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A density functional study on olefin epoxidation by rhenium and molybdenum peroxo complexes has been carried
out. Various intermediates and transition structures of the systems CH3ReO3/H2O2, H3NMoO3/H2O2, and H3-
NOMoO3/H2O2 were characterized, including ligated and unligated mono- and bisperoxo intermediates as well
as hydroperoxo derivatives. For the rhenium system the bisperoxo complex CH3ReO(O2)2‚H2O was found to be
most stable and the one with the lowest transition state for epoxidation of ethylene (activation barrier of 16.2
kcal/mol), in line with experimental findings. However, participation of monoperoxo and hydroperoxo complexes
in olefin epoxidation cannot be excluded. For both molybdenum systems, hydroperoxo species with an additional
ammonia model ligand in axial position were calculated to be most stable. Inspection of calculated activation
barriers of ethylene epoxidation reveals that, in both molybdenum systems, hydroperoxo mechanisms are competitive
if not superior to peroxo mechanisms. The reaction barriers of the various oxygen transfer processes can be
rationalized by structural, orbital, and charge characteristics, exploiting a model that interprets the electrophilic
nature of the reactive oxygen center.

Introduction

Transition metal peroxo compounds play an important role
in oxygen transfer to organic substrates such as olefins.1 A well-
studied example is methyltrioxorhenium (MTO) which is a
highly efficient olefin epoxidation catalyst in the presence of
hydrogen peroxide.2 Herrmann et al.3 showed that MTO reacts
with H2O2 to form mono- and bis-peroxo complexes; the latter
was found to be stabilized by an additional axial aquo ligand.
Inorganic compounds such as ReO4

- also activate peroxo
compounds to convert olefins into epoxides.4 Herrmann et al.3

and Espenson et al.5 have proposed reaction mechanisms for
epoxidation involving either bisperoxo or monoperoxo deriva-
tives of MTO. Structurally similar peroxo complexes of Mo(VI)
and W(VI) constitute another important class of compounds
active in the epoxidation of olefins.6 Especially molybdenum
peroxo complexes are used as stoichiometric reactants7-9 and

as catalysts.10-13 While for rhenium complexes a peroxo
intermediate seems to act as active oxygen source, there are
strong indications that activated hydroperoxo groups are more
reactive in other systems, e.g. for molybdenum peroxo com-
plexes.14 Very recently Wahl et al. showed that molybdenum
bisperoxo complexes MoO(O2)2(OER3), with equatorial ligands
OER3 (E ) N, P, As and R) n-dodecyl), are highly efficient
olefin epoxidation catalysts.13 Mechanistic aspects of olefin
epoxidation with peroxo compounds were intensively studied
during the last few years.2,3,5 An interesting approach to the
properties of oxygen transfer reactions, based on the sulfoxi-
dation of thianthrene 5-oxide as mechanistic probe, was
proposed by Adam and co-workers.15-17 The electrophilic
characteristics of V, Mo, and W peroxo complexes in oxygen
transfer reactions were studied in similar fashion.18-20

The nature of the transition state of oxygen transfer from
transition metal peroxo complexes to olefins has been under
discussion for quite some time. Two models have been
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suggested. One model assumes a direct attack of an olefin at a
peroxo oxygen center, with a transition state of spiro structure.21

At variance with this one-step mechanism, a two-step process
has been proposed;8 it implies an insertion of the olefin into a
M-O bond in a [2+2]-like arrangement leading to a five-
member metallacycle intermediate that involves two carbon
atoms, the metal center, and a peroxo group. In this mechanism,
the epoxide must be extruded from the metallacycle via a second
transition state.

During the past decade quantum chemical calculations using
density functional methods proved to be valuable tools for
investigating olefin epoxidation by transition metal complexes.
While early computational studies focused on structural aspects
of MTO related oxo complexes,22 we recently investigated the
mechanism of olefin epoxidation, including the calculation of
transition states, by transition metal peroxo complexes of Ti,23

Cr, Mo, W24 and Re.25 Recently, the epoxidation of allylic
alcohol by rhenium peroxo complexes has been investigated
computationally with special focus on the role of hydrogen
bonding between an alcohol substrate and a peroxo complex.26

