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Explanations for stereoselectivity in the Baeyer-Villiger reaction have relied on the assumption
that the antiperiplanar (app) group migrates. However, the magnitude of the preference for app-
migration over gauche migration is unknown. To investigate this, the energy differences between
the two were estimated from ab initio calculations. App-migration was found to be the preferred
pathway since no transition structure could be located for gauche migration. Barriers for gauche
migration were estimated by performing constrained optimizations. App-migration was found to
be strongly favored with a barrier that is at least 3.8 kcal/mol and as much as 58.0 kcal/mol lower
in energy than the gauche migration barrier.

Introduction

The Baeyer-Villiger reaction is the oxidation of a
ketone to an ester or lactone by a peroxide.1 In the
laboratory, percarboxylic acids are commonly used as the
peroxide reagent whereas on an industrial scale hydrogen
peroxide with a catalyst is preferred on the grounds of
cost and process intensification. The reaction has consider-
able industrial importance for the manufacture of fine
chemicals, in particular, lactones, which are key fra-
grance ingredients. Until the mid-1990s, the only asym-
metric form of the reaction was that catalyzed by flavo-
enzymes,2-4 but in 1994, the first two reports of asym-
metric metal-catalyzed Baeyer-Villiger reactions ap-
peared in the literature.5,6 Since then, various cobalt-,7
copper-,8 palladium-,9 platinum-,10 and zirconium-com-
plexes,11 aluminum-12 and magnesium-BINOL com-

plexes,13 titanium alkoxides,14 diselenides,15 and bis-
flavin16 catalysts17 have been developed which show fair
to excellent enantioselectivities.18 Enantioselective
Baeyer-Villiger oxidation by stoichiometric TADDOL
hydroperoxide has provided a useful study of the mech-
anism.19 The flavoenzyme-catalyzed reaction has been
improved by the isolation of new organisms with Baeyer-
Villigerase activity,20 expression in easily cultivated
organisms such as yeast,3,21 and the optimization of
process parameters (e.g. oxygenation) to enable manu-
facture on a large scale.22 The combination of lipases with
hydrogen peroxide provides a unique alternative to
flavoenzymes.23

The mechanism of all Baeyer-Villiger reactions in-
volves nucleophilic addition of the peroxide reagent to
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the carbonyl group to give the tetrahedral Criegee
intermediate 2. In the Criegee mechanism, this under-
goes intramolecular migration of a substituent from
carbon to oxygen with cleavage of the peroxide bond and
simultaneous loss of RO- to give an ester or lactone 4.
The rearrangement step is usually, but not always, rate
limiting, and the rate of rearrangement is enhanced by
electron-withdrawing groups on the peroxide.24 In both
the percarboxylic acid25 and flavoenzyme26 mediated
reactions the group that migrates does so with retention
of configuration. With reagents that bear strongly electron-
withdrawing groups (e.g. Me3SiOOSO3SiMe3

27 and Caro’s
acid, which was used by Baeyer and Villiger) the Criegee
intermediate 2 undergoes ring closure to give a dioxirane
3, which in turn rearranges to an ester or lactone. Baeyer
and Villiger correctly postulated dioxiranes some 80 years
before they were isolated. It is interesting to note that
although Baeyer and Villiger discovered the first per-
carboxylic acid, perbenzoic acid, they never used it in the
reaction that bears their name! A verifiable consequence
of the Criegee mechanism is that the carbonyl oxygen of
the ester or lactone 3 is derived from the carbonyl oxygen
of the ketone 1, and the intraannular oxygen is derived
from the peroxide reagent. This has been demonstrated
for both the percarboxylic acid28 and flavoenzyme29

variants of the reaction, which also excludes the dioxirane
mechanism under these conditions.30

The origin of the regioselectivity of Baeyer-Villiger
reactions has been disputed almost since the discovery
of the reaction. It was quickly noticed that the ease of
migration of a group is in the same rank order as the
ability of the migrating group to stabilize a carbocation,
e.g. tert-butyl > isopropyl > methyl; however, the rate
differences barely span 2 orders of magnitude, whereas

the differences in carbocation stability as measured by
rates of solvolysis are 6-8 orders of magnitude.31 The
crucial study in support of the carbocation mechanism
was an investigation of differently para-substituted ben-
zophenones, which showed that electron-rich phenyl
groups (e.g. CH3OC6H4

