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Abstract: Solvated transition states
have been located for the title reaction
by employing continuum solvation mod-
els together with high-level quantum
chemical calculations. In most cases,
there exists no corresponding gas phase
barrier as a result of the very high in
vacuo exothermicity for reaction of two

ionic species with opposite charges. For
the single case when a neutral model
nucleophile was employed, the in vacuo
transition state could be located and

compared to the corresponding solvated
transition state. There was a substantial
difference between the transition states
calculated in vacuo and in solution, both
in terms of structure and energy. The
implications of the results for the pre-
diction of selectivities in palladium-as-
sisted allylic alkylation are discussed.
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Introduction

Palladium-assisted allylation is one of the most thoroughly
investigated metal-mediated reactions.[1] The reaction path-
way via an intermediate h3-allyl complex is well proven
(Scheme 1), and much is known about how different ligands
and reaction conditions influence the observed selectivities.[2]

Scheme 1. The catalytic cycle of palladium-assisted allylic alkylation.

Recently, there has been much interest in the development of
new ligands for enantioselective allylation.[3±5] In several cases,
specific ligand ± substrate combinations have yielded enantio-
selectivities of at least 98 %.[5, 6]

Rational development of new ligands, both for general and
specific substrates, requires a deep understanding of the
factors which influence the selectivity of the reaction. In the
catalytic cycle of the allylation, the selectivity-determining
step may vary depending on the substrates and the condi-
tions.[4] In most cases, the rate-determining step will be either
the addition of Pd0 to the allylic substrate (commonly an
allylic carboxylate) or a nucleophilic attack on the intermedi-
ate h3-allylpalladium complex. The latter step is actually the
reverse of the former, and differs only in the nature of the
nucleophile/leaving group (Scheme 1, top). In a simplified
view, both reactions can be seen as an SN2 exchange between
palladium and a nucleophile, in which palladium is already
coordinated to the p-bond.

Previous theoretical studies of the title reaction have
largely concentrated on the ground state properties of the
h3-allylpalladium complex. For example, the reactivity has
been estimated from semiempirical calculations of the
frontier orbitals in the allyl moiety,[7] whereas the effect of
ligands and allyl substituents on the reactivity has been
studied at higher levels of theory.[8] Several studies have dealt
with the competition between the attack at the terminal and
the central allyl carbon atom.[9] We know of only one study in
which a transition state has actually been located for the
attack of an external nucleophile (ammonia) on an h3-
allylpalladium complex.[10] The related transition state for
the migration of a palladium-coordinated hydride to the allyl
group (with retention of configuration at the carbon atom)
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has also been studied.[11] When the reaction is used to form
new carbon ± carbon bonds, the leaving group is usually an
anionic carboxylate and the nucleophile is a stabilized
carbanion. In none of these cases can a transition state be
located by standard high-level quantum mechanical calcula-
tions: the reaction between an anionic nucleophile and a
cationic allylpalladium complex does not seem to have a
barrier in the gas phase (vide infra). The barrier observed in
real reactions can largely be attributed to desolvation work of
the reacting ions.

We have recently shown that selectivities in palladium
allylation reactions can be predicted well by a linear free
energy relationship (LFER) based on the calculated struc-
tures of the ground-state h3-allylpalladium complex together
with a few postulates about the transition-state geometry.[12]

The model was able to produce good predictions, but it was
limited to a narrow range of reaction conditions. In order to
make more general predictions possible, we set out to base
our modeling on a more accurate description of the transition
state. As a first step towards such a model, we report herein
the determination of transition-state geometries for the
reaction of a cationic h3-allylpalladium complex with a range
of nucleophiles relevant to the two transition states leading to
and from the h3-allylpalladium complex in the Pd-catalyzed
allylation cycle (Scheme 2).

Scheme 2. Transition state for the reaction of a h3-allyl complex with a
nucleophile or, in reverse, for the formation of h3-allyl from an olefin
complex (Nu� leaving group).

