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Abstract
Computational chemistry, with considerable effort, was used to elucidate the reason for regioselectivity (12:1 distal:proximal

product distribution) in a published Wacker oxidation of internal alkenes with a homoallylic lactam ring. Such a distribution
is reproduced by a non-chelating reaction pathway; chelated intermediates are found to be too high in energy. Despite much
speculation of chelation effects in the literature, this particular result is most probably an antiperiplanar field effect with no
chelation. Partial charge data are provided to support the proposed antiperiplanar effect. The great care needed in modelling
Wacker oxidations is emphasized, but optimism is offered that its various product mysteries can be elucidated on a case-by-case
basis.
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Résumé
Nous avons utilisé dans un effort considérable la chimie computationnelle pour expliquer la régiosélectivité (distribution

distal:proximal 12:1 des produits) observée dans une publication portant sur une oxydation de Wacker d’alcènes internes
comportant un cycle lactame homoallylique. Nous sommes parvenus à reproduire une telle distribution par un mécanisme
réactionnel non chélatant; les intermédiaires chélatés s’étant révélés trop élevés en énergie. Malgré l’abondance de spéculation
concernant les effets de chélation dans la littérature, ce résultat particulier est fort probablement attribuable à un effet de
champ antipériplanaire sans chélation. Nous présentons des données de charges partielles pour étayer l’hypothèse de l’effet
antipériplanaire. Nous soulignons entre autres le grand soin nécessaire à la modélisation des oxydations de Wacker, tout en
faisant preuve d’optimisme quant à la possibilité d’élucider au cas par cas les mystères de la formation des différents produits.
[Traduit par la Rédaction]

Mots-clés : Wacker, alcènes internes, effet de champ, effet à travers l’espace, distribution des produits, eau explicite, complexes
de Pd(II)

Introduction
In Wacker-type oxidation of alkenes (via homogeneous

Pd(II) catalysts), C=O bond formation can in principle occur
at either of the olefinic carbon atoms. Any regioselectivity is
most likely achieved during the crucial water-addition (“hy-
droxypalladation”) step,1,2,3a which occurs while the alkene
is coordinated to Pd(II) in a catalytic complex. The regiose-
lectivity can be substrate-controlled (by functional groups al-
ready on the alkene) or catalyst-controlled (by use of ligands
other than chloride on Pd); the former are of interest here.
Sigman has published a large review of Wacker oxidation re-
sults, in which he comments on the complexity of the influ-
ence of proximal heteroatoms in substrate control of product
distribution.1 Past discussions of substrate-controlled regios-
electivity have included commentary (sometimes quite spec-

ulative) on whether the control is via chelating,3 steric,4 or
inductive5 effects.

For terminal alkenes, regioselectivity generally follows
Markovnikov’s rule to produce methyl ketones over alde-
hydes in a >99:1 ratio (and thus the Markovnikov effect is
a >3 kcal mol−1 effect). There are published cases of anti-
Markovnikov Wacker distributions that favour aldehydes (by
accident or by design);6 these cases must therefore possess
a significant (>3 kcal mol−1) counteracting effect, due per-
haps to steric crowding or to ring strain caused by chela-
tion. However, for internal 1,2-disubstituted alkenes, which
have no governing Markovnikov effect, regioselectivity can
be achieved with very small effects (e.g., a 1.4 kcal mol−1

effect would produce a 10:1 product distribution at 300 K),
where inductive or field effects might be sufficient.5 Several
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Fig. 1. Wacker oxidation of 1,2-substituted alkenes featuring
proximal lactam rings, performed at [Cl−] < 1 mol/L condi-
tions.8

cases of regioselectivity with internal alkenes are known but
are not well understood.1 Here, we investigate, using DFT
(density functional theory) computation,7 one particular case
of regioselectivity from an internal alkene, and give evidence
for a field effect.

The case we investigated came from a laboratory down the
hall from us. Annadi and Wee8 reported syntheses of spiro-
lactams that benefitted from unexpected regioselectivity of
Wacker oxidation of internal alkenes possessing a lactam
group with a homoallylic N atom (Fig. 1). To probe the rea-
sons for their ∼12:1 distal:proximal regioselectivity, they per-
formed more oxidations of alkenes, both internal and termi-
nal, with and without the lactam group. Although they con-
cluded that their extra data were suggestive of a chelation
effect (proposed to be Pd→N coordination), this is incorrect.
Their extra work sheds no light on the reason for the lactam
effect; it only serves to demonstrate that a lactam effect exists
(even upon terminal alkene oxidation, although the inher-
ent Markovnikov regioselectivity still dominated).8 We note
that 40 years ago Tsuji found a similar 10:1 distal:proximal
product distribution from an internal alkene, having a ho-
moallylic bridging O in an ester group,9 and he also chose
to offer chelation as the possible reason. This short article is
intended to serve notice that simple electronic (inductive or
field) effects should not be overlooked in Wacker oxidation
of internal alkenes.