-) migrated in preference to those
bearing electron-withdrawing groups (e.g. NO2C6H4

-).32

However, the regioselectivity of Baeyer-Villiger oxida-
tion of bicyclic ketones33-35 is predicted rather poorly by
the carbocation argument.36 Stereochemical arguments
for rationalizing the regiochemistry of the Baeyer-
Villiger reaction were made as early as the 1950s, but
the arguments are difficult to apply, because no Criegee
intermediate37 has ever been isolated and hence it has
only been possible to infer the diastereoselectivity of
addition and the conformation from the regiochemistry
of oxygen insertion. The first evidence for a wholly
stereoelectronically controlled migration was an intramo-
lecular Baeyer-Villiger reaction, in which a methylene
group migrated in preference to a methine group.38 This
result was largely overlooked until results from flavoen-
zyme catalyzed enantioselective Baeyer-Villiger reac-
tions necessitated reexamination of the mechanism. In
brief summary, these reactions are highly enantioselec-
tive and the regiochemistry observed does not match
prior results with percarboxylic acids. For example, the
enantiomeric ketones 5 and 6 gave the regioisomeric
lactones 7 and 8 with high enantiomeric excesses and in
good yields, whereas in the percarboxylic acid-catalyzed
reactions, the lactone 7 (and ent-7) is always the pre-
dominant product.

The stereochemical course of the flavoenzyme-cata-
lyzed Baeyer-Villiger oxidation of the bicyclic ketones
5, 6 was rationalized as binding of the two enantiomers
at the active site, with different orientations, such that
migration occurred at similarly disposed bonds, i.e., 5,6
and 6,7, respectively. This was confirmed by the synthesis
of the superimposition mimic 9, which also underwent
ring expansion to give the lactone 10 (or ent-10) in the
same sense with five highly purified flavoenzymes39,40 and
several metal catalysts, Pd(II),9 Co(III),7 Cu(II),8 and
selenium15 (91-99% ee). An additional benefit of using
ketone 9 as a substrate is that attack by the hydroper-
oxide can confidently be predicted to occur exclusively
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SCHEME 1. The Criegee Mechanism for the
Baeyer-Villiger Reactiona

a The Criegee intermediate 2 is represented here as a hydroxy
peroxide, but with appropriate catalysts the hydroxyl group may
be present as a metal alkoxide or engaged in a hemiacetal,
orthoacid, or orthoamide group, etc.
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from the exo-face.39 Given that the diastereofacial selec-
tivity of the attack of the ketone by the hydroperoxide
and the regiochemistry of ring expansion are known, the
stereochemistry of the Criegee intermediate can be
deduced from stereoelectronic principles (Figure 1). Using
the Cahn-Ingold-Prelog convention and assigning the
migrating group a higher priority than the nonmigrating
group can conveniently distinguish the two possible
intermediates. The central tenet of the stereoelectronic
model for enantioselective Baeyer-Villiger reactions is
that all reactions of a given enantiomerically pure
catalyst or reagent proceed via a single Criegee inter-
mediate of the same absolute stereochemistry as defined
above.18 For example, the stereoselectivity shown in
Scheme 2 arises from the (S)-2a Criegee intermediate.

The terms (S) and (R) applied to the Criegee interme-
diates 2a, 2b are surrogates for descriptions of the
orientation of the peroxide bond relative to the migrating
and nonmigrating groups. It is assumed that the orienta-
tion of the peroxide bond is antiperiplanar to that of the
migrating group, so that the σ bonding orbital of the
migrating group and the σ* antibonding orbital of the
peroxide bond overlap (Figure 2). This assumption has
been made numerous times and has been described as
the primary stereoelectronic effect.41 This has played a key
role in the interpretation of recent studies of the Baeyer-
Villiger oxidation of cis-4-tert-butyl-2-fluorocyclohex-
anone, where the fluorosubstituted methylene migrates
in preference to the unsubstituted methylene,42 contrary

to the preferences of 2-trifluoromethylcyclohexanone,43

acyclic fluorinated ketones,44 and the carbocation ratio-
nalization. Similarly, the preference for antiperiplanar
migration in the Criegee rearrangement of allylic per-
oxides has been successfully predicted from the confor-
mation of the hydroperoxides in the crystalline state.45

