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The reasons why oxo-peroxo molybdenum complexes
chemoselectively oxidize unsaturated sulfides to the corre-
sponding sulfoxides and these to sulfones without any epox-
idation of the electron-rich double bond were elucidated by
transition state theory and density functional calculations at
the B3LYP level. For the diperoxo model complex with the
structure MoO(η2-O2)2OPH3 and for allyl methyl sulfide as a
model of unsaturated sulfides, the calculations show that the
oxygen transfer process from the peroxomolybdenum com-
plex to the sulfur center requires a lower free activation en-
ergy (ΔG‡ = 19.0 kcalmol–1) than the attack on the double
bond moiety (ΔG‡ = 26.4 kcalmol–1) of the unsaturated sul-
fide. Subsequent oxidation of allyl methyl sulfoxide at the
sulfinyl group to yield the corresponding sulfone also re-
quires a lower activation energy (ΔG‡ = 21.5 kcalmol–1) than
the corresponding epoxidation process (ΔG‡ = 27.7 kcalmol–1),

Introduction

The conversion of organic sulfides into sulfoxides and
sulfones has attracted considerable interest due to their use
in a wide range of applications, including industrial pro-
cesses.[1] A prominent sulfide oxidation process should al-
low control of the degree of product oxidation (that is,
whether either a sulfoxide or sulfone is obtained). It is usu-
ally also desirable that such a method should demonstrate
tolerance towards a variety of functional groups, which
should remain unchanged during the oxidation process.

In search of a catalytic process meeting these require-
ments, Cass et al.[2] have examined the use of Mimoun-
type[3] complexes MoO(O2)2(L)(H2O) (L = pyridine N-ox-
ide or pyrazole) to oxidize a wide variety of substituted sul-

[a] Centro Universitário Fundação Santo André,
Av. Príncipe de Gales, 821, 09060–650, Santo André, Brazil
fabricio.sensato@fsa.br

[b] Instituto de Química, Universidade Estadual de Campinas,
CP 6154, 13084–971, Campinas, Brazil

[c] Departamento de Química, Universidade Federal de São Car-
los,
CP 676, 13565–905, São Carlos, Brazil

[d] Departament de Ciències Experimentals, Universitat Jaume I,
Apartat 224, 12080, Castelló, Spain
Supporting information for this article is available on the
WWW under http://www.eurjoc.org or from the author.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim DOI: 10.1002/ejoc.200500007 Eur. J. Org. Chem. 2005, 2406–24152406

yielding 2,3-epoxypropyl methyl sulfoxide. These results un-
ambiguously account for these complexes’ excellent chemo-
selectivity towards the sulfur groups in unsaturated sulfides
and sulfoxides, as has been observed experimentally. On the
basis of SCRF calculations, the level of chemoselectivity is
predicted to diminish with increasing solvent polarity.
Charge decomposition analysis and the orbital interaction
model reveal that unsaturated sulfides with reaction sites
carrying lone pair and π electrons behave as nucleophiles
toward the electrophilic peroxo oxygen group. The origin of
the chemoselectivity is ascribed to the fact that the electronic
state related to the sulfur lone pair (HOMO) lies 1.2 eV above
that associated with the π electrons (HOMO–1).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

fides such as, among others, aliphatic and aromatic sulfides,
ketosulfides, and olefinic sulfides. In addition to establish-
ing the conditions that allow mild oxidation of sulfides to
sulfoxides (avoiding overoxidation to sulfones), they ob-
served excellent chemoselectivity of these complexes toward
the sulfur groups of functional sulfides or sulfoxides in
which another substituent susceptible to oxidation, such as
an unsaturated bond, was also present. As an example, if
the conditions are not mild, olefinic sulfides are chemose-
lectively oxidized to the corresponding sulfones, with no ep-
oxy byproducts even in the presence of an excess of oxi-
dant.[2]

It has also been reported that a parent complex
MoO(O2)2(hmpa)(H2O) (hmpa = hexamethylphosphoric
triamide) oxidizes dibenzyl and phenyl vinyl sulfides to
their sulfones.[4] These results are surprising, since well
known conventional oxidants are unable to convert unsatu-
rated sulfides selectively to the corresponding sulfoxides or
sulfones, due to the interference of electron-rich double
bonds. It is worth noting that, in addition to its cost-effec-
tiveness, the oxidation method mediated by peroxomolyb-
denum is environmentally benign, inasmuch as the complex
can be stoichiometrically recovered in the presence of hy-
drogen peroxide and reused to oxidize a new batch of sub-
strates, showing similar catalytic efficiency and yielding
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water as by-product. As far as the tolerance of unsaturated
bonds is concerned, molybdenum peroxo complexes have
also been reported to be able to catalyze the isomerization
of some allylic alcohols[5] and the oxidation of allylbenzenes
to the corresponding alcohols and ketones.[6]

