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Abstract:
A comprehensive mechanistic examination of an asymmetric palladium-catalyzed Tsuji–Trost
allylation reaction that identifies the enantioselective step was completed utilizing DFT
computational tools and the nudged elastic band method. Key components of the study include
(a) plausible reaction pathways for the full interconversion of a square-planar palladium allyl
enolate intermediate with low barriers relative to the subsequent enantioselectivity-determining
reductive C–C coupling step, thereby disputing the previously identified mechanism, (b) a
detailed analysis of the factors influencing the stereochemical control involved in forming the
preferred configuration via the reductive C–C coupling step, (c) a comprehensive examination of
the competing outer-sphere mechanism that includes a metal counterion as an escort to the
nucleophile in order to modulate the effects of modeling the reaction step of oppositely charged
species, and (d) examination of the possible role water plays in stabilizing a keto-coordinated
adduct of PdII-η1-allyl, formed early in the catalytic cycle, relative to a carboxylate-coordinated
adduct, the known resting state of the reaction. Barrier energies for the enantioselective C–C
coupling are investigated with several levels of theory, and together they support a reaction
mechanism consistent with the preferred formation of the correct enantiomer on the basis of the
enantiomer of the ligand selected.
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Introduction
As the worldwide demand for chiral, enantioenriched chemicals increases, the interest in
and development of enantioselective catalysis will continue to grow.(1) Two processes that are
of particular value, due to the difficulty and complexity generated, are reactions that form C–C
bonds and reactions that form quaternary centers. The palladium-catalyzed decarboxylative
allylation reaction not only allows for formation of a C–C bond at a quaternary carbon but also
does so in an enantioselective manner using simple, readily available starting materials.(2−4)
The molecular complexity generated in this process has enabled the enantioselective and stepeconomical(5) synthesis of many molecules including elatol,(6) mycophenolic acid,(7)
aspidospermine,(8,9) guttiferone A,(10) folicanthine,(11) martinellic acid,(12) and the Kopsia
indole alkaloids.(13) The incredible value of this reaction provided the inspiration to study it in a
more in-depth manner.

Scheme 1. Basic Mechanism
Refinement and optimization of the catalytic, enantioselective process requires a detailed
understanding of the reaction mechanism, which allows the rational design of new ligands and
clarifies the role of additives. For the case of palladium-catalyzed decarboxylative allylic
alkylation reactions, the reaction examined herein, the efficiency and enantioselectivity vary
depending on the nature of the associated nucleophile and electrophile, along with the ligands on
the palladium catalyst.
The basic mechanism for the decarboxylative allylation is shown in Scheme 1. Following
coordination of the substrate to form A, oxidative addition forms ion pair B. Intermediate B is in
equilibrium with complex F, which is the resting state of the catalytic cycle. Irreversible
decarboxylation from B leads to C. Intermediate C is a key branch point, as either coordination
forming D and subsequent inner-sphere reductive elimination generates E or direct outer-sphere
nucleophilic attack leads to E as well. This is a critical juncture in terms of catalyst design, as the
steps that produce enantioselection purportedly reside in this part of the mechanism. Ligand
exchange then closes the catalytic cycle.
Several previous computational mechanistic studies have investigated allylic alkylation
reactions that support an outer-sphere nucleophilic attack pathway.(14) Facilitating the outersphere mechanism in these cases is the presence of a labile counteranion such as a halide.