Computational Models

The title reaction has been shown to work well with a wide range of ligands,
including amines. It has recently been shown that excellent selectivities can
be obtained in the title reaction by the use of suitably substituted bidentate
nitrogen ligands.[5, 6a±c] We have chosen to use two ammonia molecules as a
simple model of a bidentate nitrogen ligand in our calculations.
There is a plethora of nucleophiles and leaving groups that can be utilized
in the palladium-catalyzed allylation. The leaving group usually has an
electronegative atom connected to the allyl moiety, and it leaves as a
negative ion (e. g. chloride or carboxylate). The most common nucleophiles
are probably stabilized carbanions, but neutral heteroatom nucleophiles,
such as amines, are also frequently employed.[2] To cover as broad a range
as possible, it was decided to investigate the reaction of three different
nucleophiles with the h3-allylpalladium moiety: one electronegative anion,
one stabilized carbon anion, and one neutral amine. In order to limit the
conformational degrees of freedom as much as possible, and also to
minimize the size of the quantum chemical calculations, the final choice fell
on the fluoride anion, the cyanide anion, and ammonia.
All calculations were performed with the hybrid B3LYP functional[13] in
Gaussian 94.[14] The B3LYP method has repeatedly been shown to yield
results that are at least equal to MP2 calculations.[15] For geometry
optimizations, we have employed the LANL2DZ basis set for all atoms. For

Pd, this basis set consists of the small core ECP of Hay and Wadt,[16] with a
[341/321/31] contracted valence set. The use of a pseudorelativistic
effective core potential for second-row transition metals generally im-
proves the results compared to all-electron nonrelativistic calculations, and
at a much lower computational cost.[17] B3LYP/LANL2DZ seems to be a
reasonable minimum level for the calculation of geometries and crude
energies of organometallic complexes. For single point energies and
solvation calculations, a larger polarized basis set was utilized. For
palladium the same ECP was employed, together with a [3311/3111/211/
1] contraction for the valence set (we used one f-polarization function
taken from the literature[18]). For all other atoms, the 6-31G* basis was
used. Fluorine was given an extra diffuse function (i.e., 6-31�G*). All
energies reported in this work were obtained with the larger basis set.
Two main methods are available for the treatment of solvation in molecular
modeling: inclusion of explicit solvent molecules in the calculation, or the
use of a continuum solvation model.[19] In the current work, we employed
the latter method. The former method is used extensively in molecular
dynamics calculations, but must be modified for quantum chemical
implementation. Microsolvation by one or a few solvation molecules has
been employed in the study of anionic nucleophiles;[20] however, for the
inclusion of a representative ensemble of solvation molecules, it is
necessary to couple the quantum chemical representation of the solute to
classical force field representations of the solvent molecules (QM/MM
methods).[21]

