gq

1-ts 0.7 1.2 2.4
1-ts 0.4 0.8 1.8
2a-ts 0.4 0.8 1.8
2b-ts 0.6 1.1 2.1
2c-ts 1.3 1.9 3.4
2d-ts 1.0 2.0 3.9
3a-ts 0.6 1.0 2.0
3b-ts 0.5 0.3 1.2
4a-ts 0.8 1.0 2.2
5-ts 0.3 0.7 1.5

a Values in italics correspond to calculations done using the SDD basis
set10 for the metal center only.
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Overall, the present computational results indicate that, for the
mixed (π-crotyl,π-allyl)Pd complex2 (Chart 3), the aldehyde
is transferred to theπ-allyl group, as experimentally observed.2a

Table 1 reports the computed activation energies associated
with the formation of a TS from the corresponding precursor
complex. As it can be seen, these values are relatively small in
comparison to the energy differences computed with respect to
the standard material, the largest of them being∼4 kcal/mol.
Nevertheless, it is worth noticing that the∆∆Gq values of2a-
ts, 2b-ts, 2c-ts, and2d-ts show the same energy ordering as
that of the corresponding∆Gq values reported in Figure 4.

Figure 5 shows the aldehyde allylation reaction that proceeds
via the mixed (π-methallyl, π-allyl)Pd complex3 (Chart 3).
As shown in this figure, two precursor complexes are conceiv-
able, one having anη3-coordinated methallyl group (3a-r) and

the other with theη1-coordinated methallyl group (3b-r).
Relative Gibbs free energies and ZPE-corrected electronic
energies (in parentheses) are calculated with respect to a
common standard material represented by3 and CH2O. The
TS (3b-ts) generated from3b-r is characterized by an activation
free energy of 21.4 kcal/mol, whereas that (3a-ts) generated
from 3a-r has a∆Gq value of 22.5 kcal/mol. This result is in
nice agreement with experiments,2 indicating that, in the case
of mixed complex3, the methallyl group, rather than theπ-allyl
group, is the one transferred to the aldehyde; the latter is a
spectator.

Figure 6 shows the aldehyde allylation reaction as it proceeds
through the mixed (π-2-methoxyallyl, π-allyl)Pd complex4
(Chart 3). Here, the relative Gibbs free energies and ZPE-
corrected electronic energies (in parentheses) are calculated with
respect to a common standard material represented by4 and
CH2O. The activation free energy of the RDS, leading to TS
complex4a-ts with the 2-methoxyallyl groupη3-coordinated
to Pd(II), corresponds to 22.4 kcal/mol. We have been unable,
however, to optimize the geometry of the asymmetric precursor
complex (4b-r) having the allyl groupη3-coordinated to Pd(II)
since the optimization proceeds directly toward the product. Of
the two possible product complexes shown in Figure 7, the
conformer4b-p(1), with the Me-O-CdC torsion angle in the
syn conformation, is∼2.5 kcal/mol (∆E+∆ZPE) more stable
than4b-p(2), with this same torsion angle in the anti conforma-
tion. The Gibbs free energy of the reaction leading to4b-p(1)
corresponds to-3.2 kcal/mol, which is lower than the value of
-2.7 kcal/mol calculated for4a-p (see Figure 6). In summary,
the absence of an energy barrier (at least at the present level of
theory) indicates that the 2-methoxyallyl group is the one that
is likely to be transferred to the coordinated formaldehyde
molecule, while theη3-allyl group acts as a spectator, in nice
agreement with experiments.2

E. Comparison with Szabó’s Mechanism. As mentioned
in the Introduction, Szabó has suggested a different mechanism
of aldehyde allylation via bis-π-allylpalladium complexes.4

Accordingly, a phosphine coordinates the metal center via the
formation of a metal-phosphorus bond, whereas the aldehyde

FIGURE 5. Allylation reaction via the (π-methallyl,π-allyl)Pd complex3. The relative Gibbs free energies and ZPE-corrected electronic energies
(in parentheses) are given in kcal/mol. Distances are given in Å.

