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A mechanism for the H2O2-based epoxidation of olefins catalyzed by the lacunary polyoxometalate (POM) [γ-(SiO4)-
W10O32H4]4- (1) has been investigated at the DFT level. In this study, for the first time a “hydroperoxy” mechanism
for this important process has been proposed. It is divided into two steps and investigated using the whole lacunary
compound as a model. In the first step, a hydroperoxy (W−OOH) species and a water molecule are generated.
The formation of this nonradical oxidant (W−OOH), consistent with the experimental suggestions, occurs with a
barrier of 4.4 (7.2) kcal/mol (the number without parenthesis includes solvent effects in benzene, while the one
with parenthesis is in the gas phase). In the second step, the O−O bond of the W−OOH species is cleaved, and
an epoxide is formed. This step has a barrier of 38.7 (40.0) kcal/mol. It was found that the presence of one and
two (CH3)4N+ countercations significantly reduces the rate-limiting barrier by 7.6 (8.3) and 11.9 (12.6) kcal/mol,
respectively, and makes this lacunary POM a very efficient catalyst for epoxidation of olefins by hydrogen peroxide.
It was demonstrated that the lacunary polyoxometalate basically acts as a mononuclear W(VI) complex in activating
the oxidant, a conceptually noteworthy finding.

I. Introduction

Direct epoxidation of olefins by hydrogen peroxide has
been a long-standing goal of industry and synthetic organic
chemistry. Epoxides are commonly used as raw material for
the production of paints, epoxy resins, and surfactants.1 Over
the years, a number of environmentally hazardous epoxida-
tion processes that utilize a variety of catalysts and oxidants
have been developed, but the use of hydrogen peroxide offers
an environmentally and economically attractive alternative.2-6

The advantages of catalytic epoxidation of olefins with H2O2

are derived from the low cost, a high active oxygen content
of this oxidant, and the production of water as the only
byproduct.7 In the search for an efficient catalyst for H2O2

and O2-based epoxidations, several transition metal-contain-

ing materials, including non-heme iron complexes,8-12 met-
alloporphyrins,13 titanium silicalites,14 methyl trioxorheni-
um,15-17 tungsten compounds,2,18,19manganese complexes,20

and polyoxometalates (POMs)3-6,21-29 have been used under
either homogeneous or heterogeneous conditions, but all
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these systems have certain disadvantages. Recently a lacunary
(a cavity-containing or “defect”) Keggin-type silicodeca-
tungstate [γ-(SiO4)W10O32H4]4- compound was reported to
catalyze the epoxidation of olefins with 99% selectivity, 99%
H2O2 utilization efficiency, and high stereospecificity. Fur-
thermore, the catalyst is easily recovered at 305 K.26,30This
epoxidation process using C2H4 as a substrate can be
described by eq 1. Significantly however, very little is known,

both experimentally and theoretically, about the mechanism
of this promising POM-catalyzed H2O2-based epoxidation
chemistry. All the experimentally available information
concerning this chemistry can be summarized as follows:
(1) There are four Me4N+ countercations per lacunary
compound. One should note that, in the paper by Mizuno et
al. (ref 30), the structural analysis of [γ-(SiO4)W10O32H4]4-

was of the tetramethylammonium, (Me4N)4, salt, while all
the epoxidation data provided in Table 1 and discussed in
the paper were obtained using the (Bu4N)4 salt. (2) The high
stereospecificity of the alkene oxidation suggests a structur-
ally rigid and nonradical substrate-attacking intermediate, and
(3) diepoxide is not produced in diene oxidations.30

Unfortunately, the aforementioned experimental informa-
tion sheds little light on the catalytic mechanism of this
reaction. These experiments in aggregate do not elaborate
the nature and structures of intermediates and transitions
states or the effect of countercations on the rate of the
reaction. Ion pairing is largely ignored in studies of the POM-
catalyzed epoxidation process, but it could impact both rate
and selectivity.27,31,32Therefore, in this paper we investigate
the mechanism of the [γ-(SiO4)W10O32H4]4--catalyzed ep-
oxidation of olefins by H2O2 at the DFT level. A recent