It is also the basis of a model for the flavoenzyme-
catalyzed Bayer-Villiger oxidation, in which engaging
the hydroxyl group in an orthoamide controls the ster-
eochemistry of the Criegee intermediate.46

The catalyst is presumed to stabilize one of two
possible conformations, 2a or 2b. This restricts one of
the two possible migratory groups (A or B) to the
antiperiplanar position (Figure 1). Assuming that the
addition of the peroxide to the ketone is stereoselective
and that the catalyst binds only one conformation of the
intermediate (either 2a or 2b), only one enantiomeric
product should be observed. If both the antiperiplanar
and gauche bonds (A and B in 2a) migrated to the same
extent, there would be no stereoselectivity. However, the
energetic difference between gauche and antiperiplanar
transfer is unknown, and so the degree of preference
arising from stereoelectronic factors is unknown. We have
explored the relationships between the conformation of
peroxide intermediates in this reaction and the degree
of selectivity in alkyl group migration using quantum
mechanical methods. The results predict a high prefer-
ence for antiperiplanar migration that dictates the regi-
oselectivity of the reaction.

Methodology

We have employed ab initio RHF and DFT calculations with
the B3LYP functional to predict the energy difference between
antiperiplanar and gauche migration. Previous calculations on
this reaction reported in the literature only include anti-
periplanar migrations,47-50 and most were performed with
semiempirical or low levels of theory.51-54 None of these studies
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FIGURE 1. In conformer 2a, group A migrates, and in 2b, B
migrates. The catalyst stabilizes either 2a or 2b. The confor-
mations can be interconverted by rotation about the O-C
bond. R is acyl, alkyl, or flavin.

SCHEME 2. Congruent Enantioselective
Baeyer-Villiger Oxidation

FIGURE 2. σ-σ* interaction between the bonding orbital of
the C-H bond and the antibonding orbital of the O-O bond
in the Baeyer-Villiger oxidation of formaldehyde to formic
acid.
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mention the possibility of gauche transition states or even that
a search was made to locate them. Gaussian 9455 and Gaussian
9856 optimizations at the RHF/6-31G* and B3LYP/6-311G*
levels of theory were performed. For all nonconstrained
structures, frequencies were calculated to confirm the nature
of stationary points.

The Criegee intermediate of the Baeyer-Villiger reaction
can either be charged or neutral, depending on the reaction
conditions. Migration from an ionic intermediate gives a
neutral product plus an ionic product (Scheme 3, eqs 1 and
2). Migration from a neutral intermediate gives a cationic ester
and an anionic carboxylic acid, or with simultaneous intramo-
lecular proton transfer, a neutral ester and carboxylic acid
(Scheme 3, eqs 3 and 4). Previously, gas-phase calculations
have only been performed on neutral intermediates resulting
in neutral products.49,50,57 In most cases, a neutral intermediate
to charged products reaction is unstable in the gas phase and
the corresponding transition structures are not stationary
points. In solution, it is expected that the BV reaction is ionic
or that a neutral intermediate rearranges to ionic products.
Because the neutral-to-neutral migration is not representative
of solution behavior and neutral-to-charged calculations are
not possible, only ionic model systems of the BV reaction were
employed.

Results and Discussion
The cationic and anionic rearrangements were modeled

by four different systems: formaldehyde plus hydrogen

peroxide (11 and 15), acetaldehyde plus hydrogen per-
oxide (12 and 16), formaldehyde plus peroxyformic acid
(13 and 17), and acetaldehyde plus peroxyformic acid (14
and 18) (Scheme 4). For the cationic systems 13 and 14,
the peroxyformic carbonyl oxygen is protonated. Previous
calculations have shown that intermediates cannot be
located when the system is protonated on the peroxy
oxygen.47

All attempts to locate a transition state for the non-
antiperiplanar (gauche) transition structure were unsuc-
cessful. Qualitatively, this indicates the unfavorable
nature of gauche migration. It was noticed that many of
the structures used to try and locate a gauche transition
structure optimized to a constrained syn-migration tran-
sition structure, but a syn-migration TS could not be
located. Moreover, in current models for metal complex17

and flavoenzyme18,46 catalyzed asymmetric Baeyer-Vil-
liger reactions, syn-geometry is not geometrically feasible.