The process of epoxidation of olefins by Mimoun-type
peroxo complexes [MO(O2)2Lx (M = Mo, W and donor
ligand L = pyridine, dimethylformamide, hexamethylphos-
phoric triamide, among others; x = 1, 2) has been the object
of a large number of experimental[7,8] and theoretical stud-
ies.[9] Two main hypothesis have dominated the discussions.
The first is due to Mimoun,[3] who suggested that the olefin
coordinates to the metal center prior to subsequent inser-
tion into the Mo–O bond, forming a five-member metall-
acycle. On the other hand, Sharpless suggested a concerted
reaction mechanism involving a direct transfer of the per-
oxo oxygen to the olefin through a three-membered ring.[10]

Recent computational studies[9d,9g] indicated the latter
mechanism to be favored in this reaction.

It is now recognized that metal peroxo complexes are
very versatile oxygen transfer agents in the oxidation of sul-
fides or sulfoxides.[11] However, the mechanism for this oxi-
dation is less understood and only a few theoretical studies
have been reported, in marked contrast to the mechanism
for the epoxidation of olefin catalyzed by metal peroxo
complexes. The mechanism of the oxidation of bis(tert-bu-
tyl) disulfide by a comparable vanadium peroxo complex
was recently theoretically investigated by Maseras et al.[12]

We have for the first time reported a theoretical study of
the molecular mechanism of the oxidation of sulfides/sulf-
oxides to sulfoxides/sulfones by mono- and diperoxo com-
plexes of molybdenum.[13] Besides unveiling the correspond-
ing molecular mechanism, we addressed the relative nucleo-
philicity/electrophilicity of the sulfide vs. its sulfoxide, since
the difference in the degree of nucleophilicity/electrophilic-
ity of these functional groups has been widely explored to
assess the electronic nature of oxygen transfer reac-
tions.[11b,14]

Here we report a density functional study on the mecha-
nism of oxidation of unsaturated sulfides by peroxomolyb-
denum complexes. The emphasis is on the factors con-
trolling its inherent chemoselectivity as far as the competi-
tion between sulfur group oxidation and double bond epox-
idation is concerned. We have analyzed the origin of chemo-
selectivity on the basis of calculated free energy profiles,
charge decomposition analysis (CDA), natural atomic
charges, and orbital interactions. It is hoped that the theo-
retical calculations presented in this paper, together with
the available experimental data, will improve understanding
of the molecular mechanism of this type of chemical pro-
cess.

Results and Discussion

To make the theoretical study feasible, the parent com-
plex MoO(O2)2OPH3 was used to represent the peroxomo-
lybdenum complex,[15] with L modeled by an -OPH3 ligand.
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We assumed the reaction obeys the Sharpless mechanism
and that a peroxo oxygen atom trans to the phosphane ox-
ide ligand is transferred to the substrate. These assumptions
are based on previous theoretical studies, which showed
that the transfer process of a trans oxygen atom from diper-
oxo complexes of transition metals to olefins requires a
lower activation energy than when the process involves the
cis oxygen.[9d,9g,16] With regard to the sulfide/sulfoxide oxi-
dation by peroxo molybdenum complexes, this assumption
is further supported by experimental results ruling out any
coordination process between the substrate and the oxi-
dant.[11a,11e] It should be mentioned that direct oxygen
transfer was recently predicted to be the ruling channel in
the oxidation of sulfides by vanadium peroxo complexes
and that no insertion mechanism was successfully charac-
terized.[12] The allyl methyl sulfide was selected as a repre-
sentative model of functional sulfides, in that it contains
two competing oxidizable centers. The oxidant can thus at-
tack this molecule either at the double bond (process I, via
TS1), yielding the corresponding epoxide (2,3-epoxypropyl
methyl sulfide), or at the sulfur center (process II, via TS2),
to yield the corresponding sulfoxide (allyl methyl sulfoxide).
For purposes of comparison, we also investigated the oxi-
dation both of ethylene (process III, via TS3) and of di-
methyl sulfide (process IV, via TS4) by MoO(O2)2OPH3. In
all of these processes, the diperoxo species MoO(O2)2OPH3

is transformed into the monoperoxo form (MoO2(O2)-
OPH3). Monoperoxo complexes were also found to be
active species in the oxidation of sulfides, and more detailed
information is given elsewhere.[13] The calculated structures
of reactants and products are depicted in Figure 1.