B3LYP study of this compound indicated that it possessed
four terminal hydroxyl ligands, [γ-(SiO4)W10O28(OH)4]4- (1),
rather than the previously suggested two aqua and two oxo
(terminal) ligands (i.e., [γ-(SiO4)W10O28(H2O)2]4-).33 The
reported asymmetry in the W-O (terminal) bond distances
of [γ-(SiO4)W10O32H4]4- was explained in terms of the
existence of O1H1...O2H2 and O4H4...O3H3 hydrogen-bonding
patterns in the [γ-(SiO4)W10O28(OH)4]4- structure. In the
present study, the mechanism of olefin epoxidation by
hydrogen peroxide catalyzed by1 is addressed in detail for
the first time.

II. Computational Details

A. Methods.All calculations were performed using the Gaussian
03 program.34 The geometries of the reactants, intermediates,
transition states, and products were optimized without any symmetry
constraints at the B3LYP/Lanl2dz level of theory with additional
d polarization functions for the Si atom (R ) 0.55) and the
corresponding Hay-Wadt effective core potential (ECP) for W.35,36

The final energetics of the optimized structures were further
improved by performing single-point calculations including ad-
ditional d and p polarization functions for the O (R ) 0.96) and H
(R ) 0.36) atoms, respectively, in the basis set used for optimiza-
tions.

The dielectric effects from the surrounding environment were
estimated using the self-consistent reaction field IEF-PCM method37

at the B3LYP/Lanl2dz level with d polarization functions for the
Si atom. Since the catalyst was prepared at pH 2,30 we used a variety
of solvents with dielectric constants of 1.92, 2.25, and 36.64
corresponding to heptane, benzene, and acetonitrile, respectively.
The dielectric effects of all these solvents are shown in Table 1,
and it was found that they all exhibit very similar effects (i.e., 0.1-
0.4 kcal/mol on transition states and 0.1-4.3 kcal/mol on minima).
Throughout the paper, we use the B3LYP/{Lanl2dz+ d(Si,O)+
p(H)} energies including the zero-point vibrational (unscaled),
thermal (at 298.15 K and 1 atm), entropy corrections (at 298.15
K), and solvent effects in benzene, while the energies without
solvent effects are provided in parentheses.

B. Models. Compound1 is a large molecule bearing four
hydroxyl (-OH) groups, which are expected to participate in the
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Table 1. Dielectric Effects of Heptane, Benzene, and Acetonitrile
Solvents on All Structures

structures gas phase
heptane

(ε ) 1.92)
benzene

(ε ) 2.25)
acetonitrile
(ε ) 36.64)

I f 0.0 0.0 0.0 0.0
TS1f 7.2 4.8 4.4 3.9
II f 3.9 3.3 3.2 3.3
TS2f 40.0 38.3 38.7 37.9
III f -32.3 -34.5 -35.2 -38.8

C2H4 + H2O2 f C2H4O + H2O (1)
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catalysis. Therefore, in this study, two different models (“small”
and “full”) of 1 are used (see Scheme 1).

Our small model incorporates only one such site including only
one W atom coordinated to an oxo group (dO), four hydroxyl
groups (-OH), and a water molecule (aqua ligand). In this model,
the three hydroxyl groups are added to keep the overall charge on
the system neutral; the water molecule represents the remaining
part of the lacunary compound. It should be noted that this is a
very simple model of structurally complicated1 and could provide
unreliable results. Nonetheless, this model allows us to probe the
possible mechanisms for H2O2-based olefin epoxidation catalyzed
by 1. The results obtained from this small model are then evaluated
using a full model, which includes the entire structure of1. In these
calculations, C2H4 is used to model olefins, and up to two explicit
Me4N+ molecules have been used to calculate the countercation
effects. The overall charge of the system is 4-, and as shown
previously, it exists in a singlet ground electronic state.33