Computational methods
The Gaussian09 software7b was used. Calculations used

the B3LYP approximation of DFT7c,7d and the default self-
consistent reaction field continuum-solvation model (SCRF
CSM)10 in Gaussian09. The default SCRF CSM, as described
by Scalmani and Frisch,10a is the 2002 polarizable continuum
model of Cossi, Scalmani, Rega, and Barone,10b but with a
solute cavity surface discretization scheme of Scalmani and
Frisch, which they termed the continuous surface charge for-
malism10a (extending on an idea of York and Karplus10c). The
solute cavity surface is an overlapping-spheres van-der-Waals

Fig. 2. B3LYP/SDD/SCRF (self-consistent reaction field) results,
using a rule that no solvent H2O molecules be allowed to H-
bond to each other. The true value is roughly 2–5 kcal mol−1,
estimated from the experimentally determined zero-ionic-
strength equilibrium constant19 of 100.9 (20 ◦C) for the re-
verse reaction, which assumes [H2O] = 55.45 mol/L: �Eelec

≈ �G([H2O] = 1 mol/L) = +RT ln (55.45 ∗ 100.9) = +3.6 kcal
mol−1.

surface (not a solvent-excluded surface), using United Force
Field (UFF) atomic radii10d scaled by default by a factor of 1.1
to reasonably mimic cavity volumes from an earlier solvent-
excluded-surface definition.10a

The semicontinuum testing work (vide infra) used the
SDD11 basis set throughout (i.e., B3LYP/SDD/SCRF), while
the remainder used B3LYP/TZP/SCRF single points at
B3LYP/DZP/SCRF geometries: here, DZP is defined to be
SDD on Pd and 6-31G(d,p)7b on all other atoms, while TZP
is defined to be SDD(f)12 on Pd and 6-311+G(2d,p)7b on
all other atoms. The 6-31G(d,p) basis was employed with
spherical-harmonic 5d sets, not Cartesian 6d sets as was
originally defined.7b Transition-state geometry optimizations
were also performed, and the elementary step involved was
confirmed via normal geometry optimizations begun from
+/− displaced geometries on either side of the transition
state. All computed Gibbs energies have standard-state con-
centration corrections −RT ln V∗/V◦ applied post-calculation:
+1.9 kcal mol−1 for solutes (V∗/V◦ = 1/24.466 for 1 atm
→ 1 mol/L), but +4.3 kcal mol−1 for liquid water when a
reactant (V∗/V◦ = 0.018/24.466 for 1 atm → 55.45 mol/L).
Note that Gibbs energy estimates will have more error than
electronic energies and enthalpies, due to additional error in
harmonic-oscillator entropies,13 and results from electronic
energies alone will also be presented. Partial charges were
computed using a Natural Bond Order14 analysis.

Computational modelling of Wacker oxidations requires
great care. First, the reaction has a complex and not-fully-
elucidated multistep mechanism that is sensitive to the con-
centrations of chloride and copper present.15 Second, the Sig-
man review1 suggests to us that chelation by an alkene sub-
stituent may or may not occur, depending on heteroatom
basicity and ring strain. Third, there is debate on whether
the water molecule supplying the O atom is initially coor-
dinated to Pd (“inner-sphere” syn addition)15 or not (“outer-
sphere” anti-addition),16 and whether this is dependent on
conditions. Fourth, ab initio or DFT computations of Wacker
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Fig. 3. Placement of explicit water molecules for comparing relative energies of possible π complexes of alkene 2e (similar to
2d, but with CH2Ph replaced by CH3 for computational feasibility). [Colour online.]

Table 1. Relative B3LYP/SCRF (self-consistent reaction field)
energies (kcal mol−1) of hypothetical π complexes of 2e
(Fig. 3).