Free Energy Profiles

Selected thermodynamic and activation parameters for
these processes are given in Table 1, while the correspond-
ing transition structures are depicted in Figure 2. Detailed
structural descriptions of all TSs as well as reactants and
products are given in the Supporting Information.

Analysis of the results given in Table 1 shows the oxi-
dations to be exergonic processes, and the corresponding
ΔGo values lie within a narrow range from –33.5 to
–34.4 kcalmol–1. However, the oxidations at the sulfur cen-
ters (reactive pathways II and IV) are much more favorable
processes from a kinetic point of view (ΔG‡ = 19.0 and
18.5 kcalmol–1, respectively) than the epoxidation of the
double bonds (channels I and III; ΔG‡ = 26.4 and
28.2 kcalmol–1, respectively). These results clearly explain
the experimentally observed excellent chemoselectivity of
these complexes toward the sulfur groups of unsaturated
sulfides. A comparison of values of the activation parame-
ters ΔH‡ and –TΔS‡ reveals that the entropic contributions
are very similar for all four cases, so it is to be expected
that chemoselectivity should not be influenced significantly
by temperature variations and that inherent chemoselectiv-
ity should be related mainly to the enthalpic term.

Although allyl methyl sulfoxide is kinetically the most
favored product of oxidation of allyl methyl sulfide oxi-
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Figure 1. Calculated molecular structures of reactants and products.

Table 1. Calculated thermodynamic (ΔGo) and activation parame-
ters (kcalmol–1) and localization parameter (x‡) for processes I–IV.

Process ΔGo ΔH‡ –TΔS‡ ΔG‡ x‡

I –34.4 14.7 11.7 26.4 0.302
II –33.5 7.6 11.4 19.0 0.244
III –34.0 17.8 10.4 28.2 0.314
IV –33.6 7.6 10.9 18.5 0.242

dation by the peroxomolybdenum complex (by process II),
it still presents two sites susceptible to oxidation: namely,
the allyl and the sulfinyl groups. Thus, this compound can
be further oxidized by another MoO(O2)2OPH3 complex to
yield 2,3-epoxypropyl methyl sulfoxide (process V, via TS5)
or allyl methyl sulfone (process VI, via TS6). These two re-
active channels were also examined; Table 2 shows their cal-
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culated kinetic and thermodynamic parameters. For pur-
poses of comparison, oxidation of dimethyl sulfoxide was
also included (process VII, via TS7). The main structural
characteristics relating to the corresponding transition
structures are shown in Figure 3.

Analysis of Table 2 reveals that, both from the thermo-
dynamic and from the kinetic perspectives, MoO(O2)2OPH3

preferentially attacks the allyl methyl sulfoxide at the sulfi-
nyl group (ΔGo = –52.8 and ΔG‡ = 21.5 kcalmol–1) rather
than at the allylic one (ΔGo = –34.4 and ΔG‡ =
27.7 kcalmol–1), yielding the corresponding sulfone. These
results are summarized in the free energy profile in Fig-
ure 4. Our findings are in line with experimental results,
since the oxidation of unsaturated (or not) sulfide by perox-
omolybdenum complexes under less mild reaction condi-
tions is reported not to stop at the sulfoxide stage, yielding
the corresponding sulfones as the main products.[2,4]
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Figure 2. Calculated transition structures for the oxygen transfer process from peroxomolybdenum complex to allyl methyl sulfide (into
the electron-rich double bond via TS1 or into the sulfur center via TS2), to ethylene (via TS3), and to dimethyl sulfide (via TS4).

Table 2. Calculated thermodynamic (ΔGo) and activation parame-
ters (kcalmol–1) and localization parameters (x‡) for processes V–
VII.