III. Results and Discussion

The computed exothermicity of reaction 1 is 38.2 (37.5)
kcal/mol. Since there is no information concerning the
mechanism of the epoxidation catalyzed by [γ-(SiO4)W10O28-
(OH)4],4- we initially used, as noted above, the small model
to identify the possible mechanisms. In our preliminary
investigations, as discussed below, the formation of peroxo,
superoxo, and hydroperoxo species was considered. For the
generation of the peroxo species, H2O2 has to donate both
its protons, and there are no obvious proton acceptors in the
neighborhood of1. Moreover, a peroxo species is highly
reactive and will start abstracting protons from the hydroxyl
groups bonded to the W atoms and alter their oxidation states.
This situation would contradict the experimental proposal
that a structurally rigid intermediate is generated during the
reaction.30 On the other hand, the generation of a superoxide
will require the formation of a radical pair which is clearly
ruled out by experiments suggesting the creation of a
nonradical substrate-attacking intermediate.30 Furthermore,
the barrier for the cleavage of the WdO bond to form
epoxide was calculated to be prohibitively high. Finally, after
preliminary investigations, a “hydroperoxy” mechanism
incorporating all the available experimental and theoretical
information was chosen for further studies. Recently, NMR
data for polyoxovanadometalate [γ-1,2-H2SiV2W10O40]4--
catalyzed epoxidation of olefins by hydrogen peroxide also
indicated the formation of a{VO-(µ-OH)(µ-OOH)-VO} type

of hydroperoxy species.38 This mechanism incorporates the
following two steps: (1) formation of a W-hydroperoxy
(W-OOH) species and (2) formation of epoxide.

A. Small Model Investigations. Formation of W-Hy-
droperoxy (W-OOH) Species.At the starting point of this
step, H2O2 and C2H4 bind to the lacunary compound to form
complexI s (where the subscript s denotes the small model,
Figure 1).

In this structure (I s), H2O2 forms strong hydrogen bonds
with the distal hydroxyl (-O1H) and the aqua ligand with
bond distances of O1H ) 1.41 Å and O3H ) 1.68 Å,
respectively. Simultaneously, C2H4 weakly interacts with the
hydrogen atom of the same distal hydroxyl group (-O1H).
At this point, in a concerted manner, the O2-H bond of H2O2

is broken, and the proton is transferred to the distal hydroxyl
group (-O1H). This process leads to the formation of a
hydroperoxide (-O2O3H) and a water molecule. The result-
ing -O2O3H in turn makes a nucleophilic attack at the vacant
site (created as the result of water formation and dissociation)
on the metal center to generate a W-hydroperoxy (W-
O2O3H) species (II s). The optimized transition state (TS1s)
for this process is shown in Figure 1, and this step has a
barrier of 10.5 (11.1) kcal/mol. InTS1s, all the corresponding
distances (O2H ) 1.50 Å, O1H ) 1.06 Å, and W-O1H )
2.25 Å) indicate proton migration from H2O2 to O1H and
the formation of a water molecule. The connections between
TS1s and the corresponding minima are confirmed by the
intrinsic reaction coordinate (IRC)39 calculations. The forma-
tion of the W-bound hydroperoxy species is slightly exo-
thermic by 0.2 (0.4) kcal/mol.