Several continuum solvation models are available for quantum chemical
calculations; they range from simple electrostatic interaction with the
surrounding solvent to methods which also include the free energy terms
from cavitation, van der Waals interactions, etc.[19] Continuum models, in
general, describe the average interaction between a solute and an
equilibrated solvent. Of the methods available to us, we chose to employ
the PCM/DIR model from Tomasi et al. ,[22] and the SM2 model from
Cramer, Truhlar et al.[23] The models are quite different in how they treat
the interaction between the solute and the solvent; however, they both
modify the Hamiltonian and allow the solute wavefunction to respond to
solvation. Both models also include explicit treatment of the dispersion
interactions and cavitation work, based on a calculated solvent-accessible
surface area (SASA). The PCM model is based on a polarizable cavity
surrounding the solute, and has been implemented for use with the
Gaussian 94 program[14] (it should not be confused with the various PCM
models available in standard Gaussian 94). Of the many solvents that have
been parameterized in the PCM/DIR model, we chose to use dichloro-
methane and water. The SM2 model for water solvation, based on the
generalized Born equation, was developed for use with semiempirical
AM 1 wavefunctions.[24] It was not possible to include the full complex in
the SM2 calculations, as no parameters were available for the solvation of
palladium. The palladium with the two auxiliary ligands was therefore
removed, whereupon relative SM2 solvation energies were calculated for
the resulting allyl cation ± nucleophile complexes. The differences between
the AM 1/SM2 and the gas-phase AM 1 single point energies were then
added to the corresponding gas phase energies, obtained with the larger
basis set, in order to yield approximate SM2 energies. We want to point out
that as a result of the heavy truncation of the model system, the SM2
energies were not expected to be accurate. However, on account of the ease
of use, the negligible computational requirements, and the high availability
of the method, we still wanted to test it as a source of quick, qualitative
solvation estimates.
Neither of the utilized solvation methods allowed the direct calculation of
the energy derivatives for the full complex. Without access to analytical
gradients, the direct determination of the transition states or intermediates
could not be accomplished in practice. Neither could the transition state
structures be located in the gas phase. In order to calculate a solvated
reaction pathway, we therefore had to fix the reaction coordinate, relax the
remaining degrees of freedom in the gas phase, and subsequently calculate
the solvated energy for the final geometry. The procedure is based on the
assumption that relaxation of the geometry in a solvent would yield a
similar energy decrease for all species, without major conformational
changes. The latter is probably true, as the conformational freedom in the
model system is very limited. For widely differing points on the reaction
pathway, the relaxation may give very different results, especially consid-
ering that the reaction goes from an ionic to a neutral complex (Scheme 2).
Therefore, the calculated overall heat of reaction should be treated with
caution.
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Continuum models based on cavities surrounding the solute are sensitive to
the size of the cavity, and thus to both solute atomic radii and the solvent
radius used in the determination of the SASA. For bimolecular reactions,
the models would be expected to show discontinuities at the point where
the two separate cavities merge. For cavity-based methods in general, this
region could be troublesome, not only for transition states, but also for
weakly bonded systems (e.g. hydrogen bonds or van der Waals contacts)
where the cavity surfaces lie very close to each other. When the interatomic
distance is slightly higher than the sum of the cavity radii, there were will be
a narrow slit between the two cavities. For slit sizes of one molecule or less,
treatment of the volume in the slit as a continuous dielectric will clearly be
nonphysical. When the interatomic distance is lowered to the sum of the
cavity radii, the SASA will discontinuously start to vary strongly with
interatomic distance, as the intersecting parts of the cavities will be
removed from the calculation. We have therefore carefully verified that no
discontinuities exist in the calculated solvation energies close to the
calculated transition states. For the PCM model, discontinuities were
found, but only well beyond the transition states. In all cases, the final
transition states were contained within one cavity. Points beyond the
discontinuity were not used in the determination of the transition-state
geometry and energy (vide infra).
The obvious choice for the reaction coordinate was the distance between
the terminal allyl carbon and the nucleophile. However, with geometry
optimizations performed in the gas phase, this single coordinate was found
to be insufficient. The anionic nucleophiles are very strong bases in the gas
phase,[25] and this problem was exaggerated by the use of a relatively small
basis set. At certain fixed distances, the base was strong enough to abstract
an allyl proton. For fluoride, even the addition of a diffuse function was
insufficient to inhibit the proton abstraction. Assuming that the problem
would be alleviated by the inclusion of solvation effects, it was decided to
add a second reaction coordinate, with the expectation that a barrier would
be found at the extremes of the new coordinate on the solvated potential
energy surface (PES). There were three reasonable choices for a second
reaction coordinate: the Pd-C-Nu angle, the C-C-Nu angle, or the Pd-C-C-
Nu dihedral angle. The last choice was found to be the best to limit
interactions with the allyl protons and to avoid problems with multiple
minima. The sign of the dihedral angle is defined as positive when the
approach vector is tilted in the direction of the anti substituent (Scheme 3).