Process ΔGo ΔH‡ –TΔS‡ ΔG‡ x‡

V –34.4 16.6 11.1 27.7 0.312
VI –52.8 10.6 10.5 21.5 0.281
VII –53.1 9.2 11.4 20.6 0.272

Analysis of ΔGo and ΔG‡ values of channels belonging to
similar processes shows that they all obey the Bell–Evans–
Polanyi principle to some extent, since product stabilization
induces stabilization of the transition structure. For the
channels I and III, which correspond to the attack of the
alkenyl group on the peroxo oxygen, the ΔGo values are
–34.4 to –34.0 kcalmol–1, respectively, whereas the corre-
sponding ΔG‡ values are 26.4 and 28.2 kcalmol–1. For
channels II and IV, in which the peroxo oxygen is attacked
by the sulfur group of the substrate, the ΔGo values are
–33.5 and –33.6 kcalmol–1, respectively, and the corre-
sponding ΔG‡ values are 19.0 and 18.5 kcalmol–1. Finally,
the ΔGo values for the channels VI and Vll, relating to the
direct attack of the sulfinyl group on the peroxo oxygen,
are –52.8 and –53.1 kcalmol–1, respectively, and the corre-
sponding ΔG‡ values are 21.5 and 20.6 kcalmol–1. We want
to point out, however, that the Bell–Evans–Polanyi prin-
ciple fails for the cases in which the oxygen transfer pro-
cesses to sulfur or sulfinyl groups are directly compared
(i.e., the oxidation of the sulfides is thermodynamically less
but kinetically more favorable than that of the correspond-
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Figure 3. Calculated transition structures for the oxygen transfer
process from peroxomolybdenum complex to allyl methyl sulfoxide
(into its electron-rich double bond, via TS5, or into its sulfinyl
group, via TS6) and to the dimethyl sulfoxide, via TS7.
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Figure 4. Free energy profile for consecutive oxygen transfers from peroxomolybdenum complexes to an allyl methyl sulfide molecule.

ing sulfoxides, as can be noted by comparing channels II
and VI with IV and VII).

Solvent Effects

Calculated barrier energies were further refined by the
addition of solvent effects (with the gas geometries) by the
SCRF approach.[17] Consistently with conventional reac-
tion procedures employed in the oxidation of alkenes and
sulfides by Mimoum-type complexes, solvent effects (dielec-
tric constant ε in parentheses) were considered for: chloro-
form[8d,11b,11c] (ε = 4.9), dichloroethane (DCE)[11a] (ε =
10.36), and acetonitrile[2] (ε = 36.64). Table 3 presents the
activation energy variation ΔΔE‡ induced by solvent effects
on channels I, II, V, and VI. For all cases investigated, sol-
vent effects were found to stabilize both the reactants and
the transition structure. However, the stabilization of reac-
tants is larger than that of the corresponding TSs, so sol-
vent effects are found to increase the activation energies for
all pathways considered.

Table 3. Activation energy increase (ΔΔE‡) induced by solvent ef-
fects (values are given in kcalmol–1).

Channel ΔΔE‡ (CHCl3) ΔΔE‡ (DCE)[a] ΔΔE‡ (CH3CN)

I 1.7 2.0 2.1
II 2.3 2.7 3.0
V 2.2 2.6 2.8
VI 2.7 3.2 3.5

[a] Dichloroethane.

For all system considered, the activation barriers increase
with increasing solvent polarity (see Table 3). Consistently
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with this, it has been shown experimentally that the epoxid-
ation of similar olefins with a parent complex MO(O2)2-
HMPT in alcohol as solvent is much slower than in
DCE.[18] It should be mentioned that solvent effects were
found to be dependent on the nature of the donor ligand
bonded to the metal center, as revealed recently in a theo-
retical study of solvent effects on olefin epoxidation by Her-
mann-type complexes CH3ReO(O2)2(L): for L = pyridine or
pyrazole, the activation barrier increases as solvent polarity
increases, whereas the opposite behavior is predicted for L
= H2O.[19] We want to emphasize, however, that short-range
(chemical) interaction of the solute with solvent molecules
is not taken into account in polarizable continuum models,
so the model’s limitations should be kept in mind when ana-
lyzing the present results.

As far as solvent effects on chemoselectivity are con-
cerned, Table 3 shows that, for all the solvents considered,
the increase in the activation barrier in TS2 due to the sol-
vent effect is slightly greater than that in TS1 for all solvents
considered. Furthermore, the difference increases with in-
creasing solvent polarity, peaking at 0.9 kcalmol–1 for ace-
tonitrile. This value represents about 12% of the difference
between the activation barriers of TS1 and TS2. As a conse-
quence, solvent effects as considered here are predicted to
diminish the level of chemoselectivity in the oxidation of
unsaturated sulfides to sulfoxides by molybdenum diperoxo
complexes. The origin of the solvent’s influence on the
chemoselectivity can be understood in terms of the stabili-
zation of the corresponding TSs. The calculated dipole mo-
ment is 6.3 D for TS1 and 4.1 D for TS2, so it can be ex-
pected that polar solvents should stabilize TS1 more ef-
ficiently than TS2, and thus diminish the level of chemose-
lectivy.
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Calculated Structures of TSs

The transition structures were found to exhibit spiro ori-
entations in which the oxidizable fragment (alkenyl, sulfinyl
or sulfur groups) is almost orthogonal to the plane formed
by the peroxo group and the metal center (see Figure 1 for
TS1–TS4 and Figure 2 for TS5–TS7).

