
Abstract. DFT studies have been carried out in order to
investigate the reaction mechanism of a series of acid-
catalysed oxidative ring-opening of epoxides in DMSO.
The role of the acid catalyst during the oxidation of
ethylene oxide has been investigated by employing three
acids, namely H3O

+, Li+, and Mg2+. Effects of sub-
stituents on the epoxide have been investigated by
including butene oxide and cyclopentene oxide as the
reacting species. Stationary points have been obtained at
the B3LYP/6–31++G(d,p) level of theory and the
reaction barriers have been evaluated through free-
energy calculations. This is the first mechanistic eluci-
dation for such a process, involving oxidation of the
epoxide ring by DMSO. The mechanism proceeds in two
steps, namely a ring-opening step followed by an intra-
molecular proton transfer which leads to an a-hydrox-
yketol. The results show that the second step is the
energetically less favourable, a feature consistent with the
harsh experimental conditions needed to obtain such
products. The role of the acid catalyst is discussed and we
show that use of H3O

+ or Mg2+ as an activator leads to
similar results concerning the reaction energetics.

Keywords: Density functional theory – Epoxide – Ring-
opening Lewis acid-catalyst – Reaction mechanisms

Introduction

Epoxides are known to be important intermediates in
organic synthesis, as they can potentially be converted
into a large number of functional groups and chiral

products, by various ring-opening addition and isom-
erisation reactions [1–7].

Despite the large number of papers dealing with
epoxide transformations, oxidation reactions have, up to
now, received only limited interest. Such oxidative
processes are made possible through the use of an
oxygen donor within the system, together with different
kinds of acid catalyst, such as BF3.Et2O [8] and Me3
SOTf [9], or Brönsted acids such as CF3COOH and
CF3SO3H [10, 11]. The use of dimethyl sulfoxide
(DMSO) has been described as playing the role of
solvent and oxidant in such reactions [12–14].

Oxidation processes based on the use of DMSO are
involved in various syntheses [12, 13, 14]. Applied to
epoxides, acid-catalysed DMSO-based oxidations can
proceed either through C–C bond cleavage of the
epoxide ring, and eventually lead to different kinds of
product such as aldehydes and carboxylic acids [15], or
without C–C bond cleavage and lead to a-functionalised
ketones such as a-ketols [10] and a-diketones [16, 17].
The reaction mechanism of such epoxide oxidative ring-
opening is still unknown. In this work, we explore the
reaction pathways and especially the effect of the cata-
lyst and substituents on the starting epoxide, by means
of density functional calculations.

Method

Calculations were performed using the Gaussian98 suite
of programs [18]. Geometries were optimised at the
B3LYP level [19, 20]. The B3LYP functionals have
allowed us to consider a large number of calculations
that could not have been conducted at any higher level
of theory. To assess the validity of a DFT-based ap-
proach we have conducted calculations at CCSD(T) le-
vel of theory. Table 1 presents the reaction free energies
for the oxidative opening of ethylene oxide with both
B3LYP and coupled cluster Hamiltonians, considering
the two steps of the oxidative ring-opening process, as
depicted in Scheme 1.
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Since, to our knowledge, no accurate experimental
value is available, CCSD(T) can be considered to give
reference values for this reaction. The small difference
between B3LYP and the much more time-consuming
CCSD(T) results (respectively 6.5% and 9% for steps 1
and 2) confirms the possibility of using the B3LYP set of
functionals in the rest of the studies.

The necessity of considering polarisation functions to
properly describe sulfoxide-containing systems has been
clearly discussed [21–23]. However, Cubbage et al.
concluded that even a relatively modest basis set such as
6–31G(d,p) could give energetic results in an acceptable
range [21]. We have, however, chosen to add diffuse
functions to all atoms in our system, considering that
proton exchange could occur in the oxidative process of
the reaction.

Harmonic vibrational frequencies were obtained at
the same level of calculations (B3LYP/6–31++G(d,p))
and were used to characterise energy minima (no
imaginary frequency) and first-order saddle points (one
imaginary frequency). Thermal corrections to Gibbs free
energy results and zero point energy values were also
obtained from the frequency calculations. Connection
between the minima and the corresponding transition
states have been checked by means of IRC calculations.