Coordination of the halide to the cationic metal center renders it formally neutral, thereby
moderating the interaction between it and the attendant nucleophile such that it is no longer
dominated by the electrostatic attraction of the ion pair. A recently reported enantioselective
Tsuji–Trost allylation reaction of an allyl enol carbonate to form an α-allylated ketone with a
quaternary stereocenter differed in that no additional counteranion was present.(2) The
associated computational mechanistic analysis therefore examined both outer- and inner-sphere
pathways.(15,16) Due to the length and complexity of the mechanism, the study focused
primarily on the steps following the decarboxylation (i.e., the C → E step(s)) and not only
established a preference for an inner-sphere pathway but also stated that the probable
enantiodetermining step involved rearrangement from a square-pyramidal Pd(II) variant of C
with an η3-allyl and apical enolate to a square-planar Pd(II) complex with an η1-allyl (D). Facile
rearrangement of the latter complex was acknowledged to potentially weaken this model of
enantioselection, but no examination of those pathways was presented, presumably due to the
time-consuming, difficult calculations that would be required using standard computational
techniques.
In the present study, the allylation reaction of the allyl enol carbonate is re-examined with
particular attention paid to four features that were not explored in the prior study: (1) the
energetics of conformational rearrangement within the square-planar Pd(II) allyl enolates D, (2)
the enantioselective reductive C–C coupling step from the consequent isomers of D, (3)
systematic examination of the various outer-sphere reaction pathways with a metal ion escorted
nucleophile, and (4) the important role of trace water and its effect on decarboxylation. Routine
density functional theory (DFT) computational tools are used along with the emerging nudged
elastic band (NEB) methods for mapping the reaction minimum energy pathways, and the results
provide a more detailed mechanism for this important reaction. We have previously
demonstrated the utility of the NEB method in providing critical reaction energy path
information in complex organometallic transformations,(17) and the analysis reported herein
reinforces this conclusion.
Computational methods
DFT methods were employed from the G09(18) package to evaluate the molecular
energies, equilibrium geometries, and vibrational frequencies. In-house versions of the NEB(19)
and improved dimer(20,21) methods were used to traverse reaction pathways and locate
transition states. Routine calculations involved the B3LYP(22,23) hybrid exchange correlation
functional, a 6-31g* basis set for the nonmetal atoms and a def2-tzvp(24) basis for palladium,
and solvation corrections from the polarized continuum model (pcm)(25,26) with the THF
dielectric constant in the universal implicit solvent model (SMD).(27) NEB calculations utilized
19 images (17 movable) and were typically run for a few hundred cycles before the climbing
image option(28) was activated for another few hundred cycles. Occasionally, the NEB
calculations would converge, but more commonly, the highest-energy image and either an
adjacent image or the tangent vector to the NEB minimum energy path was entered into the
improved dimer program to refine the transition state. Certain steps of the catalytic cycle
required NEB images to be created depicting asynchronous atomic movement, such as in the
case of the reductive C–C coupling step. In this step, standard molecule building software was
used to bring the η1-allyl and enolate fragments in close proximity where C–C coupling could
begin. An image representing this structural relationship was used as the central point in the set

of NEB images; nine interpolated images preceded it, and nine followed. A test on this step with
NEB images derived from standard interpolation of reactants and products found that NEB
would eventually arrive at a pathway that was asynchronous, but it required over 1300 cycles,
which is prohibitively resource and time intensive. All stationary points were verified through
frequency calculations. Additional levels of theory were examined to gauge the effect of a larger
basis set (6-31+g**), alternate solvent dielectric (H2O), dispersion interactions (via the
m062x(29) functional), and different solvent model (COSMO(30−32)) on the reaction structures
and energetics. In all cases, full geometry optimizations, reaction paths, transition states, and
frequency calculations were recalculated at the different levels of theory to evaluate the full
effect.

Scheme 2. Proposed Mechanism and Reaction Energy Path

Results and Discussion
Our comprehensive examination of the catalytic cycle, shown in Scheme 2, reveals
important details about the mechanism that have been previously unexplored. The catalytic cycle
itself is drawn in black, and the bold arrows indicate the major pathways. The blue and red
pathways will be included in the discussion, as they constitute the outer-sphere pathway and the
recently reported enantioselective step,(15,16) respectively, both of which were found in this
study to be less energetically favorable. Initial coordination of a β-keto ester substrate (8) to the
Pd(0) center results in a three-coordinate complex (1) that represents the active catalyst and the
energetic baseline in the reaction energy path. The three-coordinate complex undergoes an
intramolecular nucleophilic attack style oxidative addition (a) to form 2, whereby two electrons
from the palladium–alkene complex attack the antibonding C–O orbital of the ester substrate to
form an η3-allyl and displace the β-keto carboxylate, forming a tight ion pair. The calculated
barrier for this oxidative addition step is +16.0 kcal/mol.
Recombination of the cation/anion pair along with decarboxylation forms complex 5, and
the details of the corresponding pathways that evolve through complexes 3, 4, 9, and 10 will be
discussed in detail below. Complex 10 (which can be accessed via the decarboxylation of 2 or
the rearrangement of 5) was previously proposed and calculated to be a five-coordinate squarepyramidal complex with the enolate oxygen in the apical site. The previous study by Goddard
proposed that 10’s rearrangement to 5 was the enantioselective step of the reaction.(16) Since
there are many possible isomers of 5 (vide infra), it is critical to know the energetics of the
different structures and the transition states between them. If the interconversion between these
isomers is more rapid than reductive elimination, the enantioselective step must be the reductive
elimination and cannot come earlier in the catalytic cycle.
Three fundamental ligand rearrangements interconvert the conformers of 5 capable of
reductive elimination in an energetically accessible manner: (a) η1-allyl rotation about the sp3–
sp2 C–C bond, (b) enolate half-chair to half-chair interconversion, and (c) enolate rotation about
the O–C bond, as shown in Figure 1. From the two simple conformers formed by each of these
three ligand rearrangement processes, a total of eight principal conformational isomers (2 × 2 ×
2) that can reductively eliminate are possible. Figure 2 illustrates these eight conformers in
structures 5a,g,j,p,q,u,x,ab, along with the corresponding calculated energetics for each. The
distinguishing feature of these eight conformers is that, with a single exception (structure 5o, to
be discussed below in more detail as part of the analysis of the enantioselectivity), they constitute
the lowest energy species that also retain the allyl and enolate in relative proximity such that
their structural evolution en route to the C–C coupled products does not traverse additional
conformational minima. While any of the conformers shown in Figure 2 could potentially
undergo reductive elimination, those that require significant rearrangement in order to
appropriately position the allyl and enolate to couple result in substantially higher barriers.