Common structural characteristics relating to the forma-
tion of all TSs include the elongation of the attacked O–O
peroxo bond, a decrease in the Mo–Ocis distance (where Ocis

represents the oxygen atom cis to the ligand), and a less
noticeable enlargement in the Mo–Otrans distance (Otrans is
the attacked oxygen atom trans to the ligand). The magni-
tudes of the structural variations in corresponding TSs are
summarized in Table 4, in which the data are arranged by
magnitude rather than by TS labels, in order to make the
tendencies clearer. The first three TSs (TS3, TS1, and TS5)
correspond to those in which the peroxo group is attacked
by the alkenyl moiety. The next two, TS6 and TS7, corre-
spond to attack by the sulfinyl group, and in the last two
transition structures, TS2 and TS4, by the sulfur group.

Table 4. Main structural variations relating to the formation of TSs.

TS Δ(O–O) Δ(Mo–Ocis)[a] Δ(Mo–Otrans)[b]

TS3 0.36 –0.12 0.07
TS1 0.35 –0.11 0.06
TS5 0.35 –0.11 0.06
TS6 0.30 –0.11 0.03
TS7 0.29 –0.09 0.03
TS2 0.27 –0.09 0.02
TS4 0.27 –0.09 0.01

[a] Mo–Ocis bond cis to the ligand.[b] Mo–Otrans bond trans to the
ligand.

Analysis of the results presented in Table 4 shows that,
in general, the greater the elongation of the O–O distance,
the greater the increase in the Mo–Otrans bond length and
the greater the contraction of the Mo–Ocis bond. The elong-
ation of O–O is associated with the charge transfer from
the substrate to the unoccupied σ*(O–O) level of the molyb-
denum peroxo complex, as discussed below. The shortening
of the Mo–Ocis bond is related to its conversion into a
Mo=O bond, as confirmed by an IRC calculation. The
most important changes occur in the peroxo group. When
the peroxo oxygen group is attacked by the alkenyl moiety
(TS1, TS3, and TS5) the O–O distance is elongated by
0.35 Å. In TS6 and TS7 (attack by the sulfinyl group), the
O–O distance increases by about 0.30 Å, and it is increased
by 0.27 Å in TS2 and TS4, under the attack of the sulfur
group. This behavior correlates with the electrophilic char-
acter of these reactions, as discussed below.

The S–O–O bond angles in the transition structures TS2
and TS4 (sulfide oxidation), and in TS6 and TS7 (sulfoxide
oxidation) are nearly 180 degrees. It is thus convenient to
define the localization parameter of the transition struc-
tures along the reaction coordinate (x‡) in terms of the O–
O peroxo bond length and the S–O bond length. The local-
ization parameter is therefore defined as follows [Equa-
tion (1)].
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x‡ =
d(O–O)TS – d(O–O)REACT

d(O–O)TS – d(O–O)REACT + d(O–O)TS – d(O–O)PROD
(1)

where d(O–O)TS and d(O–O)REACT are the peroxo bond
lengths in the TS and in the peroxo molybdenum complex,
respectively, and d(S–O)TS and d(S–O)PROD are the dis-
tances between the sulfur and the oxygen atoms in the TS
and in the product, respectively. The localization parameter
x‡ for the epoxidation of the unsaturated moiety (via TS1,
TS3, and TS5) was calculated in a similar way: d(S–O)TS

and d(S–O)PROD were substituted by the distance between
the double bond and the attacked peroxo oxygen in the cor-
responding TS and product, respectively.

