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ABSTRACT

Transition structures have been located for oxygen transfer from performate anion to ethylene, propene, vinylamine, vinyl chloride, vinyl
cyanide, and 2-propen-1-ol at the B3LYP/6-31+G(d,p) level in a CPCM continuum model for water. Oxygen transfer is concerted, except for
acrylonitrile, which is stepwise. Peracid anions react as ambiphilic oxygen donors. Predictions are made about the diastereoselectivity of
epoxidations of acylic, chiral, and allylic alcohols in an alkaline solution, and one is verified experimentally.

Peracids are electrophilic oxidants that transfer oxygen
preferentially to electron-rich alkenes. However, base ca-
talysis can increase the stereoselectivity of peracid epoxi-
dations.1 To understand the nature of epoxidations by peracid
in the presence of aqueous base, we have located transition
structures for oxygen transfer from peracid anions to various
alkenes with quantum mechanical methods. We report on
the reactivities of peracid anions and the origins of their
highly selective epoxidations of cycloalkenols. We also make
predictions about the stereoselectivities of epoxidations of
acyclic allylic alcohols and report on the highly diastereo-
selective epoxidation of a chiralZ-allylic alcohol.

The highly selectivesyn-epoxidation of a series of cyclo-
alkenols by monoperoxyphthalic acid in an aqueous solution
of 1 M NaOH has been reported (Scheme 1).2 Epoxidations

in aqueous base are far more selective, leading tocis-
hydroxyepoxides, than epoxidations in nonpolar solvents. The
regioselective 2,3-epoxidation oftrans-3,7-dimethyl-2,6-
octadien-1-ol (geraniol) bym-chloroperoxybenzoic acid in
the presence of aqueous NaOH has also been observed.3

It is believed that directed epoxidations by peracids in
nonpolar solvents are a result of hydrogen bonding between
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the hydroxyl group and the peracid oxygens. Hydrogen
bonding delivers the peracid to one face of the alkene.4 This
effect is diminished in polar solvents.4 However, reactions
are even more selective in aqueous base, as described above.
In general, alkaline media have been used for the preparation
of epoxides that are acid labile5 or epoxides of electron-
deficient alkenes.6 In addition to epoxidations, base-promoted
oxidations by peroxy acids have found utility in the oxidation
of sulfoxides to sulfones7 and the preparation of nitroxyl
radicals from amines.8

The pKa values of peracids are around 8.2,9 and the pKa

values of monoperoxyphthalic acid in water are 3.0 and 8.2.10

Thus, in a 1 Msolution of NaOH, pH 12, peracids exist as
anions, and monoperoxyphthalic acid as a dianion. The
selectivities of the base-promoted directed epoxidations have
been rationalized by the transition state shown in1.2,3c In 1

the peracid anion attacks the alkene and the hydroxyl
hydrogen serves as a surrogate for the peracid hydrogen in
the butterfly transition state. This transition state is analogous
to that for neutral epoxidations of2. In the regioselective
epoxidation of geraniol, the allylic double bond is argued to
be more accessible to the peracid in the aqueous phase.3a

On the basis of the observation that certain electron-deficient
Z- andE-alkenes give the same epoxide product (Scheme
2), a two-step mechanism has been proposed involving

nucleophilic attack at theâ-C, to form an R-C anion,
followed by ring closure.11 Recently, it has been suggested

that in basic media a peracid may be in equilibrium with
the oxydioxirane,3, and the latter may be responsible for
oxygen transfer.12 We have explored all of these eventualities
with computational methods.