In order to analyse the role of electronic polarisation
of ethylene oxide in the geometry of the complex with a
metal cation, let us write the interaction energy between
the epoxide and the cation charge as:
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where Ĥ0 is the epoxide Hamiltonian in a vacuum and
V̂ q the coulomb potential created by the cation.
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is the energy of the unpolarised epoxide
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is the energy of the polarised
epoxide in the presence of the cation charge. The elec-
tronic polarisation component is obtained from:
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Such energy decomposition should be useful in the
analysis of the energy components between the cationic
catalyst and the epoxide ring.

Results and discussion

Nucleophilic attack and epoxide opening by DMSO

From experimental studies of the Brönsted acid-cataly-
sed oxidation of cyclohexene oxide and styrene oxide
(4 and 5, respectively, in Scheme 2), it is known that
activation of the epoxide by the acid catalyst results
in nucleophilic ring-opening of this activated epoxide
by DMSO. An a-hydroxyalkoxysulfonium ion is
formed as an intermediate and has been isolated in its salt
form with the corresponding counter-ion provided by the
Brönsted acid [10]. This intermediate is the starting point
for a second step during which an oxidation process
occurs, leading to a-hydroxycarbonyl compounds.

Stationary points for such a transformation have
been characterised using model epoxides and model
catalysts. We have first chosen to consider the smallest
epoxide, ethylene oxide (1 in Scheme 2), which allows us
to envisage various activation effects in reduced calcu-
lation times. In addition, in an effort to rationalise the
effect of the 1,2-substituents on the epoxide, two other
reactants have been investigated, butene oxide (both cis
and trans-forms have been considered, further labelled
2cis and 2trans) and cyclopentene oxide (3). The latter
may provide information on the effect of strain and
steric hindrance through such a reaction.

Moreover, to assess the effect of the catalyst, we have
performed our calculations with three different acids,
namely H3O

+, the singly-charged Li+ cation, and the
doubly-charged Mg2+ cation. These three activating
species have been introduced for the reaction involving
ethylene oxide, whereas only H3O

+ acid has been used
for all the epoxides (1, 2cis, 2trans, and 3).

For the sake of simplicity and minimising confusion,
all the structures related to the nucleophilic attack of
DMSO on the various epoxides are denoted as CPX1,
TS1, and PD1 for the first step of ring-opening and TS2
and PD2 for the second step of the oxidative process.
The nature of the catalyst and the epoxide will be
specified when necessary. For butene oxide, unless
specified otherwise, values in the figures, tables, and in
the text all refer to cis configuration since only slight
differences have been observed between the two isomers.
A representation of the reaction path is given in Figs. 1a
and 1b. Structures of the complexes, transition states,

Table 1. Ethylene oxide oxidative ring-opening reaction free
energies (two steps) at B3LYP and CCSD(T) levels of theory, in
kcal Æmol)1. See text for details

Level of theory/Basis set First step Second step
B3LYP/6–31++G(d,p) )23.2 )30.7
CCSD(T)/6–31++G(d,p) )24.8 )27.9

Scheme 1. Acid-catalysed oxidative ring-opening of epoxide by
DMSO

Scheme 2. Representation and labelling of the different epoxides
discussed in the text
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and products are presented in Fig. 2, for comparison of
the influence of the Lewis acid, and in Fig. 3 for analysis
of the role of the 1,2 substituent.

The ring-opening process consists in an SN
2 attack of

DMSO on one of the two carbon atoms of the activated
epoxide. Prevalence of the SN

2 process with respect to the
SN

1 process has been evaluated to be more than 40 kcal
mol)1 for the ethylene oxide/H3O

+ system. Therefore,
the SN

1 process has not been investigated further on
other systems, due to its large activation energy.

Also, theoretical investigation of epoxide ring-open-
ing reaction without catalyst did not lead to stationary

points similar to those found with a cationic catalyst,
confirming the crucial role played by the cation
throughout the reaction.