Scheme 3. Nucleophilic attack on the model complex. The dihedral angle
Pd-C-C-Nu (the angle between the Pd-C-C and the C-C-Nu planes, where
the C atoms considered are the central and the reacting allyl carbons) is
defined as positive when the nucleophile is close to the anti substituent.

Scans of the potential energy surface were performed in two dimensions,
with geometry optimizations performed at the B3LYP/LANL2DZ level.
The step sizes were 0.1 � for the C ± Nu distance and 108 for the dihedral
angle Pd-C-C-Nu. Gas-phase and solvation energies were determined by
single-point calculations (vide supra). The approximate location of the
transition state was then located graphically. A few badly converged
outliers were removed, whereupon a second-degree polynomial was fitted
to all data points within 0.3 � of the approximate TS. The final position of
the TS was then determined by analytic solution of the polynomial.
Geometrical features of the TS (e. g. bond lengths) were determined by
linear interpolation of the four closest structures on the PES.

For the neutral nucleophile ammonia, it has been shown previously that the
reaction indeed exhibits a gas phase barrier.[10] The transition state was also
identified in the current system on the unsolvated B3LYP/LANL2DZ PES.
The stationary point was located by the QST2 routine in Gaussian 94.

Results

The gas-phase transition state for the nucleophilic attack of
ammonia on the model complex is discussed first, as here the
results from interpolations on the PES can be compared to a

true TS. A plot of the polynomial which results from a fit to
the data points closest to the TS is shown in Figure 1. The
largest deviation of any data point from the surface is
0.7 kJ molÿ1. Solution of the polynomial yields the coordinates
(1.93 �, 1648) for the transition state. The true transition state
was located by the use of the coordinates (1.8 �, 1708) and
(2.0 �, 1608) as starting structures for the synchronous transit
search. The final structure, shown in Figure 2, has the

Figure 1. Fitted PES for the addition of NH3 to the (h3-allyl)Pd complex in
the gas phase.

Figure 2. The gas-phase transition state for the addition of NH3 to the
model h3-allyl complex.

coordinates (1.96 �, 1638), with a C ± C ´´´ N angle of 109.78.
We note that in the study of combined PN ligands performed
by Blöchl and Togni,[10] the transition structure for the attack
of NH3 trans to a nitrogen ligand displayed a C ´´´ N distance
of 1.932 � and a C-C ´´´ N angle of 109.58, which is very similar
to the current structures, despite the differences in ligands and
methodology.

Three sets of solvation energies were added to the gas phase
energies. When NH3 is used as the nucleophile, the entire
system is cationic; however, the charge is less localized in
intermediate structures than in any endpoint structure.
Delocalization of the charge generally gives rise to less
efficient solvation by continuum models and leads to an
increase in the relative energy for the middle section of the
PES. A typical PES, resulting from a polynomial fit to
energies in dichloromethane, is shown in Figure 3.

We now turn to systems with anionic nucleophiles: here we
found potential energy surfaces that decreased monotonously
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Figure 3. PES for the addition of ammonia in dichloromethane, calculated
with the PCM solvation model.

in energy as the nucleophile approached the cationic (h3-
allyl)Pd complex. However, the separated ions are preferen-
tially stabilized by the solvation methods. It was possible to
locate transition states for all solvated systems, which yielded
surfaces similar to the one depicted in Figure 3.

The final coordinates for all stationary points on the two-
dimensional reaction surfaces, obtained from an analytical
solution of the fitted polynomials, can be found in Table 1.
Selected structural elements of all transition states, as well as
the (h3-allyl)Pd complex and the three Pd(olefin) complexes,
are shown in Table 2 and the energies for each stationary
point relative to the reactants (1) are given in Table 3.