All calculations13 were performed at the B3LYP/6-
31+G(d,p)14 level with a water solvent continuum model
(CPCM,15 ε ) 78.4). Performate, peracetate, and perbenzoate
were found to have two energy minima; these are sum-
marized in Figure 1. Performate has a small, 0.4 kcal/mol,

preference forsynconformationA, while largersynprefer-
ences were found for peracetate and perbenzoate anions.
Electrostatic potential derived charges for all three peracids
show that the charge is shared about equally between the

(4) Evans, D. A.; Fu, G. C.Chem. ReV.1993,93, 1307.
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Scheme 2

Figure 1. B3LYP/6-31+G(d,p) CPCM (ε) 78.4) optimized
structures for performate anion:A, syn conformation, andB, anti
conformation. Relative energies for the corresponding peracetate
and perbenzoate are also shown. Energies are in kcal/mol. Distances
are in angstroms.
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carbonyl and terminal peroxy oxygens. Three resonance
structures for performate are drawn in4-6. Computed
charges suggest that the peracid anion may be represented
mainly as 4 and 5, the latter structure representing a
performate anion coordinated to a singlet oxygen atom, a
so-called oxene. The charge-separated structure,6, does not
contribute substantially.

Figure 2 shows transition structures for epoxidation of
ethylene by thesynandanti conformers of performate and

by the oxydioxirane. The activation energies for epoxidation
by peracetate and perbenzoate anions are also shown. The
transition state involving thesynconformation of the peracid
anion is disfavored for performate but favored for peracetate
and perbenzoate. Apparently, the inherent electronic prefer-
ence for attack in conformationB is overcome by steric
hindrance. Attack in conformationA is a better model for
substituted peracids. All transition states are spiro and show
concerted oxygen transfer. This arrangement allows maxi-
mum overlap between theπ-HOMO of the peracid and the
LUMO of the alkene, with simultaneous overlap between
the alkene HOMO and theσ* orbital of the oxidant. Gas-
phase transition states forC andD were more asynchronous
and nucleophilic in nature with performate anion; forming
bond lengths of 2.16 and 1.84 Å forC and 2.37 and 1.87 Å
for D were calculated. The high dielectric constant stabilizes
charge-separated structures, and thus results in concerted
oxygen transfer. A concerted mechanism is consistent with
the observation of 95% stereospecific epoxidation of styryl-
sulfones.11

A transition structure could not be located for epoxidation
by the oxydioxirane isomer of performate. However, con-

strained gas-phase optimization gave structureE, which has
two imaginary frequencies and a single point energy of 30.4
kcal/mol relative to separated reactants in a dielectric ofε

) 78.4.
Activation energies and transition state bond lengths for

epoxidations of propene, vinylamine, vinyl chloride, and
acrylonitrile by performate, in conformationA, are shown
in Figure 3. The activation energy remains the same for

ethylene and for the more electron-rich propene. For vinyl-
amine, an electron-rich alkene, the activation energy de-
creases by 2 kcal/mol. For chloro and cyano substituents,
electron acceptors, the activation energy decreases by 4 and
13 kcal/mol, respectively, compared to ethylene. In contrast,
for neutral performic acid, the activation energy for epoxi-
dation of propene and vinylamine decreases by 2 and 8 and
kcal/mol, respectively, and increases for acrylonitrile by 4
kcal/mol, at the B3LYP/6-31G* level.16

The TS for epoxidation of vinylamine by performic acid
is highly asynchronous. Bond formation to the more electron-
rich carbon (the unsubstituted terminus) is 0.43 Å more
advanced than bond formation to the carbon bearing the
amino group. A similar (0.31 Å) difference in bond lengths
was calculated for epoxidation of vinylamine by performate.
Here, the performate anion appears to be acting as an
electrophile. The TS for epoxidation of vinyl chloride has
the longer forming bond to the carbon attached to chlorine.
The chlorine atom stabilizes the transition state by stabilizing
the negative charge that is formed.17 This is opposite to what
is observed for epoxidation of electron-poor alkenes by
performic acid. Here, performate appears to be acting as a
nucleophile. For the epoxidation of acrylonitrile the mech-
anism becomes two-step, and the activation energy for
nucleophilic attack is lower by 12 kcal/mol. A two-step
mechanism is consistent with the observation that strongly
electron-poor alkenes give nonstereospecific epoxides.11

Transition states for the epoxidation of allyl alcohol by
performate are shown in Figure 4. StructureF has the lowest

(16) Deubel, D. V.J. Org. Chem.2001,66, 3790.
(17) Schleyer, P. R.; Clark, T.; Kos, A. J.; Spitznagel, G. W.; Rohde,

C.; Arad, D.; Houk, K. N.; Rondan, N. G.J. Am. Chem. Soc.1984,106,
6467.