Figure 1. Fundamental ligand rearrangement motions involved in the conformational
interconversion of 5 including (a) η1-allyl rotation about the sp3−sp2 C−C bond, (b) halfchair/half-chair interconversion, and (c) enolate rotation about the O−C bond. Color coding
matches the corresponding ligand motions in Figure 2.

Figure 2. Plausible interconversion pathways between eight conformers of the Pd(II) enolate η1
allyl complex. Gibbs solvation free energies are given below each structure in black. Gibbs
solvation free energies of activation are given adjacent to each reaction arrow connecting
neighboring minima and are color coded in accord with the three fundamental ligand motions
shown in Figure 1, with allyl rotation in purple, enolate half-chair/half-chair interconversion in
green, and enolate rotation about the O−C bond in blue. The eight conformers that most likely

undergo reductive elimination are labeled in red. All energies are reported relative to 1, the
purported overall baseline of the catalytic cycle, for simplicity, in units of kcal/mol.

Figure 3. Reductive C−C coupling from eight Pd(II) allyl-enolate isomers, arranged by similar
type leading to R (structures 6) and S (structures 7) enantiomers in each row of the figure. 3D
molecular structures of the associated transition states are shown above the reaction arrows, and
the highlighted atoms reveal the boat or chair conformations of the atoms involved in coupling.
Gibbs solvation free energies are given in black, while the corresponding solvation free energies
of activation are shown in blue. All values are reported in kcal/mol relative to baseline 1.
The difference in solvation free energies between all eight principal conformers is 2.1
kcal/mol; the two extremes come from structures 5j (or 5q) and 5p with values of −0.5 and +1.6
kcal/mol. Utilizing the NEB method, we identified pathways connecting these conformers via a
total of 28 structural minima associated with the interconversion process, and these are shown in
Figure 2. Certainly, other pathways that connect these and/or different intermediates are possible,
but the pathways shown in Figure 2 allow for the complete low-energy interconversion of the
principal Pd(II) allyl-enolate isomers, and a more detailed description of these pathways follows.
Rotation about the sp3–sp2 C–C bond of the η1-allyl is a direct, single-step event and is
denoted in Figure 2 by the purple arrows and corresponding purple free energies of activation