Structural evolution

Concerning the starting complex, CPX1, some discrep-
ancies in the C–Obond lengths and in theDMSO/epoxide
distances can be put forward depending on the activating
species. The different behaviour of the Li+ and Mg2+

Lewis acid metal centres and the Brönsted acid arises
mainly from the difference in the charge of the catalyst and

Fig. 1. (a) Reaction pathways
for H3O

+-catalysed oxidative
ring-opening by DMSO with
various epoxides. (b) Reaction
pathways for the H3O

+, Li+,
and Mg2+ acid-catalysed
oxidative ring-opening by
DMSO of ethylene oxide.
Barrier heights and final
product exothermicity are
shown. Values for the simplest
model 1/H3O

+ are given in
both figures
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in the structural evolution of the complex within the
reaction process. While H3O

+ is able to transfer a proton
to the oxygen atom of the epoxide, leading to the forma-
tion of a covalent O–H bond (dO–H�1 Å), the Lewis
acids, in contrast, can only act through an electrostatic
interaction. With H3O

+, the system can thus be consid-
ered as a formally charged protonated epoxide, solvated
by a water molecule. These different effects lead, for
example, to some interesting variations in the DMSO
oxygen atom and the epoxide carbon atom distance.
Indeed, d(C–O) is 2.51 Å, 2.67 Å, and 2.77 Å for H3O

+,
Li+ andMg2+ respectively. Concerning the activated C–
O bond length in the epoxide, both Mg2+ and H3O

+

activators give the same bond lengths (1.55 Å), while Li+

gives a shorter value (1.49 Å), revealing a somewhat
weaker activation of the epoxide ring.

In the case of butene and cyclopentene oxides
(Fig. 3), the steric effect of the substituents leads to
DMSO/epoxide distances larger than those found with
DMSO/ethylene epoxide (2.83 Å and 2.77 Å respec-
tively vs 2.51 Å). All these structures lead to a transition
state where the epoxide ring is opened and a bond is
formed between the oxygen atom of the DMSO and the
attacked carbon atom of the epoxide (see Fig. 3).

The largest structural evolutions starting from the
CPX1 complex to the transition structures occurs in the
case of activation by the Li+ cation. Indeed, the C–O
bond in TS1 is 1.88 Å, i.e. 0.39 Å longer than in the cor-
responding complex, and theC–Obond to be formedwith

DMSO has a length of 2.03 Å, i.e. 0.64 Å shorter than in
CPX1. A contrario, the weakest evolutions are noted for
theMg2+ catalyst where the epoxide ring C–O bond only
increases by 0.08 Å and the DMSO–epoxide distance
decreases by 0.36 Å. In the case ofH3O

+, the evolution of
the C–O bond to be formed is in the range 0.20 to 0.26 Å.
The major difference in this series is reported for the C–O
bond to be formed with DMSO—while this distance only
decreases by 0.33 Å for the ethylene oxide, this contrac-
tion reaches �0.50 Å for the CH3– and –(CH2)3– substi-
tuted cases. This can be easily explained by the fact that
this approach requires the reorganisation of the attacked
carbon atom and of the substituentR,more difficult when
R=CH3– or –(CH2)3–.

In the a-hydroxyalkoxysulfonium products (PD1) the
epoxide ring is clearly opened and the DMSO oxygen
atom is bonded to the carbon atom of the epoxide (dC–
O�1.5–1.6 Å). Note however that the shortest distance
is found for the Mg2+ case while, in contrast, the dis-
tance is the longest in TS1. The products obtained by the
Lewis acids activation are made up of a single entity,
since a tight bond is observed between the opened
epoxide and the metal (d(O–A)=1.64 Å and 1.77 Å for
A=Li+ and Mg2+, respectively).

Energetics

In all cases, the transition states appear early in the
reaction, as the distance between the oxygen atom of

Fig. 2. Optimised structures with characteristic
distances of the DMSO/epoxide/metal systems. PD2
DMS molecule is not shown
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DMSO and the epoxide carbon atom is smaller between
the reactants and the TS than between the TS and the
products. This early transition state leads to an exo-
thermic reaction, according to Hammond’s postulate.
The energetics for the oxidative ring-openings initiated
by various catalysts are summarised in Table 2.

The complex obtained between the activated epoxide
and the DMSO solvent molecule requires an activation
energy of less than 4 kcal Æmol)1 for all the systems ex-
cept 1/Li+, where this activation is 12.4 kcal Æmol)1.
This result is in accordance with the weakest activation
of the epoxide ring C–O bond noticed previously.
However, it is clear that this low activation energy is
easily overcome at room temperature, due to the well-
known opening ability of epoxide ring [24], and is not
the kinetically determining step.

The first step of the ring-opening is found to be
exothermic in all cases, especially in the case of activa-
tion by Mg2+ where the exothermicity is evaluated to be
42.2 kcal Æmol)1.