Discussion

Reaction energetics : It has long been known that there is a
profound difference between the reaction profiles in the gas
phase and in solution. In particular, localized ions will be
preferentially stabilized by solvation. The effect is found in
any solvent, but is stronger in polar or hydrogen-bonding
environments. For most solutes, there is also a correlation
between the solvation energy and the surface area, which

favors extended conformations and dissociated complexes.
On the other hand, increasing the solute volume is disfavored
on account of the cavitation work. The latter effect will
selectively disfavor transition states involved in bond break-
ing. The volume increase upon bond elongation will generally
require more energy than that gained by the simultaneous
increase in area.

Table 1. Reaction coordinates for all stationary points.[a]

Structure Nu Solvation
model Cr ± Nu [�] Pd-Cc-Cr-Nu [8]

2[b] NH3 none 1.959 163.1
2 NH3 none 1.934 164.0
2 NH3 CH2Cl2 2.104 165.6
2 NH3 H2O (PCM) 2.115 166.5
2 NH3 H2O (SM2) 2.100 165.2
3[b] NH3 none 1.634 159.4
2 Fÿ CH2Cl2 2.060 166.6
2 Fÿ H2O (PCM) 1.984 161.1
2 Fÿ H2O (SM2) 2.184 168.0
3[b] Fÿ none 1.495 169.9
2 ÿCN CH2Cl2 2.393 167.9
2 ÿCN H2O(PCM) 2.317 166.2
2 ÿCN H2O(SM2) 2.259 166.6
3[b] ÿCN none 1.482 170.6

[a] Except where noted, these were determined from a polynomial fit to
calculated energies. [b] True gas phase structure, not fitted.

Table 2. Selected geometrical descriptors of all stationary points.[a]

Structure Nu Solvation model Pd ± Cc [�] Pd ± Ct [�] Pd ± Cr [�] Cc ± Ct [�] Cc ± Cr [�] Pd-Cr-Nu [8] Cc-Cr-Nu [8] d Cr
[b] [�]

1[c] none none 2.225 2.207 2.205 1.425 1.425 ± ± 0.151
2[c] NH3 none 2.183 2.092 2.854 1.452 1.439 153.9 109.7 0.910
2 NH3 none 2.178 2.092 2.872 1.452 1.443 153.4 109.8 0.926
2 NH3 CH2Cl2 2.197 2.105 2.717 1.447 1.425 158.2 109.0 0.760
2 NH3 H2O(PCM) 2.197 2.107 2.703 1.447 1.425 159.0 108.8 0.743
2 NH3 H2O(SM2) 2.198 2.104 2.723 1.447 1.426 157.9 109.0 0.767
3[c] NH3 none 2.128 2.089 3.050 1.458 1.489 145.4 109.8 1.081
2 Fÿ CH2Cl2 2.178 2.112 2.797 1.441 1.433 154.8 107.7 1.012
2 Fÿ H2O(PCM) 2.176 2.105 2.850 1.443 1.440 151.4 108.2 1.067
2 Fÿ H2O(SM2) 2.188 2.120 2.707 1.440 1.425 157.8 107.0 0.927
3[c] Fÿ none 2.128 2.108 3.039 1.443 1.495 150.2 111.1 1.163
2 ÿCN CH2Cl2 2.184 2.119 2.704 1.440 1.430 160.9 110.7 0.918
2 ÿCN H2O(PCM) 2.178 2.113 2.771 1.442 1.436 158.2 111.0 0.988
2 ÿCN H2O(SM2) 2.172 2.110 2.813 1.442 1.442 157.2 111.1 1.024
3[c] ÿCN none 2.113 2.110 3.106 1.444 1.537 150.0 113.1 1.205

[a] Except where noted, all descriptors were determined by linear interpolation between the four closest calculated geometries. Allyl carbons are designated
by lower indices c for central, t for nonreacting terminal, and r for reacting. [b] Distance of reacting carbon (Cr) to the N-Pd-N plane. [c] True gas phase
structure, not interpolated.

Table 3. Reaction barriers and energies of products 3 and transition states
2 relative to the reactants 1.