The energy barrier for gauche migration was estimated
by performing two sets of constrained optimizations. In
the first system (gauche TS1), calculations were started
from reactant structures. In the cases of R1 ) Me (Scheme
4), the methyl group was gauche to the O-O bond. The
bond angle of the antiperiplanar hydrogen (H-C-O) was
constrained to the reactant value to prevent app-H
migration. The peroxide bond was then stretched incre-
mentally to simulate the breaking of this bond until the
structure could no longer be optimized or the energy
reached a maximum. Gauche hydrogen or methyl trans-
fer was not observed in any of these structures. In some
cases, stretching of the peroxide bond led to immediate
rearrangement or breaking of the carbon-oxygen bond.
For these structures a reliable gauche TS1 estimate could
not be obtained. For the second system (gauche TS2), the
gauche hydrogen was held in the transition state geom-
etry obtained from the anti-migration. This meant that
the O-O, O-C, and gauche-H-C (or gauche-C-C) bond
lengths and the O-C-gauche-H (or O-C-gauche-C)
bond angle were frozen. In addition, the O-O-C-app-H
dihedral angle was also constrained to prohibit rotation
about the O-C bond.

Dihedral scans were performed at the RHF/6-31G*
level of theory to ensure that all-important conformers
were located. The total and relative energies for all
located conformers and transition structures are provided
in the Supporting Information. Only select conformers
were recalculated at the B3LYP/6-311G* level of theory.
For each model system, the lowest energy conformer and
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SCHEME 3 SCHEME 4
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the conformers with the lowest app-migration barrier,
gauche TS1 barrier, or gauche TS2 barrier with respect
to the lowest energy conformer were chosen. In addition
the barriers were determined for each conformer, i.e., ∆E
of A to TSA, and the conformers with the lowest app-
migration barrier, gauche TS1 barrier, or gauche TS2
barrier were also recalculated at the higher level of
theory. In many cases, the same conformer met several
of the above criteria. The total and relative energies for
these conformers are also provided in the Supporting
Information.

Cationic Baeyer-Villiger Rearrangement. The
results from the RHF/6-31G* and B3LYP/6-311G* cal-
culations for the cationic model systems are given in
Tables 1 and 2, respectively. Figure 3 contains the
B3LYP/6-311G* cationic geometries of the reactant, the
antiperiplanar transition structure, the product complex,
the gauche TS1 model, and the gauche TS2 model for
acetaldehyde plus peroxyformic acid, 14. Of most impor-
tance is the energy difference between the barriers for
app-migration and the estimated barriers for gauche
migration. The app-migration barrier ranges from 18.7
kcal/mol for 12 to 30.2 kcal/mol for 13. The inclusion of
correlation energy has a large effect, resulting in lower
barriers, which are now 1.4 (11) to 8.3 kcal/mol (13).
Consequently, the DFT app structures occur via an
earlier transition state than the corresponding RHF
structures as determined by the extent of bond breaking
and bond formation. Note that for model systems 11 and
12, there is essentially no barrier for app-migration.

Using the first method to estimate the gauche migra-
tion transition structure gave barriers that ranged from
32.5 (12) to 44.9 kcal/mol (13) and O-O bond lengths of
∼2.0 Å. The DFT barriers were 4.2 (12) to 22.6 kcal/mol
(13), with O-O bond lengths of 2.3 Å for 11, 2.1 Å for
12, 2.5 Å for 13, and 2.3 Å for 14. The second method
estimates of the gauche migration barriers were much
higher. For RHF, they were 60.8 (12) to 75.0 kcal/mol
(13) and for DFT, they were 16.6 (12) to 42.1 kcal/mol
(13).

The large energy differences between the TSG1 esti-
mates and the TSG2 estimates are another indication of
the unfavorability of gauche migration. The main differ-

ence between TSG1 and TSG2 is the position of the
gauche hydrogen or methyl group, since both models
include at least partially broken O-O bonds. Thus, the
increase in the TSG2 numbers likely results from forcing
the gauche group into an approximate transition struc-
ture geometry. Both TSG1 and TSG2 lack the stabilizing
molecular orbital overlap of the app transition structure.
Therefore, another factor must also contribute to the
destabilization of gauche migration, possibly destabilizing
molecular orbital overlaps.