Concerning the role of the substituents, note that cis-
and trans-butene oxides lead to a weaker activation
barrier than for the non-substituted epoxide and cannot
be considered then to be large enough to perturb the

approach of the DMSO towards the epoxide ring (see
Fig. 3). Conversely, cyclopentene oxide presents an
activation barrier that, although weak, is about three-
fold larger than for ethylene oxide (4.2 kcal Æmol)1). For
these products we observe weaker exothermicity than for
ethylene oxide. The production of the alkoxysulfonium
ion requires the rotation of the S–O bond of DMSO
around the carbon atom of the epoxide. This rotation is
more difficult in the case of substituted epoxide. This
results in products more than 5 kcal Æmol)1 higher in
energy relative to the corresponding reactants than in
the ethylene oxide case.

Fig. 3. Optimised structures
with characteristic distances of
the DMSO/substituted epoxide/
H3O

+ system. PD2 DMS
molecule is not shown

Table 2. Calculated Gibbs Free energies barriers (DG298 K) of the
stationary points on the potential energy surface at the B3LYP/
6–31++G(d,p) level of theory, related to the starting complexes.
See text for details

System/catalyst CPX1 TS1 PD1 TS2 PD2

1/Li+ 0.0 12.4 )1.6 40.3 )56.1
1/Mg2+ 0.0 0.1 )42.1 2.7 )51.7
1/H3O

+ 0.0 1.5 )23.2 28.3 )41.6
2
cis/H3O

+ 0.0 0.1 )17.7 36.7 )47.4
2
trans/H3O

+ 0.0 1.3 )15.1 37.3 )46.8
3/H3O

+ 0.0 4.2 )16.9 38.5 )46.8
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Atom charge distribution and polarisation energies

Atom charges have been obtained by the natural pop-
ulation analysis tool implemented in the Gaussian98
package. The polarisation of the O–M bond increases
along the ring-opening reaction path. The largest effect
is observed with the presence of the Mg2+ ion, where the
epoxide oxygen atom charge decreases from )0.91e to
)1.20e during the first step. Nevertheless, it has to be
noted that in the meantime the charge of the Mg2+

cation increases drastically in the direction 1.64e, 1.88e,
and 1.92e for CPX1, TS1, and PD1, respectively.

Concerning Li+, its effect on the oxygen atom is
comparable with that of Mg2+, with evolution of the
oxygen atom charge of �0.3e, but starting from a less
polarised oxygen charge ()0.79e to )1.10e ). The Li+

charge remains very close to unity along the reaction
path: 0.99e, 0.98e, and 0.97e for CPX1, TS1, and PD1,
respectively. This may be partly rationalised by the hard
acid [25] characteristic of this Lewis acid and led us to
propose an analysis of the polarisation energy for such a
complex. The polarisation component of the binding
energy between Li+ and the epoxide has been evaluated
according to Eq. (1) at the B3LYP/6–31++G** level of
theory. Energy discrimination between electrostatic and
pure polarisation components can reasonably be per-
formed when alkali cations are involved, due to small
charge transfer [26]. The polarisation component of the
epoxide/DMSO complex with Li+ has been evaluated to
be )29.9 kcal mol)1 which quantifies the large polaris-
ability of such a compound. The total electrostatic
component (polarisation and coulomb components) is
found to be )75.4 kcal Æmol)1. Unfortunately, such
analysis cannot reasonably be performed either with the
Mg2+ Lewis acid, due to a too large charge transfer, or
with the H3O

+ catalyst, for which a hydrogen atom is
transferred to the epoxide.

Concerning the charges in the H3O
+-catalysed sys-

tem, the proton remains strongly charged (evolution
from 0.56e in CPX1, to 0.55e and 0.53e in TS1 and PD1,
respectively), the ring oxygen atom charge thus de-
creases less in the three stationary points (evolution from
)0.59e to )0.79e). Whichever the catalyst is, it produces
a weak effect on the DMSO molecule. In all three cases
(A=H3O

+, Li+, or Mg2+), the DMSO oxygen atom
charge decreases along the reaction path, due to the
formation of a covalent bond with the epoxide carbon
atom, although the sulfur atom keeps a large positive
charge.

Conclusion

The analysis of the distance evolution, together with the
charge distribution descriptions, leads us to a better
understanding of the important energy difference
between the Li+ case and the other cases. It appears
clearly that Li+ shows a weaker polarisation strength
than H3O

+ or Mg2+ and leads a lower activation bar-
rier for this first step. On the other hand, H3O

+ and

Mg2+ catalysts exhibit amazingly comparable effects
although the means of lowering the barrier are com-
pletely different: important charge-transfer and polari-
sation effect in the Mg2+ case, as opposed to the
creation of a covalent OH bond in the H3O

+ case.