Nu Solvation model DE (3ÿ 1) [kJ molÿ1] DE* (2ÿ 1) [kJ molÿ1]

NH3 none 2 9
NH3 CH2Cl2 ÿ 3 33
NH3 H2O(PCM) 4 47
NH3 H2O(SM2) ÿ 10 38
Fÿ none ÿ 469 ±
Fÿ CH2Cl2 47 72
Fÿ H2O(PCM) 87 117
Fÿ H2O(SM2) 209 280
ÿCN none ÿ 548 ±
ÿCN CH2Cl2 ÿ 119 29
ÿCN H2O(PCM) ÿ 69 71
ÿCN H2O(SM2) 13 137
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In the case of the attack of ammonia on the cationic h3-
allylpalladium complexes, palladium will distribute the charge
over all ligands; however, the charges in both the reactant and
the product are still more localized than in the intermediate
complexes on the reaction pathway (in particular the TS). The
gas-phase and solution energetics are shown in Table 3, and
the reaction profiles are depicted in Figure 4. It can be seen

Figure 4. Reaction profiles for the attack of ammonia upon the h3-
allylpalladium complex. Only the energies of stationary points are
represented, not the position of the transition states.

that the reaction is essentially thermoneutral, with a only a
negligible barrier in the gas phase. The change in the reaction
energy upon solvation (maximally 12 kJ molÿ1) is small
compared to the accuracy of the methods employed, espe-
cially when considering that relaxation of the gas phase
geometries in the solvent has been neglected. It is somewhat
surprising that the dissociated complex is not favored by
solvation; however, the increase in the surface area is
counteracted by a delocalization of the positive charge, so
that the difference in the total solvation energy is close to zero.

The reaction barrier is significantly increased by solvation,
as expected from the preceding arguments. However, the total
reaction barrier is still low, both for association and dissoci-
ation. As the reaction is bimolecular, the dissociated complex
is expected to be favored by approximately 30 kJ molÿ1 at
room temperature on account of the entropy contribution.
Extrapolation of these results to amine nucleophiles indicates
that the allylation of amines that contain active hydrogens will
yield allylic amines as a result of the rapid deprotonation of
the initial product, which will shift the equilibrium towards
product. On the other hand, tertiary amines can be leaving
groups in the generation of cationic h3-allylpalladium com-
plexes from allyl ammonium salts,[2, 26] in accordance with the
current results.

There is a surprisingly close correspondence between the
various solvation models for all cases when ammonia is used
as the nucleophile. A comparison of the two PCM models
indicates that all the species are more strongly solvated in the
water model, with the total solvation energies almost twice as
high as those obtained from the dichloromethane model.
Despite this, the relative solvation energies are very similar in

the two models. The reaction barrier is increased and the
energy of the dissociated complex is lower in water relative to
dichloromethane, as expected for a more polar solvent, but
the differences are small.

The PCM models depend on a numerical integration over
the surface area of the molecule. As a result of this, small
errors are introduced when geometries with unequal surfaces
are compared. The effect is most easily seen in the quality of
the fit of the polynomial PES to the calculated data points.
The standard errors were 0.6 ± 0.7 kJ molÿ1 for the fit to PCM
energies. The SM2 model does not suffer from the same
problem, thus the calculated surface was smoother and the
standard error for the fit slightly lower (0.5 kJ molÿ1). The
total solvation energies were substantially larger for the SM2
model than for any of the PCM models; however, this can be
attributed solely to the removal of the metal. The free allyl
cation will have a substantially stronger localized charge than
the h3-allylpalladium complex, and therefore a stronger
solvation contribution. Despite the drastic approximations,
the transition state coordinates from the SM2 model were
very close to those obtained from the PCM models.

We now consider anionic nucleophiles: profiles for addition
of fluoride are shown Figure 5 and for addition of cyanide in
Figure 6. As expected for combinations of ion pairs in the gas

Figure 5. Profiles for the attack of fluoride.

phase, both reactions are very exothermic. It can be noted that
the results from the SM2 model now diverge from the PCM
models, and strongly favors the dissociated ions in both cases.
Again, the divergence from the PCM model is probably due to
the removal of the metal, not to the solvation methods as such.