An important finding is that all these peroxo compounds with
d0 electron configuration at the transition metal center exhibit
essentially the same epoxidation mechanism23-27 which is also
valid for organic peroxo compounds such as dioxiranes and
peracids.28,29 The calculations reveal that direct nucleophilic
attack of the olefin at an electrophilic peroxo oxygen center
via a transition state of spiro structure is preferred as significantly
lower activation barriers were calculated for it than for the two-
step insertion mechanism.23-25 A recent computational study
of epoxidation by Mo peroxo complexes showed that the
metallacycle intermediate of the insertion mechanism leads to
an aldehyde instead of an epoxide product.30

Despite of the common reaction mechanism, peroxo com-
plexes exhibit very different reactivities depending on the
particular structure, as shown by the calculated activation
energies. We proposed a model27,31 that is able to qualitatively
rationalize differences in the epoxidation activities of a series

of structurally similar transition metal peroxo compounds CH3-
Re(O2)2O‚L with various Lewis base ligands L. In this model
the calculated activation barriers of direct oxygen transfer from
a peroxo group to an olefin are correlated with the energies of
pertinent orbitals, theπ(C-C) HOMO of the olefin, and the
σ*(O-O) LUMO of the peroxo group.31,32 When applied to
organic peroxides, this rather simple model performs especially
well.33-35 Although most of the computational studies are limited
to reactions in the gas phase, solvent effects on the activation
barriers were investigated for organic peroxo compounds,
dioxirane, and acetic percarboxylic acid.33 The elaborated
relationship between the solvent-induced change of the activa-
tion energy and the value of the solvent’s dielectric constantε

was applied to estimate the solvent effect on the activity of CH3-
Re(O)(O2)2‚L (L ) H2O, pyridine, pyrazole).33

The goal of the present work is to compare at the same
computational level the epoxidation activity of the following
transition metal catalytic systems: CH3ReO3/H2O2, H3N‚MoO3/
H2O2, and H3NO‚MoO3/H2O2. Starting with the trioxo precur-
sors CH3ReO3 and L‚MoO3 (L ) NH3, ONH3), we concentrate
on characterizing different peroxo derivatives that are formed
via interaction of these precursors with H2O2 molecules.
Broadening the scope of our previous work on peroxo com-
plexes of Mo and Re,24,25here we will also address mechanisms
of oxygen transfer involving hydroperoxo intermediates such
as CH3ReO(O2)(OH)(OOH) and L‚MoO(O2)(OH)(OOH). The
activity of different peroxo intermediates will be discussed on
the basis of the calculated energetics and activation barriers for
oxygen transfer.

Reaction Models

Intermediates. The evolution of the system L1MO3 (M )
Re, Mo) in the presence of H2O2 is schematically depicted in
Figure 1. For rhenium L1 is CH3, while in the case of
molybdenum we employ the model ligands NH3 and ONH3.
Trioxo precursor complexes are designated as1, monoperoxo
complexes formed from1 via formal substitution of an oxo
ligand by peroxo group are designated as2, and bisperoxo
complexes, resulting from subsequent substitution of a further
oxo ligand, as3. Complexes1-3 can form the Lewis-base
adducts which we denote asB while we use the designatorA
for the corresponding base-free complexes. Thus, in the fol-
lowing we will abbreviate trioxo compounds of the type L1-
MO3 as1A(Re),1A(Mo‚NH3), and1A(Mo‚ONH3). With 2A(M)
and 3A(M) we will refer to the monoperoxo and bisperoxo
complexes L1MO2(O2) and L1MO(O2)2, respectively. Accord-
ingly, the complexes L1L2MO3, L1L2MO2(O2), and L1L2MO-
(O2)2, with their additional base ligand L2, will be labeled
1B(M), 2B(M), and3B(M), respectively. As ligand L2 we use
H2O in the case of Re and an NH3 molecule in the case of
molybdenum complexes. Finally, the hydroperoxo derivatives
L1MO(OOH)(OH)(O2), 4A(M) (Figure 1), and L1L2MO(OOH)-
(OH)(O2), 4B(M), can formally be constructed by addition of a
water molecule to a peroxo group of the bisperoxo complexes
3A(M) and 3B(M), respectively.

The analogy between Re and Mo systems is emphasized by
the fact that the precursors H3C‚ReO3 and H3N‚MoO3 as well
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as the corresponding peroxo derivatives exhibit isoelectronic
valence shell structures. We will also consider aminoxide ligands
ONH3 in the system H3NO‚MoO3/H2O2 to model a family of
Mo complexes with ligands O)ER3 (E ) N, P, As) where R
are long-chain alkyl substituents; these complexes are of great
practical importance for olefin epoxidation.13 In contrast to NH3
the model ligand ONH3, due to its more flexible connection to
the complex, is able to form intra-complex hydrogen bonds with
oxo and peroxo centers. To avoid artifacts of such intra-complex
hydrogen bonds on the epoxidation activity of a peroxo complex
we always consider those orientations of the ligand where the
hydrogen atoms of ONH3 do not directly interact with the peroxo
group attacked by the olefin.