FIGURE 6. Aldehyde allylation reaction via the (π-2-methoxyallyl,
π-allyl)Pd complex4. The relative Gibbs free energies and ZPE-
corrected electronic energies (in parentheses) are given in kcal/mol.
Distances are given in Å.
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reacts with theη1-coordinated allyl group while approaching
the complex from the solution phase. The activation energy
calculated by Szabó at the B3PW91/LANL2DZ+P level of
theory corresponds to 4.3 kcal/mol (the ZPE-corrected value
was 7.5 kcal/mol). Both of these energies have been computed
with respect to a precursor complex (labeled1e in Szabo´’s
paper) containingη1- andη3-coordinated allyl groups along with
a phosphine ligand attached to the Pd center. It would be more
correct, however, to calculate these energies with respect to a
standard precursor material rather than with respect to a short-
lived precursor complex. This, along with the differences in
model chemistries employed by Szabó and in the present study,
prompted us to reinvestigate Szabó’s mechanism at the PBE1PBE/
DGDZVP level of theory.

Figure 8 shows the results of our DFT calculations. To
facilitate comparison, our optimized structures are oriented in
a manner similar to that of the structures presented in Szabo´’s
paper.4 Relative Gibbs free energies and ZPE-corrected elec-

tronic energies are calculated with respect to a standard material
represented by1, PH3, and CH2O. Interestingly, two conformers
of the precursor complex (η1-allyl)(η3-allyl)Pd(PH3) have been
located, one (sz-1) with the P-Pd-C-C torsion angle at-46.6°
and the other with this same torsion angle at 75.9°. Although
these two conformers are characterized by similar∆G values,
namely, 8.4 kcal/mol forsz-1and 8.5 kcal/mol forsz-2, their
stabilities are slightly different, as indicated by the difference
in E+ZPE;sz-1is about 1 kcal/mol lower in energy thansz-2.
The conformation of the former complex, however, does not
allow the aldehyde molecule to approach both the terminal CH2

moiety of theη1-allyl group and the Pd center at the C‚‚‚PH3

distance of 3.456 Å. This result indicates that a conformational
change would be necessary forsz-1to achieve the catalytically
active conformation ofsz-2.

When CH2O approachessz-2 from the solution phase, a
weakly bonded complex (sz-r) is formed. The BSSE-corrected
binding energy computed for this complex corresponds to-3.2

FIGURE 7. DFT-optimized structures of the product complex conformers arising from the attack of the aldehyde to theη1-coordinated 2-methoxyallyl
group.

FIGURE 8. Aldehyde allylation via phosphine coordination to palladium (Szabó’s mechanism). The relative Gibbs free energies and ZPE-corrected
electronic energies (in parentheses) are given in kcal/mol. Distances are given in Å, and angles are given in degrees.
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kcal/mol. This value of the binding energy is in line with the
ZPE-corrected energy ofsz-r, which is lower than that ofsz-
2+CH2O (the relativeE+ZPE value ofsz-r is -2.3 kcal/mol,
while that ofsz-2+CH2O is 0.6 kcal/mol). However, the relative
free energy value (∆G) computed forsz-r corresponds to 14.4
kcal/mol, as shown in Figure 8. The TS arising fromsz-r and
showing the formation of a C-C bond between the aldehyde
and theη1-allyl group has a relative Gibbs free energy of 26.3
kcal/mol. This value of∆G is 3.3 kcal/mol higher than that
calculated for the aldehyde allylation reaction that proceeds via
1-ts (see Figure 3). It is interesting to notice that the relative
ZPE-corrected electronic energies ofsz-tsand1-ts (values given
in parentheses), computed with respect to the corresponding
precursor materials, show an opposite trend; the∆(E+ZPE)
energy ofsz-tscorresponds to 5.5 kcal/mol (Figure 8), while
the value computed for1-ts is 12.2 kcal/mol (Figure 3).
However, given that the rate of a reaction depends on the (Gibbs)
free energy difference between starting materials and the rate-
limiting TS, we conclude that the mechanism proposed by
Yamamoto and co-workers (Chart 2) is favored with respect to
that of Szabó. The final comment about the aldehyde allylation
reaction of Figure 8 is reserved for the free energy difference
between the reactants (1+PH3+CH2O) and the product (sz-p),
which is a positive quantity, namely,∆G ) 3.3 kcal/mol. This
result indicates that the mechanism proposed by Szabo´ is
endergonic, and hence, the reaction in the reverse direction
would be thermodynamically favored.