The addition of the fluoride anion to the h3-allylpalladium
complex is endothermic in all solvated systems, as a conse-
quence of the very efficient solvation of the free ions. When
entropy effects are included, it is clear that dissociation is very
favorable and has a low barrier. Other electronegative
elements may be less well solvated than the fluoride ion, but
they also form weaker bonds to carbon. It should therefore be
possible to extrapolate the current results to other electro-
negative leaving groups, in good agreement with the obser-
vation that substrates, such as allylic chlorides, esters, and
even alcohols, react with Pd0 to form (h3-allyl)Pd complexes in
good yield.[1]
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Figure 6. Profiles for the attack of cyanide.

The addition of cyanide to the h3-allylpalladium complex is
exothermic according to both PCM models. The Pd(olefin)
product should therefore be favored, even if the expected
entropic contribution of �30 kJ molÿ1 at room temperature is
included. The calculated potential energy barrier to addition
is only �30 kJ molÿ1 in dichloromethane. The addition of
stabilized carbon nucleophiles in solvents of low polarity is
therefore expected to be facile, which is in good agreement
with experimental observations.

Transition state geometries : We have previously shown that
the selectivities in Pd-assisted alkylation of stabilized carban-
ions in dichloromethane can be rationalized by geometrical
features of the intermediate h3-allylpalladium complex,[12]

with the assumption that the observed distortions would
correlate with the geometrical features of the transition state.
The most significant geometry elements were: 1) steric
interactions with a large probe on the Pd ± Cr vector, 3.0 �
from Cr (the reacting carbon), 2) elongation of the Pd ± Cr

bond, and 3) rotation of the allyl towards a product-like
conformation. Each of these will now be analyzed in the light
of the current results, in particular those from the addition of
cyanide in dichloromethane.

Steric interaction with the incoming nucleophile : In our
previous modeling based on molecular mechanics, a large
probe (an argon atom) was employed, which experienced full
nonbonded interactions with all parts of the allyl group. With
those approximations, it was found that a distance of 3.0 � to
the probe yielded good results. In the current study, all
transition states show a substantially shorter Cr ± Nu distance
(the longest, but also the most relevant, is �2.4 � for the
addition of cyanide in dichloromethane). However, the
nucleophile in the current study is smaller, and some of the
nonbonded interactions should have been replaced by bonded
interactions in the transition state. The Cc-Cr-Nu angles
observed here (�1108, Table 2) are similar to those found in
the molecular mechanics study; however, the Pd-Cr-Nu angle
is lower than 1808 (�150 ± 1608, Table 2). This is caused by a
tilt of the Cr ± Nu vector towards the allyl anti substituent.
However, as can be seen in Figure 2, the anti substituent has

simultaneously bent towards the palladium, with the end
result that the relative interactions of the nucleophile with the
syn and anti substituents are in close agreement with previous
findings. All in all, the steric interactions measured in our
molecular mechanics study would be expected to correlate
well with the true transition state interactions.

Elongation of the Pd ± Cr bond : From Table 2, it is clear that
most bonds change very little on going from the reactant (h3-
allyl)palladium complex to the transition state. The sole
exception is the cleavage of the Pd ± Cr bond, which generally
is already very product-like in the transition state. An
elongation of the bond in the ground state would therefore
be expected to facilitate the formation of the transition state,
as previously proposed.[3, 5] Interestingly, even the Cc ± Cr

bond, which should change from conjugated to single, is
almost unchanged in the TS. It can also be noted that the
coordinated double bond in the product (Cc ± Ct) is slightly
longer than the same bond in the (h3-allyl)Pd complex, as a
result of very strong back-bonding from palladium.