Reaction Mechanisms and Pathways.As mentioned in the
Introduction, two mechanisms are being discussed for the
epoxidation of olefins by transition metal peroxo complexes.
The olefin is assumed to either directly attack a peroxo group
or it is postulated to precoordinate at the metal center, followed
by an insertion into a metal oxygen bond which results in a
five-member metallacycle intermediate.8 The spatial character-
istics of the direct attack for either organic or metal peroxo
intermediate were also under discussion29,36since in the transi-
tion state both planar and spiro approaches of the olefin double
bond to the peroxo group are conceivable. Calculations revealed
that for transition metal complexes spiro and planar transition
structures with ethylene as model olefin exhibit moderate
differences only, but the spiro orientation is always found to
be preferred. For instance, for the monoperoxo complex CH3-
ReO2(O2),26 transition states with the ethylene double bond
oriented in the plane of the Re-peroxo group are 3 to 5 kcal/
mol higher in energy (depending on the reacting peroxo-oxygen
center, “front” or “back”, see below) than the corresponding

transition states with spiro structure. Therefore, in the present
work we consider direct attacks only via spiro transition states.

The oxygen centers of the peroxo group in most peroxo and
all hydroperoxo intermediates under study are not symmetry
equivalent. To characterize the calculated transition structures
we will employ the following nomenclature. A direct attack of
an olefin on a peroxo group may occur either from the front
side (distant from the equatorial ligand L1, see Figure 1),
denoted as “front” (F), or from the backside (proximate to the
equatorial ligand), denoted as “back” (B).25 Previous compu-
tational studies favored the direct attack, yielding evidence
against the insertion mechanism.24,25 Nevertheless, we present
here also calculated activation energies for insertion processes
(designated byI ) to provide a complete overview of these
mechanisms. To refer to a particular transition state we
concatenate the symbol indicating the type of the transition
structure and the corresponding designator of the starting
complex; for instance,F3B(Re) (see Figure 2) denotes a
transition state corresponding to direct front-side spiro attack
of an olefin on the peroxo group of the water-stabilized rhenium
bisperoxo complex3B(Re). (In context, no confusion should
arise between the designatorsB for the transition state of a
backside attack preceding the system number and for the base
adduct following it.) Thus, up to 12 types of oxygen transfer
processes (Figure 2) involving the peroxo intermediates2A, 2B,
3A, and 3B have been considered for each L2L1‚MO3/H2O2

system: 4 transition states of insertion and 8 transition states
of direct attacks (front and back).

For hydroperoxo species the number of possible configura-
tions of intermediates as well as transition structures increases
since an OOH group features more conformational freedom than
a peroxo group.25 In particular, the metal hydroperoxo group
M-OR-Oâ-H can be arranged in such a way that theR oxygen
atom (closer to the metal center) is distal (front side orientation)
or close (backside) to the equatorial ligand L1; see the two
configurations of4A(Re) in Figure 3. In the following, we
present results only for the lowest energy configurations of the
intermediates4A and4B, unless specified differently. The olefin(36) Wu, Y.-D.; Lai, D. K. W.J. Org. Chem. 1995, 60, 673.

Figure 1. Schematic representation of structures and reaction energies
∆E (in kcal/mol) for the peroxidation and the base adduct formation
of various transition metal complexes. The values of each column refer
to M ) Re, L1 ) CH3, L2 ) H2O (top row); M) Mo, L1 ) L2 ) NH3

(middle row); M ) Mo, L1 ) ONH3, L2 ) NH3 (bottom row).

Figure 2. Transition state structures of ethylene epoxidation starting
from the peroxo complexes2A, 2B, 3A, and3B of the system Mo‚
NH3 for insertion (I ) as well as direct oxygen transfer via front-side
spiro (F) and backside spiro (B) reaction pathways.