Except for TS5 (see Table 1 for TS1–TS4 and Table 2 for
TS5–TS7), it may be noted that, for a given oxidizable moi-
ety (i.e., whether the attacked oxidation site is a sulfur, sulfi-
nyl, or alkenyl group), the more exergonic reactions have
earlier transition structures than the less exergonic ones.
Thus, TS1 (ΔGo = –34.4 kcalmol–1, x‡ = 0.302) is found to
be earlier than TS3 (ΔGo = –34.0 kcalmol–1, x‡ = 0.314),
TS2 (ΔGo = –33.5 kcalmol–1, x‡ = 0.244) is slightly later
than TS4 (ΔGo = –35.6 kcalmol–1, x‡ = 0.242), and TS6
(ΔGo = –52.8 kcalmol–1, x‡ = 0.281) is later than TS7 (ΔGo

= –53.1 kcalmol–1, x‡ = 0.272). Therefore, the Hammond
postulate and the Bell–Evans–Polanyi principle appear to
be reasonably useful for predicting qualitative changes in
the reactivity of these systems. The particular behavior of
TS5 is addressed below.

It should be noted that the molecular structures of the
substrate molecules are only slightly modified in the corre-
sponding transition structures in comparison to those of
the free species. The C–C distances in TS1, TS3 and TS5,
for instance, are calculated to be approximately 0.03 Å
longer than the C–C distance in the ethylene molecule.

Charge Decomposition Analysis and Orbital Interaction
Model

We recently used the CDA approach to gain insight into
the electronic character of the oxygen transfer processes
from mono- and diperoxo molybdenum complexes to un-
substituted sulfides or sulfoxides (i.e, whether the oxidant
attacks the substrate in an electrophilic or nucleophilic
way). Our results showed that the molybdenum peroxo
complex behaves as the electrophilic partners in these reac-
tions, but they are more strongly electrophilic oxidants
towards sulfides than they are towards sulfoxides. More-
over, the predominant orbital interaction involves an elec-
tron transfer from the HOMO of the substrate to the σ*(O–
O) level of the oxidant.[13]

In this study we used the CDA to gain an insight into
the origin of the chemoselectivity in the oxidation of unsat-
urated sulfides by the peroxo molybdenum complex. In
CDA, the interaction between the occupied orbitals of the
oxidizable substrate and the vacant orbitals of the oxidant
is defined as donation (d), back-donation (b) is the interac-
tion of the occupied orbitals of the oxidant and the vacant
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Table 5. NBO charges (q) and Charge Decomposition Analysis (CDA) terms (d, b, d/b, r, and Δ) for processes I–VII.

Process q[a] d b d/b r Δ

I 0.33 0.229 0.121 1.89 –0.241 –0.008
II 0.34 0.168 0.082 2.05 –0.209 –0.007
III 0.33 0.231 0.129 1.79 –0.259 –0.007
IV 0.34 0.161 0.076 2.12 –0.210 –0.002
V 0.32 0.228 0.134 1.70 –0.258 –0.008
VI 0.38 0.212 0.141 1.50 –0.202 –0.016
VII 0.37 0.200 0.128 1.56 –0.206 –0.013

[a] Natural orbital charges at the oxidizable substrate along TS1–TS7.

orbitals of the oxidizable substrate, and r is the interaction
between occupied orbitals of both oxidant and substrate.
The d/b ratio is a measure of the electronic character of the
oxidant. If d/b � 1 the oxidant is electrophilic, whereas if
d/b � 1 it is a nucleophilic one.[9e] Small values of rest terms
(Δ) indicate that the electronic structures of TSs may be
properly described in terms of donor–acceptor interactions.
The main CDA parameters for TS1–TS7 are summarized
in Table 5. From a CDA standpoint, all the processes inves-
tigated here take place through electrophilic attack by the
metal peroxide on the organic substrate (d/b � 1). Oxygen
transfer to the sulfur groups of sulfides is the most electro-
philic process (TS2: d/b = 2.05; TS4: d/b = 2.12), while oxi-
dation of the sulfinyl groups of sulfoxides is the least elec-
trophilic (TS6: d/b = 1.50; TS7:db = 1.56). The epoxidation
of the double bond exhibits an intermediary electrophilic
character (TS1: d/b = 1.87; TS3: d/b = 1.79; TS5: d/b =
1.70). The electrophilic character of these reactions is also
corroborated by the calculated NBO charges at the oxidiz-
able substrate in the corresponding transition structures
(see Table 5), which indicate a charge transfer process from
the substrate to the molybdenum peroxo complex.