Figure 2. B3LYP/6-31+G(d,p) CPCM (ε ) 78.4) transition
states: C and D for epoxidation of ethylene by anti and syn
performate, respectively, and second-order saddle point,E, for
epoxidation of ethylene by the oxydioxirane isomer of performate.

Figure 3. B3LYP/6-31+G(d,p) CPCM (ε ) 78.4) transition states
for epoxidation of substituted ethylenes by performate. The
geometry shown on the left is for X) Cl and that shown on the
right is for X ) CN.

Org. Lett., Vol. 4, No. 16, 2002 2663



activation energy of 14.4 kcal/mol. InF, the alkene has a
CdC-C-O dihedral angle of 26°, and the hydroxyl group
forms two hydrogen bonds with distances of 1.92 and 2.25
Å to O1 and O2, respectively. StructureG is similar in
energy, only 0.5 kcal/mol higher, and has a CdC-C-O
dihedral angle of 112°. In this structure the hydroxyl group
forms two hydrogen bonds with distances of 1.80 and 2.49
Å to O1 and O2, respectively. StructureH, where hydrogen
bonding is absent, is 3.4 kcal/mol higher in energy. The
calculated activation energies for epoxidation of allyl alcohol
by performate are in accord with the experimentally observed
cis:transepoxide ratio found in epoxidation of cyclohexenol
and other cyclic, allylic alcohols by monoperoxyphthalic acid
in aqueous NaOH. On average, these reactions give a 99:1
ratio of cis:transproducts. The 0.5 kcal/mol preference for
F overG is due to the preference for 2-propen-1-ol to exist
in the conformation shown inF. For epoxidation of cyclic
allylic alcohols the alkene conformation shown inF is not
easily achieved, and a transition structure analogous toG is
more likely.

In our transition state model, performate shows a prefer-
ence for hydrogen bonding to the hydroxyl rather than water
(modeled by a continuum dielectric). Intramolecular hydro-
gen bonding plus hydrogen bonding by water better solvates
performate than water alone. Directed epoxidations in
aqueous base bear resemblance to dichlorocarbene cyclo-
propanation of allylic alcohols in the presence of aqueous
NaOH. For example, cyclohex-2-en-1-ol gives thecis and
trans cyclopropanes in a 10:1 ratio.18

For directed epoxidations of acyclic, chiral allylic alcohols
under neutral conditions, the diastereoselectivity is deter-
mined by the preferred CdC-C-O dihedral angles in

various transition states.19 Transition structureG has a
dihedral angle of 112°, which is favored for7, but not for6,
due to A1,3 strain. The epoxidation of a chiralZ-allylic alcohol
occurs via7 for peracids.

To test whether7 is also preferred for peracid anions as
is predicted theoretically from the results in Figure 4, alkene
819 was synthesized and treated with monoperoxyphthalic
acid in 1 M NaOH (Scheme 3).2 Alkene 8 yielded thesyn

epoxide,9, in 98% selectivity by1H NMR analysis20 and in
nearly quantitative yield.21 Compared to other oxidants,
including metal-catalyzed systems, the diastereoselectivity
observed here for the epoxidation of822 is comparable. Other
systems are reported to give a 95:5 ratio ofsyn:anti
products.22 Peracid anions behave as ambiphilic oxygen
donors. Electron donating and withdrawing groups on an
alkene both lower the activation energy for epoxidation. For
unactivated, electron-rich and moderately electron-poor al-
kenes, oxygen transfer occurs in a spiro, concerted process.
For highly electron-poor alkenes the mechanism becomes
stepwise. For the epoxidation of allylic alcohols, optimal
directivity should occur when the allylic hydroxyl group is
able to hydrogen bond to the peracid. Epoxidations of chiral
Z-allylic alcohols in alkaline solution yield thesynepoxide.
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Figure 4. B3LYP/6-31+G(d,p) CPCM (ε ) 78.4) transition states
for epoxidation of 2-propen-1-ol by performate. Angles are CdC-
C-O dihedrals.

Scheme 3
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