(steps 5a–5x, 5j–5q, 5g–5ab, and 5p–5u). The two conformers differ in the orientation of the
double bond; in one instance the CH2 is pointing inward toward the enolate, and in the other it is
pointing outward toward the diphenylphosphino group of the ligand.
Interconversion of the two half-chair conformations of the enolate pass through a
flattened “chair-like” intermediate, and these transformations are depicted in green in Figure 2
(steps 5a–5h–5j, 5g–5i–5p, 5q–5v–5x, and 5u–5w–5ab) where structures 5h,i,v,w are the
flattened “chair-like” intermediates.
The most complex motions, involving three to five intermediates, reside in the lowenergy pathways connecting the enolate rotamers. These transformations are denoted by the blue
arrows and energies in Figure 2 (steps 5a–5b–5c–5d–5e–5f–5g, 5j–5k–5l–5m–5n–5o–5p, 5q–5r–
5s–5t–5u, and 5x–5y–5z–5aa–5ab). Direct, single-step enolate rotation is a relatively high energy
event, with solvation free energies of activation of 14.6, 16.7, 15.0, and 16.6 kcal/mol for the
rotations converting 5a–5g, 5j–5p, 5q–5u, and 5x–5ab of Figure 2, respectively. The steric
constraints of the ligand, however, require two additional types of motion along with the rotation
in order to yield lower overall pathways and include η1-allyl rotation about the Pd–C bond and a
rocking motion of the enolate. These multistep enolate rotation pathways are significantly lower
in energy (the highest barrier is 8.0 kcal/mol) than the direct rotations mentioned above.
Conformer 5k is the lowest energy minimum in the interconversion process, with a
solvation free energy of −2.6 kcal/mol relative to 1. With the irreversible decarboxylation step
completed, subsequent barrier heights could be evaluated relative to structure 5k, as this
intermediate is effectively the resting state for the interconversion and reductive elimination
processes. To ease comparison with the earlier steps, however, the relative energies will continue
to be reported relative to compound 1.
Of the 32 barriers depicted in Figure 2, the highest solvation free energy of activation is
11.0 kcal/mol higher in energy than 5k (8.4 kcal/mol higher than 1). The barrier heights for
interconversion among any of these conformers is significantly lower than those leading to
reductive C–C coupling, with the lowest barrier for the coupling being +13.9 kcal/mol relative to
5k (+11.3 kcal/mol relative to 1). The plausible pathways for the full interconversion process
illustrated in Figure 2 therefore provide support for rapid pre-equilibration among all eight
conformers of the Pd(II) enolate η1-allyl complex prior to the reductive C–C coupling step.
These critical data indicate that the enantiodetermining step is the reductive C–C coupling step,
not the square- pyramidal to square-planar rearrangement process.
As mentioned in Computational Methods, reductive C–C coupling pathways from the
isomers of 5 are particularly problematic to calculate using traditional methods, since a
significant amount of atomic rearrangement takes place in an asynchronous manner.
Synchronous transit guesses of transition states generate structures that are poor estimates of the
C–C coupling saddle points. NEB calculations that utilized asynchronous atomic movement
which first allowed enolate-allyl proximal approach followed by the subsequent transformation
from four-coordinate Pd(II) to two- or three-coordinate Pd(0) allowed us to readily locate
transition states for reductive coupling from the eight relevant conformers of 5 (5a,g,j,p,q,u,x,ab)
shown in Figure 3.
The reductive C–C coupling can proceed with reasonable barriers from any of the eight
conformers shown in Figure 3 and evolves through a seven-membered metallacyclic transition
state. Careful analysis of the figure reveals that two features within the complex dictate the
height of the reductive C–C coupling barrier. The primary feature is the orientation of the allyl

group relative to the enolate, and the secondary feature is whether the six-membered ring of the
enolate will end up in the chair or boat conformation as a result of the coupling step.
At the transition state, where the C–C bond is formed, if the enolate and allyl groups are
oriented such that the atoms associated with the coupling event (see highlighted atoms in the 3D
TS structures of Figure 3) adopt a chair conformation, then the coupling barrier is lower. This is
the case for steps 5p–6d, 5x–7d, 5g–6c, and 5q–7c. If the corresponding atoms of the enolate and
allyl groups are oriented instead in a boat conformation, then the coupling barrier is higher. This
is the case for steps 5u–6b, 5a–7b, 5ab–6a, and 5j–7a.
Among all pathways, the secondary distinguishing feature involves whether the half-chair
of the enolate is disposed such that during the C–C coupling the six-membered ring will finish in
the chair or boat conformation, respectively. Within a given enolate-allyl orientation (i.e., the
orientation at the transition state that adopts a chair or boat conformation during the coupling)
the lowest energy pathway is that which leads to the chair conformation for the cyclohexanone.
For example, note that steps 5p–6d and 5x–7d, which proceed through a chair transition state for
the coupling, and 5u–6b and 5a–7b, which proceed through the boat transition state, all result in
the chair conformation of cyclohexanone. These four couplings are lower energy than the
respective steps 5g–6c and 5q–7c, and 5ab–6a and 5j–7a, which result in the boat conformation
of cyclohexanone.
The origin of the energetic differences between the reductive coupling from 5x and 5p
that determines the enantioselection is a complex combination of factors. As shown in Figure 4,
the immediate visual impression is that the interaction of the methylene of the enolate and the
ligand t-Bu group (circled in red) must determine the energetic difference (and favors the
formation of enantiomer S). In this context it is helpful to examine reductive elimination from 5o
also, a conformer where the enolate is rotated down and is spatially more distant from the t-Bu
group. To investigate the role that the steric interactions between the t-Bu substituent and the
substrate play, we examined the coupling reaction for complexes 5x,p,o, where the t-Bu
substituent was replaced with a methyl or hydrogen. Note that, even with a hydrogen substituent,
the ligand possesses a helical relationship between the two phenyls on the diphenylphosphino
group that makes the top and bottom of the ligand slightly different, though this difference is
small enough that it does not affect the barriers for the reductive elimination. The relevant
calculated energies and transition state bond distances for the associated couplings are contained
in Table 1. Note that there is a difference between the geometry of 6d dependent on the R group:
for the t-Bu group, the geometry is linear (divalent), while for the smaller methyl and hydrogen
R groups, the geometry retains the chelate and is trigonal. The difference can be attributed to the
steric bulk of the t-Bu group, which interacts with the bound product and dissociates the
oxazoline.