In TS1, TS3, and TS5, the main orbital interaction takes
place between the σ*(O–O) level of the peroxomolybdenum
complex and the π(C–C) state of the substrate. The π(C–C)
state is associated with the HOMO in the ethylene molecule,
but it is the main component in the HOMO–1 of allyl
methyl sulfide and allyl methyl sulfoxide. The σ*(O–O) or-
bital of peroxomolybdenum interacts with the HOMO of
the sulfide (sulfur p orbital related to its lone pair) in TS2
and TS4. The interaction between the σ*(O–O) of peroxom-
olybdenum and the HOMO of the corresponding sulfoxide
(an admixture of s sulfur and π*(S=O) orbitals) is predomi-
nant in TS6 and TS7.

As mentioned above, the dominant interaction of do-
nation in TS1 is between the HOMO–1 of the allyl methyl
sulfide, the greatest contributions of which are associated
with the bonding π(C–C) orbital, and the unoccupied
σ*(O–O) level of the peroxomolybdenum. On the other
hand, the dominant orbital interaction in TS2 occurs be-
tween the HOMO of allyl methyl sulfide (predominantly
constituted of sulfur atom p orbital) and the σ*(O–O) level
of the oxidant. The main orbital interactions in TS1 and
TS2 are depicted in Figure 5. Given that these processes
may be regarded as donor–acceptor interactions, as indi-
cated by the small values of the rest terms (Δ), and since
their corresponding TSs are found to be early-type along

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org Eur. J. Org. Chem. 2005, 2406–24152412

the reaction coordinates, the origin of chemoselectivity may
be interpreted in terms of the electronic structures of the
reactants. The HOMO of allyl methyl sulfide is calculated
to be ca. 1.2 eV higher than the HOMO–1. Since it is con-
centrated mainly in the sulfur atom, the electrophilic attack
of an oxidant on the sulfur atom would be expected to be
favored over the attack on the allylic group in the unsatu-
rated sulfide oxidation process. This view may be further
explored to estimate the influence of substituents on the
chemoselectivity of the oxidation of unsaturated sulfides by
metal peroxo complexes, without explicitly locating the
transition structure (as long as other effects, such as steric
ones, may be neglected). For a given unsaturated sulfide, it
is sufficient to calculate the energy gap between the orbital
related to the bonding π(C–C) orbital and that related to
the sulfur’s lone pair. Substituents yielding the smaller en-
ergy gap will decrease the level of chemoselectivity.

Figure 5. Predominant orbital interaction of charge transfer in the
transition states relating to the allyl methyl sulfide oxidation with
peroxomolybdenum complex yielding: a) 2,3-epoxypropyl methyl
sulfide, via TS1, and b) allyl methyl sulfoxide, via TS2. The π(C–
C) bond is the main constituent of the HOMO–1 of allyl methyl
sulfide, while the p orbital of the sulfur atom is the main compo-
nent of its HOMO.

Exploring the electrophilic nature of the oxygen transfer
reaction from metal peroxo complexes to olefins, Rosch and
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co-authors found a linear correlation between the energy of
the olefin HOMO and the activation barrier: the higher the
energy of the olefin HOMO, the lower the corresponding
activation barrier.[9o,20] In this study we extend this frontier
orbital argument by taking account of the dominant orbital
interaction in each transition structure investigated. Thus,
it is expected that the activation barriers should correlate
with the energy of the substrate’s HOMO in TS2, TS3, TS4,
TS6, and TS7, and with that of the substrate’s HOMO–1
in TS1 and TS5.

Figure 6 shows how the activation free energies (ΔG‡)
correlate with the energy of the substrate’s orbital involved
in the predominant orbital interaction in the corresponding
TSs. The almost linear correlation observed confirms that
the orbital interaction plays a remarkable role in this kind
of process. In a general sense, the higher the energy of the
substrate’s orbital involved in the transition structure, the
lower the activation free energy. However, the same corre-
lation does not hold for the electronic character of the reac-
tion. TS2 and TS4 are associated with the most electrophilic
processes and exhibit the lowest activation energies. On the
other hand, the oxidation of the alkenyl group (via TS1,
TS3, and TS5) is a more electrophilic process than the oxi-
dation of the sulfinyl group (via TS6 and TS7), but the acti-
vation energies for TS1, TS3, and TS5 are larger than those
for TS6 and TS7.

Figure 6. Calculated activation free energy ΔG‡ as a function of the
energy of the substrate’s orbital involved in the predominant orbital
interaction in the corresponding transition structures. For TS2,
TS3, TS4, TS6 and TS7 the relevant substrate’s orbital is its
HOMO, whereas in TS1 and TS5 it is the HOMO–1.