The TSG1 estimates are 11.9 (11) to 14.7 kcal/mol (13)
higher in energy than the app transition structures at
the RHF level of theory. According to the TSG2 estimates,
app-migration is favored by 41.4 (11) to 44.8 kcal/mol
(13). Thus, the gauche migration barrier is at least 11.9
kcal/mol higher than the app-barrier and could be as
much as 44.8 kcal/mol higher. This difference is large
enough to guarantee that only antiperiplanar migration
will be observed.

However, the B3LYP results do not necessarily support
the above conclusion and the results are quite different.
For one thing, the energy differences between gauche and
anti migration are much more system dependent than
the RHF values, which were similar for the four model
systems. In addition, the calculated energy differences
are much smaller. The TSG1 method estimates that the
gauche barrier is 1.6 (12) to 14.3 kcal/mol (13) higher in
energy than the app-barrier and the TSG2 method
estimates differences of 14.0 (12) to 33.8 kcal/mol (13).

At first glance, these numbers do not necessarily
correspond to only app-migration. The model system 12
calculations of the gauche barrier give a lower limit of
only 1.6 kcal/mol. Thus, some gauche migration may be
possible. However, it turns out that the TSG1 method is
not a good model of gauche migration for system 12 at
the B3LYP level of theory. The app transition structure
for this model is extremely early with almost no migra-
tion occurring and only modest amounts of O-O bond
breaking. The C-C-O bond angle in the app TS is 97.2°,
while the frozen H-C-O angle used for the TSG1
calculation is 98.8°. In this case, the TSG1 structure is
actually a good estimate of anti migration rather than
gauche migration and has similar energies to the anti

TABLE 1. RHF/6-31G* Relative Energies (kcal/mol) for the Baeyer-Villiger Cationic Reaction for Various Model
Systems

11 12 13 14

compd rel E TS ∆E rel E TS ∆E rel E TS ∆E rel E TS ∆E

reactant 0.0 0.0 0.0 0.0
antiperiplanar TS 21.9 0.0 18.7 0.0 30.2 0.0 27.2 0.0
product complex -105.9 -98.6 -93.4 -85.4
gauche TS model 1 33.8 11.9 32.5 13.8 44.9 14.7 39.9 12.7
gauche TS model 2 63.3 41.4 60.8 42.1 75.0 44.8 71.2 44.0

TABLE 2. B3LYP/6-311G* Relative Energies (kcal/mol) for the Baeyer-Villiger Cationic Reaction for Various Model
Systems

11 12 13 14

compd rel E TS ∆E rel E TS ∆E rel E TS ∆E rel E TS ∆E

reactant 0.0 0.0 0.0 0.0
antiperiplanar TS 1.4 0.0 2.6 0.0 8.3 0.0 7.3 0.0
product complex -101.3 -91.6 -88.6 -76.9
gauche TS model 1 9.3 7.9 4.2 1.6 22.6 14.3 11.9 4.6
gauche TS model 2 20.3 18.9 16.6 14.0 42.1 33.8 28.9 21.6
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barriers. The H-C-O angle can be frozen at 105° to
lessen the similarity between the TSG1 structure and the
app transition structure. This gives an estimate of 6.4
kcal/mol for gauche migration, which is 3.8 kcal/mol
higher in energy than app-migration. This difference is
large enough that almost all of the product will result
from app-migration. The rest of the estimated barriers
indicate that gauche migration is highly improbable.

Of interest in the above discussions is that the lowest
value of all the ranges mentioned above is almost always
from model 12 and the highest from model 13. This is
not unexpected since 12 contains a methyl group, which
11 lacks and which is stabilizing to a cationic system.
The formate group in 13, which is missing from 11, is
an inductive electron-withdrawing group, which is de-
stabilizing to cationic systems. The relative energies for
model 14, which has both the methyl and formyl groups,
lie between those of 12 and 13. A more quantitative study
of the effects of the methyl and formate substitutions can
be gained by comparing systems 11 to 12 and 13 to 14,
or 11 to 13 and 12 to 14, respectively. Overall, the methyl
group has only a slight effect, while the formate substitu-
tion has a much larger effect.