Figure 4. Space-filling structural models of the transition state structures for 5x → 7d, 5p → 6d,
and 5o → 6d. The red oval highlights the steric interaction of the enolate methylene and the
ligand t-Bu. The numbered atoms P1−Pd2−C3−C4 are used to define thedihedral angles given in
Table 1.

Table 1. Summary of Data for the Reductive Coupling of 5x → 7d, 5p → 6d, and 5o → 6d for
Complexes with R = t-Bu, Me, Ha
It is important to point out that, for the t-Bu series, the coupling that begins from 5o has a
higher barrier than coupling from 5p and that there is a major difference in the dihedral angle at
the transition state for the allyl (reflecting that rotating the enolate down also rotates the allyl
group down away from the t-Bu group); relieving the steric strain between the CH2 of the
enolate and the t-Bu group of the ligand does not result in the expected stabilization. This may be
attributed to the observation that the enolate has to move up from its optimal binding orientation
to reach the allyl for the coupling and thus ends up between the two optimal binding orientations
for the enolate oxygen binding to the palladium.
The second observation is that the Pd–N bond shortens for all three transition states as the
R group is reduced in size from t-Bu to Me to H. This is primarily determined not by the steric
interactions between the ligand and the substrates but by the steric interactions between the axial
phenyl of the diphenylphosphino ligand and the R group, which pushes the oxazoline N away
from the palladium. There is a concomitant lengthening of the Pd–O bond of the enolate, which
results in increased electron density at the enolate carbon, facilitating the C–C bond formation.
Third, the transition state for this exothermic step is relatively early, and the preference of
Pd(II) is to bind an alkene at a 90° angle relative to the plane formed by the ligands. The
transition state of the coupling, to the degree it resembles Pd(II), would prefer the forming alkene
of the product to be as close to 90° as possible. This factor selectively stabilizes the transition
states for the 5o → 6d couplings relative to the other two beginning from 5p and 5x.
The overall ranking of the free energies of activation is based on the interplay of these
factors. On consideration of the experimental system (t-Bu), the relatively long Pd–N bond for
all three transition states and the deviation from the ideal Pd–O–C bond angles of the enolate for
5o result in the order observed, in which 5x → 7d is the best balance of factors, 5p → 6d is
disfavored relative to 5x → 7d by the steric interaction of the enolate CH2 with the t-Bu, and 5o
→ 6d is disfavored by the previously cited deviation from one of the two ideal enolate binding
angles. Changing to the smaller Me group shortens the Pd–N bond for all three transition states,
which improves the nucleophilicity of the enolate for all three couplings but counterintuitively
increases the steric interaction of the forming ketone with the ligand (note that shortening the
Pd–N bond coincides with the switch to a trigonal geometry for the product), destabilizing 5x →
7d and 5p → 6d relative to 5o → 6d, the last of which is also stabilized relative to the other two
by the preferred dihedral angle (i.e., closest to 90°). Finally, with R = H, relieving the steric
strain relative to the Me brings the activation energies down and the removal of the steric
interaction of the enolate CH2 with the ligand leads to convergence of the pathways and
enantioselection is lost. Note that 5o → 6d, with its preferred dihedral, is now the lowest energy
pathway.(33)
A brief study of the effect of the methods used in the calculations is summarized in Table
2, which lists alternative methods used to examine the barrier heights for the 5x → 7d and 5p →
6d reductive coupling steps. Within this limited range of methods explored, the barrier leading to

the S enantiomer was consistently lower in energy than that to the R enantiomer. Although some
of the calculated barriers are lower and some higher than that required to account for the 89% ee
(coinciding with a ΔΔG⧧ = 1.7 kcal/mol at 24 °C), the results consistently favor the formation of
the S enantiomer and thereby support the mechanism. That the results are not only internally
consistent across methods but also agree with experimental results gives us confidence that they
are meaningful.
Table 2. Difference in the Free Energies of Activation and the Solvation Free Energies of
Activation Calculated for the 5x → 7d and 5p → 6d Reductive Coupling Steps at Various
Levels of Theory

a

All values favor the S enantiomer and are given in kcal/mol at 25 °C.