F. Comparison with the Pt(II)-Catalyzed Allylation Reac-
tion. In their original study, Yamamoto and co-workers also
employed a platinum complex, namely, PtCl2(PPh3)2, as an
alternative catalyst for the allylation reaction.2a Interestingly,
they found that, under the same reaction conditions, the Pt(II)
catalyst was the best among the catalysts examined. We were

much intrigued to understand the possible reasons for the origin
of the better catalytic performance of the platinum catalyst
against the palladium one and thus decided to explore the
energetics of the Pt(II)-catalyzed allylation of formaldehyde.
These calculations employed the same basis set as that used in
the study of the Pd(II)-catalyzed reactions, namely, the DGDZ-
VP basis set, except for platinum, which was treated with the
Stuttgart-Dresden SDD basis set,10 implementing relativistic
effective core potentials (ECPs) for the heavy elements. With
this basis set choice, the Pt atom is equipped with 18 valence
electrons, whereas the physics of the remaining 60 core electrons
is efficiently modeled with the ECP. The results of our DFT
calculations are shown in Figure 9.

The Gibbs free energy of activation computed for the
transition state5-ts with respect to a precursor material made
of 5 and CH2O corresponds to 24.0 kcal/mol. This value is
slightly higher than the Gibbs free energy of activation of the
Pd-catalyzed reaction, which corresponds to 23.4 kcal/mol, as
shown in Figure 3 (values in italics). Despite the∆Gq of the
Pt-catalyzed reaction being 0.6 kcal/mol higher in energy with
respect to that of the Pd-catalyzed reaction, we notice from Table
1 that the∆∆Gq value of the latter (1.8 kcal/mol) is slightly
larger than that of the former (1.5 kcal/mol). We suggest that
this difference in∆∆Gq is likely to be one of the factors at the
origin of the differences in reaction kinetics experimentally
observed for the aldehyde allylation reaction when these two
catalysts are employed. Furthermore, we observe that the Pt-
(II)-catalyzed reaction is thermodynamically favored with
respect to the Pd(II)-catalyzed reaction; the∆G of the products
is -4.4 kcal/mol (5-p) and-2.4 kcal/mol (1-p).

It is interesting to compare some structural features of the
optimized geometries of both precursor and transition-state
complexes of Pt(II) and Pd(II) (see Figures 3 and 9). As for the

FIGURE 9. Aldehyde allylation reaction via the bis-π-allylplatinum complex. The relative Gibbs free energies and ZPE-corrected electronic
energies (in parentheses) are given in kcal/mol. Distances are given in Å.
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precursor complex, we notice that the C‚‚‚C distance of the Pt-
(II) complex 5-r (2.656 Å) is slightly shorter than that of the
corresponding Pd(II) complex1-r (2.700 Å). On the other hand,
the C‚‚‚C distance in the TS is 2.306 Å for the Pd(II) complex
1-ts and 2.308 Å for the Pt(II) complex5-ts. Hence, it appears
that the structural differences in the precursor complexes, albeit
small, are responsible for the observed differences in the
computed∆∆Gq energies (Table 1) and, hence, in the catalytic
properties of the two catalysts.

Conclusions

In conclusion, we have investigated the mechanism of Pd-
(II)-catalyzed allylation of formaldehyde with the aid of the
PBE1PBE hybrid DFT method. The calculations indicate that
the mechanism involving the nucleophilic attack of the allyl
group on the aldehyde coordinated to the Pd center is thermo-
dynamically favored, that is, exergonic (∆G ) -1.4 kcal/mol),
and the computed Gibbs free energy of activation corresponds
to 23.0 kcal/mol. In comparison, the free energy of activation
computed at the same level of theory for Szabó’s mechanism
corresponds to 26.3 kcal/mol, and the overall reaction is

endergonic (∆G) 3.3 kcal/mol). This result clearly indicates
that the mechanism suggested by Yamamoto and co-workers
is favored over that proposed by Szabó. The replacement of
Pd(II) with Pt(II) slightly increases the∆Gq value while
decreasing the activation energy barrier,∆∆Gq, separating TS
from the corresponding precursor complex. Further support for
the mechanism presented herein arises from the chemoselectivity
of the aldehyde allylation reaction conducted using mixed
complexes (2-4), whose experimental outcome is well-
reproduced by our theoretical calculations.
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