Versiona Erel (DZP) Erel (TZP) Hrel
b Grel

b

2W.3−· + W.H2O 0.0 0.0 0.0 0.0

2W.4· + W.Cl− 0.6 2.1 2.6 2.9

2W.5· + W.Cl− 2.0 4.4 4.9 5.1

W.6 + W.H2O + W.Cl− 24.0 17.7 16.4 10.7

W.7+ + 2 W.Cl− 26.6 22.6 21.6 16.2

W.8+ + 2 W.Cl− 28.2 23.9 23.1 17.4

aW = explicit spectator water molecule.
bFrom adding B3LYP/DZP/SCRF thermal corrections to B3LYP/TZP/SCRF Erel
values. Grel includes concentration corrections (see Methods).

oxidations are further hampered by inherent difficulties in
modelling aqueous-phase reactions involving H bonding or
proton transfer with solvent; note that the Goddard group in-
voked corrections of 16 kcal mol−1 in their modelling of the
Wacker mechanism.15a Fifth, care is needed in determining

lowest energy conformers of possible intermediates, as con-
former effects could easily be larger than the 1.5 kcal mol−1

effect one is attempting to see (from an observed 12:1 product
distribution).

We used a semicontinuum modelling technique17 for im-
proved accuracy for aqueous ions. This technique, also called
the cluster + continuum technique,18 adds explicit water
molecules around the solute molecule as well as a dielectric
continuum field having the polarity of water. Here, initial
testing on a ligand-interchange reaction of PdCl4

2− (Fig. 2;
�Eelec, expt ≈ 2–5 kcal mol−1 from experiment19) showed the
importance of adding explicit water: in this reaction, a 6 kcal
mol−1 error is made by n = 0 modelling (i.e., neglecting ex-
plicit H2O). This large error is due to neglecting particularly
strong H-bond stabilization of PdCl3(OH2)− by solvent water.
Such modelling is also important for reactions involving pro-
duction or consumption of H3O+,20,21 which would include
hydroxypalladation here.

The semicontinuum technique was applied as follows.
For the π -complex comparisons (3–8, Fig. 3), three water
molecules were added: 1 to solvate H2O and 2 to solvate vari-
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Fig. 4. The inner-sphere hydroxypalladation step. [Colour online.]

Fig. 5. Reaction energy profiles from DFT (density functional theory) calculations for the inner-sphere hydroxypalladation step
in the Wacker oxidation of 1 and 2 (using 2e for 2), starting from non-chelated π -complex 5 of Fig. 2, i.e., 5(1) or 5(2). Upper
and lower left: transition-state energies (�‡Eelec, �‡G). Upper and lower right: reaction energies (�Eelec, �G). The splittings
highlighted in the figure match well the experimental splittings of 1.5 (lactam) and 0.3 (cyclohexyl), proving that such split-
tings can be obtained from electronic effects. The insensitivity of the energy splitting of intermediates to H2O placement was
confirmed by a parallel calculation of the lactam-case splitting using no explicit waters, duplicating the 1.4 kcal mol−1 result
in the upper right plot.

ous Cl−. For instance, for E(5), we used E(2W.5) + E(W.Cl−),
while for E(6), we used E(W.6) + E(W.H2O) + E(W.Cl−),
each complex computed in a surrounding continuum di-
electric (SCRF PCM) for effects of bulk aqueous solvent. In
testing, we found that it is crucial to be consistent with
the number of OH…O H-bonds between the O of an ex-
plicit (spectator) W and an H of the H2O molecule involved
in complexation/decomplexation. Hence, in each case (3–
8), we ensured that there was only one such OH…O H-
bond. For the hydroxypalladation step, a different place-

ment of the three explicit water molecules was used (vide
infra) to somewhat realistically solvate the ejected H+,
while maintaining a constant number of OH…O H-bonds
and OH…Cl− ion–dipole interactions from reactant to first
intermediate.

Results and discussion
First, we give evidence that chelation with 2a–2d is un-

likely. Using 2e (a modified 2d, with CH2Ph replaced by CH3
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for computational feasibility),22 we determined the relative
energies of several hypothetical versions (3–8,Fig. 2) of the
Pd·alkene π -complex intermediate that would serve as the
starting point for the water-addition step. (Chelation via the
carbonyl oxygen is not sterically possible.) These calculations
were not trivial, requiring not only semicontinuum mod-
elling but also careful conformer searches (Supplementary
Material). Once these calculations were complete, the energy
predictions (Table 1) place the chelating structures 6–8 too
high in energy to occur. The homoallylic amide nitrogen is
not sufficiently basic to afford chelation.

Given the interest in substrate control of Wacker regiose-
lectivity via chelation, this weak Pd–N interaction with the
lactam 2e was compared to Pd–O interactions in lactone and
ring-ether analogues of 2e. Values for this chelation interac-
tion energy were computed as 2W.5 → W.6 + W.H2O (i.e., neg-
ative energies indicating stabilization): the values were +13.3
for the lactam, +14.5 for the lactone, and +2.4 for the ring-
ether. Subtracting from each value a crude 4 kcal mol−1 for
the entropy benefit of chelation, the only plausible homoal-
lylic chelation interaction of the three is in the ring-ether
case.