Considering that the stated goal at the outset of this work was to provide a comprehensive
analysis of the reaction mechanism for the specific Tsuji–Trost allylic alkylation reaction, it was
important for us to re-examine the outer-sphere pathway that has been part of the canon for
decades.(34) Complex 9, calculated in the solvent continuum model, can proceed via outersphere attack (step h, Scheme 2) on the η3-allyl complex to generate 6 and 7 without
differentiation, consistent with the finding of Goddard and Stoltz that the outer-sphere
mechanism is incompatible with the experimental findings and does not account for the
enantioselection observed.(15,16) However, this treatment of 9 is approximate, at best,
particularly considering that modeling reaction steps that either generate an ion pair (e.g., the
oxidative addition step yielding a cationic palladium complex and the anionic enolate) or
recombine existing ions (e.g., the outer-sphere reductive coupling) are problematic with regard to
solvation models.(35) Without a solvation model, the separated ion pair’s electrostatic attraction
is significantly overestimated and results in an artificially low barrier due to the exothermicity of
the recombination. To this end, we emulated a successful approach from others(36,37) that
modeled the outer-sphere recombination step by including an explicit metal ion (lithium bound
to two THF molecules, in our case) as an escort for the anionic nucleophile. Use of a lithium
enolate has longstanding precedence from experiment;(38) the resulting neutral nucleophile
would approximate the potential involvement of a bimetallic complex and addresses the issue of
nucleophilic attack by an unstabilized enolate being so exothermic that little facial discrimination
would be possible.
Twenty-four pathways of outer-sphere approach were defined between the enolate and
the Pd-η3-allyl by virtue of the four key modes of differentiation illustrated in Figure 5: (a) the
exo vs endo orientation of the η3-allyl, (b) the Re vs Si prochiral face of the enolate (which yield
S and R enantiomeric C–C coupled products with the allyl, respectively), (c) the nucleophilic
attack at the allyl carbon that is proximal vs distal to the chiral oxazoline ring, and (d) the three
staggered orientations of the enolate, defined by the relative orientation of the allyl and the
unsaturated bond of the enolate. All 2 × 2 × 2 × 3 combinations of approach for the outer-sphere

reductive coupling pathways were examined with NEB/dimer calculations, and all of them were
conducted in the presence of Li+·2THF coordinated to the enolate for the reasons stated above.
A summary of the results is presented in Table 3.

Figure 5. Fundamental features of outer-sphere attack that give rise to the 24 distinctly different
pathways (2 × 2 × 2 × 3) including (a) exo vs endo allyl orientation, (b) Re vs Si presentation of
the prochiral enolate, (c) formation of the C−C bond at the allyl carbon that is proximal vs
distal to the chiral oxazoline ring, and (d) three rotational orientations of the enolate relative to
the sp2-hybridized allyl carbon to which it will bind. Note that the exo allyl and Re enolate
orientations depicted in (d) were arbitrarily chosen for the sake of illustration. One-letter
designations for each component of the path are underlined, the various combinations of which
are used in Table 3.
Table 3. Relative Solvation Free Energies of the C−C Coupled Products and Solvation Free
Energies of Activation Leading to Their Formation, in kcal/mol, for the 24 Outer-Sphere
Reductive Coupling Pathways Defined by 2 × 2 × 2 × 3 Combinations Shown in Figure 5a

It is important to highlight that in the outer-sphere mechanism, structure 9, which is
formed following the irreversible decarboxylation of 2, cannot easily be placed on the same
energy surface as the step that preceded it. The same can be said for the transition between 4 and
5 for the inner-sphere mechanism. We find it extremely difficult to capture all components of the
energy in dissociation/association steps and, as such, feel that a different energetic manifold—
with its own baseline—begins at this point along the reaction pathway. For the outer-sphere
mechanism considered here, the most sensible choice for the new baseline at 9 seemed to be the
derivative of lowest energy. While all of the species of 9 were close in energy, those that were
lowest had the exo orientation of the allyl. Importantly, although the solvation free energies of
activation given in Table 3 have values lower than those shown in Figure 3 for the inner-sphere
C–C coupling step, this is a consequence of the chosen baseline, which, as we stated previously,
is different between the two. It is reasonable to expect that 9, a species with separated charge, is
higher in energy than 1, the species used as the baseline in the comparative energy diagrams
within this work, and that the associated outer-sphere barriers could easily be higher than those
for inner sphere.
Close examination of the values in Table 3 reveals that the lowest barrier (+6.9 kcal/mol
above the reference) to outer-sphere reductive C–C coupling comes from the xSpo pathway and
results in an R enantiomer, in contrast to what is observed experimentally. Even if this barrier is
considered spurious, the next three barriers above it (nRpo, nRPa, and nRpi are +7.6, + 7.8, and
+8.0 kcal/mol above the reference) favor the S enantiomer, and then nSpi is just above them at
+8.9 kcal/mol, again favoring the R enantiomer. This ensemble clearly indicates poor selectivity
and reflects the approach of the nucleophile to the coordinated allyl on a trajectory that results in
little selectivity (vide infra). One might think that these outer-sphere barrier energies would
reflect the stability of the product, but that is clearly not the case according to the data shown in
Table 3. Asymmetric induction, in this case, requires some kind of interaction between the
enolate and the chiral t-Bu-phox ligand.As illustrated in the side view of Figure 6, considerable
spatial separation exists between the prochiral enolate nucleophile and the chiral metal allyl.
Such separation makes it unlikely that the outer-sphere mechanism can impart
enantiodiscrimination. Other ligands designed for decarboxylative asymmetric allylic alkylation
reactions,(39) such as the popular L4 ligand,(40) create an obvious chiral pocket near the allyl
that can impart asymmetric induction. As a recent report suggests,(41) close spatial proximity of
the approaching nucleophile to the electrophile is required in order to achieve the kind of
hydrogen-bonding direction between an amide proton of the L4 ligand and the enolate oxygen.
Such direction by hydrogen bonding in outer-sphere mechanisms has been proposed for other
systems.(36)