Substitution of hydrogen with methyl causes a reduc-
tion in the energy differences between the reactants and
products. In the reactant, the cation is not resonance
stabilized and the methyl substitution will be more
stabilizing than in the products where resonance is

possible. At the RHF level of theory, the methyl substitu-
tion causes a small decrease in the app-barrier as
expected. However, this substitution has essentially no
effect on the app-barrier at the B3LYP level. Using the
X-C-O bond angle as an indication of the position of
the transition state, substitution with methyl causes an
earlier TS at both levels of theory. In most cases, the
methyl substitution has a significant effect on the
estimation of the gauche barriers, leading to a decrease
in the difference between gauche and app energies.

Upon formyl substitution, a reduction in the energy
differences between the reactants and product complexes
is also observed. In this case, the substitution is stabiliz-
ing for the reactant due to the possibility of resonance.
The formyl group is not part of the cation product and
thus probably has little effect on the product relative
energy. At both levels of theory, the formyl substitution
causes significant increases in the app-barrier height and
the gauche barrier estimations, as expected. The effect
of this on the app and gauche barrier differences is
random at the RHF level, but causes only increases in
this difference at the B3LYP level of theory. The position
of the app TS is unchanged by formyl substitution at the
RHF level of theory, while the formyl TS is much later
at the B3LYP level of theory.

Anionic Baeyer-Villiger Rearrangement. The re-
sults from the RHF/6-31G* and B3LYP/6-311G* calcula-
tions for the anionic model systems are given in Tables

FIGURE 3. B3LYP/6-311G* optimized geometries of acetaldehyde plus peroxyformic acid (13) cationic reactant, the antiperiplanar
transition state, and the products (HC(OH)OCH3

+ and formic acid). The gauche transition state is approximated by two different
model systems.
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3 and 4, respectively. Figure 4 contains the B3LYP/6-
311G* anionic geometries of the reactant, the anti-
periplanar transition structure, the product complex, the
gauche TS1 model, and the gauche TS2 model for
acetaldehyde plus peroxyformic acid, 18. For model
system 15, the initial products, formic acid and hydrox-
ide, undergo a proton transfer to give the more stable
complex of formate and water. An estimate of the formic

acid-hydroxide complex was achieved by constraining
the formic acid O-H bond. For systems 17 and 18, the
O-C bond was broken in the reactants, which were
complexes between the peroxyformate and the aldehyde
rather than a single molecule. We were unable to locate
a single molecule intermediate. The O-C bond is present
in the app transition structures and all estimates of the
gauche transition structures reported in this paper.

TABLE 3. RHF/6-31G* Relative Energies (kcal/mol) for the Baeyer-Villiger Anionic Reaction for Various Model
Systems

15 16 17 18

compd rel E TS ∆E rel E TS ∆E rel E TS ∆E rel E TS ∆E

reactant 0.0 0.0 0.0b 0.0b

antiperiplanar TS 59.0 0.0 66.4 0.0 32.8 0.0 41.4 0.0
product complex -69.6a -41.7 -113.9 -79.9
gauche TS model 1 108.1 49.1 93.9 27.5 N/A N/A
gauche TS model 2 135.1 76.1 105.8 39.4 88.3 55.5 94.8 53.4
a O-H bond is frozen. b No covalent bond between O and C.

TABLE 4. B3LYP/6-311G* Relative Energies (kcal/mol) for the Baeyer-Villiger Anionic Reaction for Various Model
Systems

15 16 17 18

compd rel E TS ∆E rel E TS ∆E rel E TS ∆E rel E TS ∆E

reactant 0.0 0.0 0.0b 0.0b

antiperiplanar TS 27.8 0.0 33.1 0.0 7.2 0.0 14.4 0.0
product complex -62.9a -38.0 -103.9 -75.3
gauche TS model 1 45.8 18.0 43.5 10.4 16.7 9.5 16.4 2.0
gauche TS model 2 85.8 58.0 54.9 21.8 36.6 29.4 47.2 32.8
a O-H bond is frozen. b No covalent bond between O and C.