Rotation of the allyl relative to the coordination plane : in the
Pd(olefin) product, the double bond lies almost exactly in the
coordination plane of palladium, defined as the N-Pd-N plane
(this can also be observed in solution and in crystal
structures[27]). As a result, the reacting carbon (Cr) is displaced
out of the coordination plane towards the former anti
substituent by �1.2 � (Table 2). In the reactant, the (h3-
allyl)Pd complex, the terminal carbons lie very close to the
coordination plane (dCr �0.15 �). With respect to this
parameter, the transition state is reminiscent of the product,
with dCr> 0.9 � for an attack by cyanide, in agreement with
our previous studies. Interestingly, this parameter seems less
important for the addition of neutral amine nucleophiles
(dCr� 0.75 �).

Solvation models : The current application of the SM2 model
is very crude, as the relative solvation contributions are
determined from the AM1 wave function for fixed geometries
of the free allyl without the stabilizing effect of the metal.
Therefore, the correspondence between the transition state
coordinates from the SM2 and the PCM water models is
gratifying. The agreement was very close when ammonia was
used as the nucleophile, and reasonably close in the case of
cyanide. In our hands, the PCM water model and SM2 have
yielded results of similar quality when applied to organic
molecules. However, in this case, the PCM model could be
applied to the entire system, so that the PCM results must be
considered to be more reliable. Despite this, the SM2 model
could be used to obtain qualitative results for simplified
versions of organometallic complexes if computational re-
sources are limited. The time required to determine SM2
solvation energies is completely insignificant compared to the
high-level calculations, whereas the PCM calculations require
approximately twice the CPU time of a gas phase calculation
at the same level of theory.

Neither of the solvation methods used have been verified
for use with transition metals, and only superficially for use
with ionic systems. We have therefore been careful to employ
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only relative solvation energies between similar systems.
However, the positions of the transition states depend only on
relative energies at adjacent points on the PES. Since in all
cases the PES show a strong, continuous curvature close to the
TS, the coordinates of the TS on the two-dimensional PES
should be accurate to within a few percent.

Conclusions

We have used ammonia, fluoride, and cyanide as examples of
neutral and anionic nucleophiles with different electronega-
tivities to calculate the transition states for their addition to
the cationic bis(amine)-h3-allylpalladium(ii) complex. In all
cases, these transition states are clearly product-like. The
major geometrical changes on going from h3-allylpalladium
complex to the transition state are: i) an elongation of the
breaking Pd ± C bond, ii) a rotation of the allyl to bring the
olefin product into the N-Pd-N coordination plane, and
iii) the bend of the anti substituent away from the approaching
nucleophile. The results correlate well with a previous
molecular mechanics study of selectivities in the palladium-
assisted allylation.[12] As would be expected, inclusion of
solvent interactions is crucial. In the gas phase, no transition
state could be located for the highly exothermic additions of
fluoride and cyanide anions. For ammonia, a gas-phase
transition state could be located, but the reaction barrier
was very low and a substantial change in the transition-state
geometry was observed upon solvation. By the use of two
solvation models, SM2 and PCM/DIR, reasonable transition
states could be located with all three nucleophiles. Since our
usage of SM2 is very crude, the similarity of the results from
the two water models is very gratifying. Continuum solvation
models are continuously being improved, and a few methods
are available that will allow calculation of analytical gradients
for geometry optimizations within the solvation model. So far,
we have found none that will work with transition metal
complexes, but we expect these to appear in the near future.
The impact on computational organometallic chemistry
should be substantial.

With respect to the palladium-catalyzed allylic alkylation,
the availability of a transition-state geometry should aid the
understanding and prediction of experimental selectivities.
With the current results as a guide, we plan to continue our
long-range project of creating a predictive selectivity model
for experimentally interesting systems. Selectivity predictions
in this system could now be implemented as QSAR-type
models, based on either the reactant or the product geo-
metries,[12] Jensen-type interpolations[28] calibrated against the
current results, which use recently developed molecular
mechanics force fields for both reactant[29] and product,[30] or
as true molecular mechanics transition-state models based on
the geometries determined here.
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