Formation of Epoxide. In this step of the hydroperoxy
mechanism, the intermediate W-O2O3H species reacts with
C2H4 to produce ethylene epoxide (C2H4O3). Here, in a
concerted fashion, the O3-H bond of the W-O2O3H species
is broken, and the proton is transferred through a water
molecule to the W-bound oxygen atom (W-O2). In this
process, the O2-O3 bond of the W-O2O3H species is
cleaved, and the released oxygen atom (O3) is immediately
abstracted by the C2H4 molecule to form an epoxide. The
optimized transition state structure (TS2s) is shown in Figure
1, and this process has a barrier of 26.9 (32.0) kcal/mol. All
the corresponding bond distances (O3H ) 1.05 Å, O1H )
1.49 Å, O2-O3 ) 1.96 Å, and C-O3 ) 1.83 Å) indicate
that this is a synchronous process. This step has some
similarities to the O-O bond splitting of the Fe(II)-(HOOH)
species in the peroxidase pathway of cytochrome P450. In
this enzyme, the distal His has been suggested to play the
role of an intermediate catalyst by accepting a proton from
the proximal oxygen and then donating it to the distal
oxygen.40 In the present study, a water molecule has been
proposed to perform a role similar to that of the distal His
in cytochrome P450, as a proton donor and acceptor. Another
example of such a process is the O-O bond cleavage of the

(38) Nakagawa, Y.; Kamata, K.; Kotani, M.; Yamaguchi, K.; Mizuno, N.
Angew. Chem., Int. Ed.2005, 44, 5136-5141.
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Scheme 1. Small and Full Models of the Lacunary
[γ-(SiO4)W10O28(OH)4]4- Polyoxometalate

SelectiWe Olefin Epoxidation
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Cu(II)-OOH species in copper amine oxidase (CAO).41 In
CAO, indirectly through a water molecule, a proton transfer
from a sp3 carbon of the phenol ring to one of the oxygens
of the peroxide splits the O-O bond and creates a Cu(II)-
OH species. The transition structure (TS2s) is also confirmed
to be connected to the corresponding minima by IRC
calculations. The formation of the epoxide product (structure
III s, Figure 1) in this process is calculated to be exothermic
by 36.7 (32.8) kcal/mol relative to theII s reactant.

Although the barrier for this mechanism is high 26.9 (32.0)
kcal/mol, it is a certainly worthwhile to examine this
mechanism using the more realistic full model. To include
the effects of the whole lacunary polyoxometalate structure
and four Me4N+ countercations in the calculations, this
mechanism has been investigated using the full model of1
and up to two molecules of the Me4N+ cation.

B. Full Model Investigations. It is noteworthy that, in
this study, we use the tetrahydroxyl, [γ-(SiO4)W10O28-
(OH)4]4-, form of 1, [γ-(SiO4)W10O32H4],4 rather than the
experimentally reported30 bis(oxo) and bis(aquo), [γ-(SiO4)-
W10O28(H2O)2],4- form. The choice of this model is based
on our previous computational study33 which clearly dem-
onstrated, by incorporating the available experimental data,
that the [γ-(SiO4)W10O28(OH)4]4- form of 1 is energetically
more favorable than the [γ-(SiO4)W10O28(H2O)2]4- form.
Thus, our full model has the four hydroxyl (-OH) groups
representing the possible reaction sites, but we have used
only one such site to probe the mechanism. As demonstrated
in the case of the small model studies, the first step of the

investigated hydroperoxy mechanism is the formation of the
W-hydroperoxy species.

Formation of the W-hydroperoxy (W-OOH) Species.
In this step of the reaction, H2O2 and C2H4 are bonded to
the lacunary compound to form complexI f (where subscript
f denotes the full model, Figure 2).

The mode of H2O2 binding in I f is slightly different than
that in I s. In I f, H2O2 forms strong hydrogen bonds with a
hydroxyl (-O1H) group and a terminal oxo (WdO) group
of the lacunary compound, whereas C2H4 binds in exactly
the same manner with the hydroxyl group. However, similar
to that for the small model, the O2-H bond of H2O2 is
broken, and the hydroperoxide (W-O2O3H) species and a
water molecule are generated (structureII f, Figure 2). The
optimized transition state (TS1f) for this process is shown
in Figure 2, and this step has a barrier of 4.4 (7.2) kcal/mol.
Thus, the inclusion of the full lacunary complex reduces the
barrier by 6.1 kcal/mol. InTS1f, the O2-H bond is activated
(O2-H bond distance) 1.04 Å), and the corresponding
W-O1H distance of 2.00 Å, which is slightly longer than
the other W-OH (1.95 Å) bond distances, indicates the
formation of a water molecule. All critical distances inTS1f

are very similar to those inTS1s, which have been confirmed
to be connected with both the reactant and the product (I s

andII s) by IRC calculations. The formation of the W-O2O3H
species is a slightly endothermic by 3.2 (3.9) kcal/mol. The
formation of this species is in line with the experimental
suggestions that a nonradical oxidant is generated on the
lacunary compound, and only a water molecule is produced
as the byproduct.30 It should be noted that the formation of
the W-O2O3H species is possible only if an-OH group is