FIGURE 4. B3LYP/6-311G* optimized geometries of acetaldehyde plus peroxyformic acid (17) anionic reactant, the antiperiplanar
transition state, and the products (methylformate and formate). The gauche transition state is approximated by two different
model systems.
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A much larger range of values is observed across the
four model systems than was observed for the cationic
systems. For instance, the anionic products are lower in
energy than the reactants by -41.7 (16) to -113.9 kcal/
mol (17) at the RHF/6-31G* level of theory, a difference
of 72.2 kcal/mol. The corresponding energies for the
cationic systems were only spread over a 20.5 kcal/mol
range.

The RHF app transition structure barriers range from
32.8 kcal/mol for 17 to 66.4 kcal/mol for 16. As was the
case for the cationic models, the barriers are significantly
lower at the B3LYP level of theory, 7.2 (17) to 33.1 kcal/
mol (16). Despite these changes, no effects on the position
of the TS were observed. The stretching of the O-O bond
to estimate the gauche barrier was unsuccessful for
systems 17 and 18 at the RHF/6-31G* level of theory.
The bond lengths obtained for 15 and 16 were 2.6 and
2.4 Å, respectively. The resulting barriers were 93.9 kcal/
mol for 16 and 108.1 kcal/mol for 15. The gauche TS1
estimates worked for all four model systems at the
B3LYP/6-311G* level of theory. This led to barriers of
16.4 (18) to 45.8 kcal/mol (15) and O-O bond lengths of
2.7 Å for 15, 2.5 Å for 16, 2.25 Å for 17, and 2.4 Å for 18.
Employing transition structures from the app-migration
and constraining the O-O-C-app-H dihedral angle
gave energy barriers from 88.3 (17) to 135.1 kcal/mol (15).
This range drops to 36.6 (17) to 85.8 kcal/mol (15) at the
DFT level of theory. The large differences between the
TSG1 estimates and TSG2 estimates observed for the
cationic systems are also present for the anionic systems.

The differences in energy between antiperiplanar
migration and gauche migration, as estimated by the
TSG1 method, were 27.5 kcal/mol for 16 and 49.1 kcal/
mol for 15 at the RHF level of theory. The TSG2
estimates predict the app transition structure to be lower
in energy by 39.4 (16) to 76.1 kcal/mol (15). These
numbers are even larger than those observed for the
cationic systems and indicate that only app-migration
will occur.

Equivalent measurements at the B3LYP level of theory
show the app-barrier to be favored by 2.0 (18) to 18.0
kcal/mol (15) with the TSG1 method and by 21.8 (16) to
58.0 kcal/mol (15) with the TSG2 method. Again, a very
low difference between gauche and app-migration was
observed for the TSG1 method, this time for system 18.
However, in this case, the problem is not caused by the
app transition structure being very early, as was the case
for the cationic system 12. Here, the problem is that the
anti-hydrogen is frozen in the reactant position to prevent
migration, but because the O-C bond is broken in 17
and 18, this angle ends up being similar to the anti-TS
angle of ∼77°. If the H-C-O bond angle is constrained
to 105°, a more appropriate sp3 bond angle, the TSG1
barriers for 17 and 18 are now estimated to be 20.8 and
20.1 kcal/mol. These barriers are 13.6 and 5.7 kcal/mol
higher in energy than the corresponding app-barriers.
Thus, for these anionic systems, the difference between
gauche and antiperiplanar migrations is large, ranging
from 5.7 to 58.0 kcal/mol at the DFT level of theory.

Unlike the cationic systems, the highest values in the
ranges do not come from one particular system, although
most of the lowest values come from system 17. The
formate group, missing from system 15, will be stabilizing
under basic conditions. The methyl substitution should

also be stabilizing since these systems are in the gas
phase. Both methyl and formyl substitutions have large
effects on the relative energies. Comparisons between the
systems can further establish the effect of these substitu-
tions on the anionic systems.