Second, we show that the lactam effect (the product dis-
tributions seen with both 1 and 2) is reproduced, without
invoking chelation, by DFT calculations on the hydroxypal-
ladation step. Restricting attention to the energetically vi-
able cases 3–5, and guided by the conclusion of Henry and
co-workers that the water addition is inner-sphere under
low-chloride conditions,15 we took the lowest energy con-
former of 5 (since 3 and 4 cannot perform this step), and
obtained transition states and the ensuing first intermedi-
ates for both proximal and distal inner-sphere addition (Fig.
4). Note the use of three explicit H2O molecules for the his-
torically challenging job of adequately stabilizing aqueous
H+ in such reaction steps. The resulting energies are plot-
ted in Fig. 5, with the proximal–distal splittings highlighted.
The �‡E or �‡G (activation) comparisons would be relevant
if the reaction were kinetically controlled; the �E or �G (re-
action) comparisons would be relevant if the reaction were
thermodynamically controlled. The known product ratios of
[distal]/[proximal] = 62/38 and 92/8 (Fig. 1), inserted into the
relation δE = RT ln([distal]/[proximal]), correspond to energy
splittings of δE = 0.3 and 1.5 kcal mol−1 for 1 and 2, respec-
tively. These splittings from experiment are reproduced very
well by the predictions in Fig. 5. The most precise of the pre-
dictions in Fig. 5 would be the upper right plot of electronic
reaction energies; B3LYP is expected to be less accurate for
transition states23 (upper left plot), and terms for Gibbs en-
ergies (lower right plot) also introduce some imprecision. In
this regard, the Gibbs activation energies, �‡G (lower left
plot), were perhaps fortuitous in reproducing the experimen-
tal splittings well. Now, since the structures used possess no
chelation and reveal no obvious steric effects, the lactam ef-
fect displayed by the calculations must be due to an electronic
effect. This completes the demonstration that an electronic
effect can be the reason behind the lactam effect observed
experimentally.

Third, we explore the nature of the electronic effect caus-
ing the splittings produced by the DFT predictions. In the

Fig. 6. Proposed antiperiplanar field effect: electrostatic
forces between Cβ and Cprox. Hollow arrows indicate bond
dipoles inducing partial charges. Red and blue indicate
positive and negative partial charges, respectively (as seen
in partial-charge calculations; see Supplementary Material).
[Colour online.]

π -complex 5, partial-charge and LUMO calculations show no
regioselective effects: the lactam group has a short-range ef-
fect that does not reach past the methylene group. Regios-
electivity from the DFT calculations is occurring once co-
valent bonds from Pd and O begin to form with the C=C
entity, creating partial charges on both these C atoms. As
Fig. 6 suggests, proximal attack of water creates, among
other new electrostatic interactions, a Cβ–Cprox field-effect
(through-space) repulsion, while distal attack of water cre-
ates a Cβ–Cprox field-effect attraction, and we propose (based
on an analysis of Natural Bond Orbital14 partial charges;
see Supplementary Material) that these are the dominant
destabilizing and stabilizing effects occurring with the lac-
tam group. The cyclohexyl group (see 1 in Fig. 1) has vir-
tually no partial charge at Cβ , resulting in virtually no Cβ–
Cprox effects and hence virtually no regioselectivity. Further-
more, this lactam field effect can be termed an antiperipla-
nar effect, since if the Cβ were not antiperiplanar with the
group X (M or OH) causing Cprox to be charged, the Cβ–Cprox

interaction would be offset by the strengthened Cβ–X inter-
action. In our test calculations, these abovementioned net
effects appear to be significantly dependent on the magni-
tudes of the partial charges involved, and as such may not be
generalizable.

In summary, computational chemistry was able to nearly
quantitatively reproduce the 12:1 distal:proximal product
distribution observed in Wacker oxidation of alkenes 2a–
2d, all featuring a homoallylic N atom in a lactam ring. The
1.5 kcal mol−1 effect was reproduced by an electronic effect,
rather than a chelating effect, and an argument for an an-
tiperiplanar field effect (a through-space Cβ–Cprox interaction,
due to created partial charge on Cβ ) is proposed. Practition-
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ers should be cautious of chelation conjectures for effects of
∼1.5 kcal mol−1 in Wacker oxidations.
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