Figure 6. Two views of the transition state for the lowest-energy pathway to outer-sphere
coupling between Pd-η1-allyl and enolate (Li+·2THF). This step coincides with the exo, Si,
proximal, outside-crowded gauche approach vector (xSpo) defined in Figure 5. The red arrow
highlights the atoms involved in C−C coupling.
Finally, two pathways evolve from complex 2 that involve recombination of the anion
with the cationic palladium center (see Scheme 2), and it is these equilibria that manifest the
critical role water plays in the catalytic cycle. The lower energy path, (b), has a barrier that is
+6.0 kcal/mol relative to baseline and binds the carboxylate to form 3, while the other path, (c),
is +14.1 kcal/mol relative to baseline and binds the ketone to form 4. Complex 3 (−3.6 kcal/mol)
is significantly more stable than complex 4(+8.6 kcal/mol) and was identified as the resting state
of the catalyst in an earlier report.(2) Complex 3 was also reported to be difficult to isolate and
was crystallographically characterized only after extensive effort and purification.(2) The
computational modeling supports the stability of complex 3; as discussed above, it is 12.2
kcal/mol more stable than 4. However, the addition of one or two explicit molecules of water to
these complexes reduces the energy difference by 2.0 and 7.4 kcal/mol, respectively, as the
stability from hydrogen bonding to the carboxylate is preferential in 4 relative to 3, as shown in
Figure 7.(42) In addition to the significant shift in the equilibrium concentration of 4 relative to
that of 3, it is expected that, as complex 4 is preferentially stabilized by the presence of water,
the corresponding transition state would also become more stable, according to the Hammond
postulate.(43) The original report stated, “Interestingly, impure samples of <3> visibly expelled a
gas (presumably CO2) in the solid state and effervesced in solution.”(2) The impurities most
likely referred to trace water and the water-stabilized 4, which readily decarboxylates (vide
infra). In the absence of water, structure 3 predominates, but this structure does not readily
decarboxylate.

Figure 7. (top) Lowest energy calculated molecular structures of 3·2H2O and 4·2H2O. The
solvation free energy difference between 3 and 4 is reduced from 12.2 kcal/mol in the absence of
explicit water to 4.7 kcal/mol for the double hydrate. (bottom) Revised energy diagram for the
transformation of 2 to 5 in the presence of two explicit water molecules.
Even if the transition state were not lowered in energy by the coordination of the water,
calculations show that decarboxylation from 4 can occur readily (+13.4 above baseline; Scheme
2, step (d)), generating 5 directly. Complex 2 can also decarboxylate to form complex 9 (step g),
but the calculated pathway is significantly higher in energy with a transition state +20.4 kcal/mol
above baseline, and 9 itself is +19.2 kcal above the baseline. This preference for the metalmediated decarboxylation pathway is reversed from that found in a related study of the
decarboxylation of α-(diphenylmethylene) imino esters.(44) As that decarboxylation involves
formation of a 2-azaallyl anion initially coordinated through the nitrogen that subsequently
rearranges to the carbon-coordinated species, it is not clear how comparable those results are to
the direct formation of the coordinated enolate complex formed directly in this study. Complex 9
can rearrange directly to 5 with a barrier of 20.5 kcal (step i) or indirectly via 10 (steps j and k)
with lower barriers.
A modified energy scheme for the conversion of 2 to 5 in the presence of two explicit
molecules of water is shown in Figure 7. While the results provide insight into a possible
mechanism for water to affect the energetics of the decarboxylation, it is important to note that
significant uncertainty exists due to the extremely complex nature of the calculations.(45,46) By
their very definition, the hydrogen-bonded interactions are soft and the NEB and dimer
calculations that follow the reaction energy path are much less well behaved. Additional