Methyl substitution causes a decrease in the relative
energies between the reactants and products. The sub-
stitution is more stabilizing to the reactant than the
product because the methyl group is not part of the
anionic product molecule. The methyl substitution also
causes large increases in the app-migration barriers. In
the transition state, the migrating methyl group is no
longer able to stabilize the anion, increasing the barrier
height. Correspondingly, slightly later transition struc-
tures are observed for the methyl-substituted systems,
based on the X-C-O bond angles. The effect on the
gauche migration barriers is mixed from increases, to
decreases, to no change. This is not surprising since these
structures are not stationary points and the effect of
substitutions can thus be unpredictable. For the most
part, decreases in the energy differences between the app
and gauche barriers are observed.

Substitution of formyl causes very large increases in
the relative energies between the reactants and products.
The formyl group is able to provide resonance stabiliza-
tion of the anion in the product, but not in the reactant.
As a result of the increase in exothermicity, large
decreases in the app-migration barriers and earlier
transition structures are observed. This is in accordance
with the Hammond postulate. The gauche barriers are
also decreased by formyl substitution; however, in some
cases the decrease is larger than for app and sometimes
it is smaller. This results in random changes in the
differences between the app and gauche barriers upon
formyl substitution.

Comparison of the Cationic and Anionic Systems.
For formaldehyde plus peroxide, the reaction of the
anionic system is less exothermic by 36 (RHF) or 38 kcal/
mol (DFT) compared to the cationic system. This leads
to higher energy barriers and a later transition state for
the anionic system. It has been demonstrated previously
that a poor leaving group causes an increase in the
energy barrier of the Baeyer-Villiger reaction.51,58,59 The
cationic system has a good leaving group in water, while
the anionic system has a poor one in hydroxide. A similar
pattern in the exothermicities and barriers is observed
for the cationic and anionic acetaldehyde plus peroxide
systems, since they have the same leaving groups, water
and hydroxide, respectively.

For formaldehyde plus peroxyformic acid, both the
cationic and anionic systems have acceptable leaving
groups in formic acid and formate. In this case, the
anionic system is more exothermic than the cationic by
20 (RHF) and 15 kcal/mol (DFT). Presumably, the anion
product, formate, is better stabilized by resonance than
the cation product, HC(OH)OH+. Despite this, little
change is observed in the app-barriers. As expected, the
DFT positive and negative transition structures are at
approximately the same stage, though the anionic RHF
transition structure is earlier than the cationic.

(58) Winnik, M. A.; Stoute, V. Can. J. Chem. 1973, 51, 2788.
(59) White, R. W.; Emmons, W. Tetrahedron 1962, 17, 31.
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The addition of a methyl group to the above system
should help stabilize the cation product, HC(OH)OCH3

+,
but have no effect on the anion product, which is still
formate. This should reduce the difference in the exo-
thermicity between the anionic reaction and the cationic
one. This hypothesis is supported by the calculations that
show little difference in the exothermicity of the two
systems (5 kcal/mol RHF, -2 kcal/mol DFT). In contrast,
the app-barriers are significantly higher for the anionic
systems, and correspondingly the transition states are
later.

Summary

In both the cationic and anionic systems, antiperipla-
nar alignment was the only arrangement that led to
viable transition states. The unfavorability of gauche
migration was emphasized by the nonexistence of transi-
tion states for this pathway. Constrained models of
gauche migration were used to estimate an energy
difference between gauche and anti migration. The latter
was found to be lower in energy by at least 3.8 kcal/mol
for the cationic system and by at least 5.7 kcal/mol for
the anionic system. The B3LYP results indicate that
according to the possibly more accurate TSG2 estimates,
gauche migration is disfavored by as much as 33.8 kcal/
mol for the cationic system and 58.0 kcal/mol for the
anionic system. The acetaldehyde plus peroxyformic acid
system provides the best model of actual experimental
systems. The cationic range for gauche migration was 4.6

to 21.6 kcal/mol and the anionic was 5.7 to 32.8 kcal/
mol. Thus, the antiperiplanar migration is also strongly
favored energetically and contributes to the observed
enantioselectivity of the Baeyer-Villiger reaction. In the
antiperiplanar transition structure, there is good orbital
overlap between the migrating group and the breaking
peroxide bond. As expected, bond breaking cannot be
stabilized by orbital overlap in the gauche transition
structure and some destabilizing interactions may even
be present. This study unambiguously defines the pre-
ferred geometry of the Criegee intermediate and provides
greater understanding of how stereoselective catalysts
for the Baeyer-Villiger reaction work.
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