Carbon atom oxidation

This second step of the reaction is the oxidative process
after the ring-opening step. From an experimental point
of view, this step always requires strong activation, since
it was reported to need basic treatment, high tempera-
ture [10], or microwave irradiation [27].

It has been checked that the starting structure for this
step is PD1 since no structural reorganisation is neces-
sary to directly reach TS2. The oxidation of the carbon
atom is accomplished by elimination of a hydrogen atom
and its transfer to the epoxide oxygen atom as a proton,
which leads to the formation of an a-hydroxycarbonyl
compound with regeneration of the activator and the
production of dimethylsulfide (DMS) (see Scheme 1).

A reaction path which involves oxidation of the
carbon atom through the transfer of the hydrogen atom
to the DMS and formation of protonated DMS has been
calculated to require an energy of �75 kcal Æmol)1 in all
the cases studied here. Such a reaction can thus be
considered as marginal in the oxidative process and will
not be described further.

Structural evolution

The transition state for this step, denoted TS2, features
intramolecular proton transfer from the attacked carbon
atom by DMSO towards the oxygen atom of the epox-
ide, accompanied by an elongation of the catalyst–oxy-
gen atom distance.

Let us first consider ethylene oxide under the acti-
vating action of the three acids. Inspection of the
structures (see Figs. 2 and 3) shows that the intramo-
lecular proton transfer from the attacked carbon by
DMSO to the vicinal oxygen atom is asymmetric. In-
deed, in all the cases this proton is closer to the oxygen
atom than to the carbon one. A slight difference exists
between the H3O

+ catalyst on one hand and the two
Lewis acids on the other hand as this transfer is clearer
in the former case (dO...Htransferred: 1.12 Å vs 1.18 Å and
C–Htransferred: 1.64 Å vs 1.51–1.54 Å). On the DMSO
side, both H3O

+ and Li+ activators lead to comparable
results but Mg2+ case exhibits the shortest C–O distance
and the longest S–O bond length.

Concomitant with these atom displacements, one has
to consider also the elongation of the oxygen/activator
bond which is part of the normal mode of the transition
state. Here again, some discrepancies can be put forward
between the two Lewis acid cases and the H3O

+ one. In
the metal activators cases, both the O–Li+ and O–Mg2+

distances increase (by 0.09 Å and 0.16 Å respectively).
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For H3O
+, the behaviour is completely different—the

proton already covalently bonded to the oxygen atom is
back-transferred to the water molecule. This leads to a
decrease of the distance between the complex and the
water molecule by 0.19 Å.

The effect of substitution is rather weak since the
geometries obtained show structural parameters with
values close to the ethylene/H3O

+ system, except for one
point concerning cyclopentene oxide. Indeed, in the
corresponding transition state the hydrogen transfer is
the most advanced among all the series we consider (dO–
H: 1.09 Å and dC–O: 1.70 Å).

This hydrogen transfer along with elongation of the
S–O distance leads, in all cases, to the products denoted
PD2, which is composed of two sub-units, namely an a-
hydroxycarbonyl compound bonded to the catalyst and
a DMS molecule.

Atomic charges distribution

In TS2, the net atomic charges of the two metal cations
are 0.98e and 1.41e for Li+ and Mg2+ respectively,
showing an important evolution of the charge transfer
between the Mg2+ and the oxygen atom from PD1 to
TS2. Concerning H3O

+ activation the charge of the
hydrogen atom bonded to the oxygen of the starting
epoxide changes only slightly with respect to PD1
structure (0.56e in the present TS) indicating that it is
still tightly bonded to the oxygen atom. The hydrogen
atom being transferred and the corresponding oxygen
atom show quite polarised charges. For Li+ one obtains
O: )1.05e and H: 0.41e; for Mg2+, O: )1.02e and H:
0.44e; for H3O

+, O: )0.79e and H: 0.46e.
The effect of the substitution is rather weak and leads

to values comparable to the case of the H3O
+/ethylene

oxide molecular system.