uncertainty derives from the loosely held dissociated fragments (H2O and CO2) in the products
and casts doubt on whether the rotational/translational contribution to the entropy is fully
captured. With two explicit waters in the calculation, no single-step direct interconversion
between 2 and 3 could be found. Clearly, this step involves more complex motion possibly
involving dissociation of one or both waters from the charged fragments, η3- to η1-allyl
rearrangement, coordination of one of the oxygens of the carboxylate, and association of the
waters. Unsurprisingly, the direct path maintained a very high barrier (shown in Figure 7, step b)
even after thousands of NEB cycles. That a direct interconversion pathway between
decarboxylated ion pair complex 9 and 5 was found (vide supra) emphasizes the current level of
unpredictability involved in mapping these very complex steps and warrants additional study.
An overall view of the calculated energetics for the key steps in the asymmetric Tsuji–
Trost decarboxylative allylation reaction is summarized in Figure 8. In the first part of the
reaction, oxidative addition (a) is the slow step. The presence of water preferentially stabilizes 4
relative to 3 in the ligand recombination steps (b) and (c), and this preferential stabilization is
crucial for the subsequent decarboxylation step (d), as it may only proceed from 4. Facile
interconversion (e) among the PdII-η1-allyl-enolate conformers sets the stage for
enantioselective reductive C–C coupling (f), which, as discussed above, consistently favors
formation of the S enantiomer, in agreement with the experimental findings.

Figure 8. Calculated potential energy surface for the primary steps in the Tsuji−Trost allylation
reaction. Numbers depict solvation free energies (for the mimina) or solvation free energies of
activation (for the transition states), and are reported in kcal/mol relative to 1 for the steps
leading up to 5 and relative to 1 (black) and 5k (red) for those that follow. Structures shown
within the blue box are affected by the presence of explicit waters. Conformational
interconversion as illustrated in Figure 2 is implied in the black box at (e). Steps (a)−(f)
correspond to those shown in Scheme 2.
Conclusion
DFT and NEB computational methods have been used to construct a multistep
mechanism that is consistent with experimental data for the palladium-catalyzed asymmetric
Tsuji–Trost decarboxylative allylation reaction. Two key facets of the reaction are the efficiency
and enantioselectivity of the process. This study clarifies several previously unexplained aspects
of the mechanism. A plausible low-energy interconversion pathway for the various conformers
of 5, a square-planar PdII-η1-allyl-enolate intermediate, has been constructed that emphasizes

how enantioselection must emanate from a subsequent step—in this case, that of reductive C–C
coupling. Due to the highly asynchronous nature of the coupling step, we have introduced a new
approach utilizing a two-part NEB guess that allowed significantly more rapid location of the
transition states while retaining certainty about the accuracy of the stationary point. Barrier
heights for the formation of the S enantiomer were consistently lower in energy than those found
for the formation of the corresponding R enantiomer and were found to be due primarily to the
interaction of the enolate CH2 with the t-Bu. Truncation of the R group of the ligand from t-Bu
to Me to H elucidated the important roles of the axial diphenylphosphino phenyl group of the
ligand interacting with the R group to determine the Pd–N and Pd–O bond lengths, the P–Pd–C–
C dihedral angle of the allyl group, and the angle of the enolate binding to the palladium on the
enantioselection. For the lowest energy S and R pathways, several levels of theory that involved
changes in density functional, basis set, and solvation model were used to re-examine the steps,
and all supported the energetic preference of the S pathway, which is consistent with experiment.
Further, a detailed analysis of the outer-sphere mechanism was conducted in the presence
of a metal cation escort. From a global perspective, the multiple pathways examined failed to
reveal clear discrimination in the formation of the two enantiomeric products. Close examination
of the pathways revealed that the lowest energy route resulted in the formation of the wrong (R)
enantiomer.
Water was found to play a potentially critical role in the preferential stabilization of the
ketone-bound complex 4 relative to the carboxylate-bound 3, which is known to be the resting
state of the cycle. Importantly, complex 3 does not readily decarboxylate and therefore does not
reside on the catalytic cycle itself, whereas complex 4 readily undergoes decarboxylation to
produce the essential precursor to reductive C–C coupling, the four-coordinate square-planar
Pd(II)-η1-allyl-enolate structure 5. Decarboxylation of 4 also leads directly to structure 5 and
circumvents the need for the relatively high energy five-coordinate square-pyramidal PdII-η3allyl-enolate complex 10 as the purported intermediate required for the enantioselective
rearrangement that generated 5.
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