(41) Prabhakar, R.; Siegbahn, P. E. M.J. Am. Chem. Soc.2004, 126, 3996-
4006.

Figure 1. Optimized structures (in Å) and energies [with and without (in parentheses) solvent effects in kcal/mol] of the reactant, intermediates, transition
states, and the product for the small model of the [γ-(SiO4)W10O28(OH)4]4- polyoxometalate.
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coordinated to the W. This also supports the conclusion of
our previous study that instead of two aqua and two oxo
(terminal) groups,1 prefers to have four terminal hydroxo
ligands.33

Formation of the Epoxide. After W-O2O3H formation,
the ethylene epoxide (C2H4O3) is produced. This is the most
critical step of the proposed mechanism. Here, again in the
same way as in the small model, the-O3H bond of the
W-O2O3H species is broken, and the proton transfer via a
water molecule to the W-bound oxygen atom (W-O2)
cleaves the O2-O3 bond and forms an epoxide. The optimized
transition state structure (TS2f) is shown in Figure 2, and
the corresponding distances (O2-O3 ) 1.73 Å and C-O3

) 2.07 Å) indicate that this process is synchronous. The
critical distances in this structure are also similar to those of
TS2s and are confirmed by IRC calculations to be connected
to both the reactant and the product. The formation of the
epoxide has a very high barrier of 35.5 (36.1) kcal/mol, which
indicates a very low reactivity for1. Inclusion of the full
model of the lacunary complex increases the barrier by 8.6
(4.1) kcal/mol. Moreover, this process follows a 3.2 (3.9)
kcal/mol endothermic step which makes the overall barrier
for this process fromI f 38.7 (40.0) kcal/mol. This is the rate-
limiting step of the entire catalytic cycle. In the product (III f),
the epoxide is hydrogen bonded to the lacunary complex and
the water molecule. The formation of the ethylene epoxide
product fromII f is found to be exothermic by 38.3 (35.3)
kcal/mol.

Countercation Effect. Since it has been known experi-
mentally that four Me4N+ countercations per unit of1 are
present during the catalysis, their effect on the barrier of the
rate-limiting process (I f f TS2f) was also investigated. The
countercation effects have been computed by explicitly
including up to two Me4N+ molecules in the models. The
reactant in the presence of one and two Me4N+ molecules
(structuresI 1CC and I 2CC, Figure 3) is fully optimized,
whereas in the transition state structures (TS21CC andTS22CC,
Figure 3), only the main reaction coordinates (O2O3, O1H,
O2H, O3H, and O3C bond distances) from theTS2f are kept
frozen.

This type of approximation can be justified by considering
the fact that the entire [γ-(SiO4)W10O28(OH)4]4- compound
is already included in the calculations. Solvent effects are
included in the calculated energetics by performing single-
point calculations at the IEF-PCM level. The addition of
the first molecule of Me4N+, located inside the cavity,
reduces the barrier fromI f by 7.6 (8.3) kcal/mol, and the
overall barrier for the formation of epoxide becomes 31.1
(31.7) kcal/mol. Furthermore, the inclusion of the second
Me4N+ molecule, positioned outside the cavity, further
reduces the barrier fromI f by 4.3 (4.3) kcal/mol, and the
overall barrier becomes 26.8 (27.5) kcal/mol. The reason for
the relatively small effect of the second countercation is that,
in comparison to 7 hydrogen bonds formed by the first
Me4N+ molecule, it forms only 5 hydrogen bonds with the
lacunary complex. The remaining two countercations may
have smaller effects, but their presence is also expected to

Figure 2. Optimized structures (in Å) and energies [with and without (in parentheses) solvent effects in kcal/mol] of the reactant, intermediates, transition
states, and the product for the full model of the [γ-(SiO4)W10O28(OH)4]4- polyoxometalate.