Energetics

Values are listed in Table 2 and also indicated in
Figs. 2 and 3. The ranking of the barrier heights has
changed compared with the first step. In the second
step the Li+ system now leads to the weakest energy
barrier of the series (+41.9 kcal mol)1) while acti-
vation energies for Mg2+ and H3O

+ are higher
(+44.8 kcal Æmol)1 and +51.5 kcal Æmol)1, respec-
tively). This can be rationalised by the fact that no
important charge transfer occurs between the Li+

cation and the rest of the molecular system. Thus, the
creation of the O–H bond leads only to an increase of
the cation–oxygen atom distance. On the other hand,
the same displacement for Mg2+ is more difficult, due
to its double positive charge and to the important
charge transfer which exists in the transition state
structure. The higher barrier is found in the case of
the H3O

+ system where breaking of a covalent O–H
bond has to be overcome to regenerate H3O

+. This
barrier is only slightly increased by substitution of
ethylene oxide by butene or cyclopentene oxide. This
increase is due to a spatial rearrangement of DMSO
around the epoxide-attacked carbon which rotates
around the C–C bond to present the hydrogen atom
in a proper way to be transferred.

At this point, it has to be noted that the Mg2+

case is unique in the sense that the first step is much
more exothermic than the other cases and that, in the
following, the absolute energy of TS2 is about the
energy of the starting complex (see Table 2). Never-
theless, all the activators lead to products stabilised by
approximately the same amount of energy with respect
to the starting complexes. Indeed going from TS2 to
the products of the reaction, energies decrease in an
important manner.

Fig. 4. Comparison between the
reaction pathways in the gas phase
and in DMSO for the Li+-catalysed
oxidative ring-opening of ethylene
oxide
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Solvation effects

Calculations have been carried out on the gas phase
stationary points of the 1/Li+ system, considering the
polarised continuum model of Tomasi and cowork-
ers [28] for solvation by DMSO (�=46.7). Corrections
between electronic energy and free energy were taken
from gas-phase values. Such calculations can provide a
better understanding of the experimental reactions be-
tween the epoxide and Lewis or Brönsted acids in
DMSO. Note that these points cannot be considered as
stationary points in the B3LYP/PCM calculations and
the corresponding energy values have to be analysed on
a semiquantitative basis. The comparisons between the
two reaction pathways are shown in Fig. 4.

From a qualitative point of view the results remain
essentially the same with the higher activation barrier
being found for the second step, i.e. the oxidation pro-
cess. From a quantitative point of view, the large charge
separation, which results in large dipole moments, leads
to somewhat different energy values.

Considering the first step, we notice that the solvation
effect destabilises PD1, making the first step endother-
mic (PD1 is 7.2 kcal Æmol)1 higher in energy than
CPX1). The second step of the process requires a lower
energy than in the gas phase. Indeed, the large charge
separation in TS2 is probably stabilised by the solvent
electric field. The second step is then largely exothermic
with stabilisation of more than 110 kcal Æmol)1 in com-
parison with TS2.

Conclusion

We have conducted the first theoretical study on the
mechanism of epoxide oxidative ring-opening by
DMSO. Calculations have been performed with ethylene
oxide, butene oxide, and cyclopentene oxide as the
reactants and with H3O

+ as the catalyst. Furthermore,
two additional catalysts, namely Li+ and Mg2+, have
been investigated with ethylene oxide as the reagent. We
have described the two steps involved in such a reaction
and compared the influence of the substituents and
catalysts on the reaction free energies and activation
barriers. We have shown that the substituents on eth-
ylene oxide do not change considerably either qualita-
tively or quantitatively the energetics of the reactions. As
for the role of the catalyst, Li+ leads to the weakest
oxidative process activation energy among the three
catalysts. Also, we have shown that monovalent Lewis
acid Li+ and Brönsted acid H3O

+ lead, from a quali-
tative point of view, to the same trends concerning the

energy, but with different barrier heights for the Li+

cation. The high oxidative step energy barrier is attrib-
uted to the difficult transfer of the intramolecular
hydrogen atom, because of the need to overcome the
positive electrostatic field created by the catalyst in the
region of the oxygen atom of the epoxide.
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8157
24. Banks HD (2003) J Org Chem 68: 2639
25. Pearson RG (1968) J Chem Educ 45: 581–587
26. Golebiowski J, Lamare V, Ruiz-Lopez MF (2002) J Comput

Chem 23: 724
27. Villemin D, Hammadi M, (1995) Synth Commun 25: 3141
28. Tomasi J, Persico M (1994) Chem Rev 94: 2027

297