The withdrawing effect of the allyl group makes the π(C–
C) orbital in the allyl methyl sulfide higher in energy than
in the ethylene molecule, so TS1 features a smaller acti-
vation energy than TS3. Conversely, the orbital related to
the lone pair of the sulfur atom is lower in energy in allyl
methyl sulfide than in dimethyl sulfide and, as a conse-
quence, TS2 features a higher activation energy than TS4.

It should be mentioned that the electronic chemical po-
tential[21,22] of the sulfoxide molecule is calculated to be
lower than that of the sulfide molecule. This indicates that
the withdrawing effect of the allyl group is stronger toward
the sulfur group of the unsaturated sulfide than toward the
sulfinyl group of the corresponding sulfoxide. Therefore, the
energy of the π(C–C) orbital in allyl methyl sulfide is greater
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than in allyl methyl sulfoxide. This effect accounts for the
higher activation energy demanded by TS5 than by TS1.
Some departure from the linear correlation is also observed
in TS5. This may be understood in terms of the orbital
composition of the allyl methyl sulfoxide’s HOMO–1. While
in allyl methyl sulfide the HOMO–1 is clearly associated
with the π(C–C) orbital, in allyl methyl sulfoxide it is an
admixture of π(C–C) and oxygen p states. However, the
π(C–C) orbital is also found to be the dominant orbital
contribution in HOMO–2, so a close correlation between
ΔG‡ and the energy of π(C–C) state does not hold. Indeed,
the oxygen transfer reaction taking place via TS5 (d/b =
1.70) is a less electrophilic process than those via TS1 (d/b
= 1.89) and TS3 (d/b = 1.79).

Conclusions

Our quantum mechanical calculations have clearly eluci-
dated the reasons why, as recently observed in experiments,
unsaturated sulfides are oxidized by oxodiperoxo molybde-
num complexes to sulfoxides, and subsequently to sulfones
without concomitant epoxidation of the double bond. A
lower free activation energy for oxidation in the sulfur cen-
ter than in the double bond moiety explains the chemose-
lectivity of the oxidation of unsaturated sulfides/sulfoxides
mediated by the peroxomolybdenum complexes.

The interaction between the σ*(O–O) orbital of the metal
peroxo oxidant and the HOMOs (related to the sulfur’s lone
pair) of the unsaturated sulfides is the predominant orbital
interaction in the TS yielding the corresponding sulfoxides.
In contrast, in the TS yielding the corresponding epoxides,
the σ*(O–O) orbital interacts with the HOMO–1 (associ-
ated with the π(C–C) bond) of the unsaturated sulfides.
Therefore, the difference in energy between the orbitals as-
sociated with the sulfur’s lone pair and those associated
with the π(C–C) bond of a given unsaturated sulfide ac-
counts for the more favorable oxidation of the sulfur group.

The level of chemoselectivity is predicted to diminish
with increasing solvent polarity.

Experimental Section
Computational Data: Calculations based on density functional
theory (DFT) were performed at the B3LYP level[23] as im-
plemented in the Gaussian98 program.[24] The standard 6-
311+G(2df,2p) basis set was employed to represent the H, C, O, P,
and S atoms. To represent the Mo center a valence basis set
(8s6p7d2f), customized by applying the generator coordinate meth-
od,[9p] was used in conjunction with the quasi-relativistic effective
core potential of Hay and Wadt.[25] All geometry optimizations of
minima and transition structures (TSs) were performed without
any symmetry constraints and all stationary points were charac-
terized by the calculation of vibrational frequencies. Wavefunctions
related to TSs were checked for stability under default pertur-
bations controlled by the stable directive of the Gaussian program.
Starting with the TS geometries, calculations of the Intrinsic Reac-
tion Coordinates (IRC) were carried out in order to identify the
respective reactants and products.[26] Activation parameters were
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calculated on the assumption of ideal gas behavior from the har-
monic frequencies, and moments of inertia by standard methods, at
298.15 K. Donor–acceptor interactions in the transition structures
were examined by the Charge Decomposition Analysis (CDA)
Scheme[27] as implemented in the CDA2.1 program.[28] Atomic
charges were computed within the natural atomic orbitals frame-
work (NBO).[29] Long-range electrostatic solvent effects were
treated with the IEF–PCM method (integral equation formalism,
polarized continuum model).[17]

Supporting Information: Cartesian coordinates and sums of elec-
tronic and thermal free energies of reactants, products, and corre-
sponding transition states.
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