SelectiWe Olefin Epoxidation

Inorganic Chemistry, Vol. 45, No. 14, 2006 5707



reduce the rate-limiting barrier. On the other hand, it was
found that the use of the NH4+ ion, as a model for Me4N+,
overestimates the countercation effects by 11.7 (10.7) kcal/
mol. This pronounced countercation effect onTS2f derives,
in good measure, from the fact that the-OOH fragment of
the W-OOH bears a significant negative charge which is
strongly stabilized by the countercation. These results clearly
indicate that the presence of countercations strongly influ-
ences the reactivity of1 and makes it a very efficient catalyst
under moderate conditions. They also suggest that ion-pairing
effects in the H2O2-based oxidation catalyzed by POMs could
be of general importance.

IV. Summary and Conclusions

In the present study, the H2O2-based epoxidation of C2H4

catalyzed by1 has been investigated at the DFT level.
Initially, the use of the small model of the lacunary POM
implicates the hydroperoxy mechanism; this mechanism is
then investigated with the full model of1. The comparison
of the data for the small and full model studies indicates
that the lacunary POM1 basically acts as a mononuclear
W(VI) complex in activating the oxidant.

The proposed mechanism is divided into two steps, and
the energy diagram is presented in Figure 4. In the first step,

the O2-H bond of H2O2 is broken, and the hydroperoxide
(W-O2O3H) species and a water molecule are produced in
a concerted manner. This process has a barrier of 4.4 (7.2)
kcal/mol, and it is slightly endothermic by 3.2 (3.9) kcal/
mol. The formation of the products (W-O2O3H and H2O)

Figure 3. Optimized structures (in Å) and energies (in kcal/mol) of the reactant and the transition state in the presence of the NH4
+ countercation for the

full model of the [γ-(SiO4)W10O28(OH)4]4- polyoxometalate.

Figure 4. Energy diagram of the H2O2-based olefin epoxidation catalyzed
by the lacunary [γ-(SiO4)W10O28(OH)4]4- polyoxometalate.
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in this step is in agreement with experimental suggestions
that a nonradical oxidant is generated on the lacunary POM
and that only a water molecule is produced as a byproduct.30

In the second and the final step, the O3H bond of the
W-O2O3H species is cleaved, and the proton is transferred
via a water molecule to the W-bound oxygen atom (W-O2)
to split the O2-O3 bond and form an epoxide. This is the
rate-limiting step of the entire catalytic cycle and occurs with
an overall barrier of 38.7 (40.0) kcal/mol. The formation of
the product (C2H4O3) is exothermic by 38.3 (35.3) kcal/mol.

Since the barrier for the rate-limiting process is quite high,
the effect of Me4N+ on the epoxidation step was examined.
Compound1 has been documented experimentally to contain
four Me4N+ countercations. It was found that the inclusion
of the one and two molecules of countercation (Me4N+)
reduces the rate-limiting barrier by 7.6 (8.3) and 11.9 (12.6)
kcal/mol, respectively. These results clearly indicate that ion-
pairing interactions make1 a more efficient catalyst for the
epoxidation of C2H4 by H2O2.

This study, for the first time, provides a detailed mecha-
nism and assesses the impact of a countercation on a POM-
catalyzed H2O2-based epoxidation reaction. However, it
needs to be mentioned that the aforementioned conclusions

are based on the full model studies, where1 was modeled
as a species containing four hydroxyl (-OH) groups, rather
than the bis(oxo) and bis(aquo) groups, which were previ-
ously33 demonstrated to be energetically less favorable.
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