Olefin Epoxidation Inorganic Chemistry, Vol. 40, No. 15, 20013757



may interact with anR oxygen center of the metal hydroperoxo
moiety or with aâ oxygen center (carrying the proton) (Figure
4). In the case of anR attack, the OH group remaining after the
O-O bond is broken has to be transferred back to the metal
center. For aâ attack, the proton may be transferred to one of
several accepting groups. To limit the computational effort, we
have investigated only intramolecular proton transfer, in analogy
to commonly accepted transition structures for the olefin
epoxidation with peracids.28,29 Hydroperoxo intermediates ex-
hibit three potentially protophilic sites, namely oxo, hydroxo,
or peroxo groups; the corresponding transition states will be
denoted byO, OH, or O2, respectively. For theR attack we
investigated only pathways starting from complex4A since back
transfer of the remaining OH group to the metal center is
sterically strongly hindered if a Lewis-base ligand is coordinated
to the metal center (4B) because the coordination sphere of the
metal center is too crowded. Theâ attack was studied for
complexes without (4A) and with (4B) an additional base ligand.

As we can see, any straightforward count of conceivable
transition states for hydroperoxo species, especially in the case
of aâ attack, would easily result in dozens of possible structures.
Molecular dynamics simulations of the whole reaction system
are the method of choice for treating a problem with such a
complex phase space; one would have to calculate a reasonably
large number of trajectories and average over these results.37

The key aspect of any molecular dynamics method is the
description of the interatomic interactions. Molecular dynamics
calculations with accurate forces are computationally extremely
very demanding even for gradient-corrected exchange-correla-
tion functionals.38,39For a similarly approach as presented here,

namely the B3LYP hybrid density functional method (see
“Computational Details”), we are not aware of any such study
of a transition metal system.

In the following, we will use a conventional quantum
chemical approach to investigate the mechanism of olefin
epoxidation by peroxo complexes. On the basis of chemical
reasoning, we judiciously selected a number of intermediates
for which we characterized transition states. Nevertheless, in
the following we will present a total of about 50 transition states
for the three systems of interest. In this way we are able to
describe pertinent features of the catalytic systems under
investigation. It will turn out that often several pathways with
transition states of comparable energy are available to the
system, preventing the identification of a unique, preferred
reaction pathway. Specific reaction conditions in a given
experiment may affect the propensities of these alternative
pathways.

Results and Discussion

Energetics of Intermediates.The reaction energies of the
peroxidation reactions in the systems CH3ReO3/H2O2 and H3N‚
MoO3/H2O2 have been separately analyzed elsewhere.24a,25Here,
we briefly summarize these results comparing the Re and Mo
systems, and we extend the analysis to the system H3NO‚MoO3/
H2O2. In this comparison, we will also comment on the
formation energetics of pertinent hydroperoxo species. The
transformation energies (in kcal/mol) for all intermediates
characterized starting from the trioxo precursors1A for Re and
Mo are indicated in Figure 1.

Inspection of the reaction energies displayed in Figure 1
shows that all intermediates of the left-hand column form stable
Lewis-base adducts. The stabilization energy ranges from-8.5
kcal/mol for2A(Re)f 2B(Re) to-26.2 kcal/mol for2A(Mo‚
NH3) f 2B(Mo‚NH3). Interestingly, for bisperoxo,3A, and
hydroperoxo,4A, intermediates the energies of base adduct
formation for the Re complexes do not differ much from those
of the analogous Mo complexes, although in the case of Re the
Lewis base is H2O whereas for Mo we used NH3 and ONH3 as
model ligands. On the other hand, the Re trioxo,1A, and
monoperoxo,2A, complexes exhibit significantly weaker bonds
with an additional base ligand than the corresponding Mo
species. Also, note that for1B(Re) and 2B(Re) the cis
conformation of CH3 and H2O ligands is by about 1 kcal/mol
lower in energy than the trans conformation (see the cis and
trans conformations of2B(Re) in Figure 5), while for the
systems1B(Mo) and2B(Mo) the trans conformation of the bases
L1 and L2 is the only one possible since the cis conformation is
reduced to 1A/2A and a separate NH3 molecule during
optimization.

The peroxidation process, i.e., the formal substitution of an
oxo ligand by a peroxo group, tends to be almost isoenergetic
for Re complexes, while a pronounced exothermic effect is(37) (a) Haile, J. M. InMolecular Dynamics Simulation: Elementary

Methods; Wiley: New York, 1997. (b) Frenkel, D.; Smit, B.
Understanding Molecular Simulation: From Algorithms to Applica-
tions; Academic Press: New York, 1996.
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122, 4098. (b) Woo, T. K.; Blo¨chl, P. E. Ziegler, T.J. Phys. Chem.
A 2000, 104, 121.

Figure 3. Two conformations of the hydroperoxo group of the
intermediate4A(Re) suitable for an attack at theR oxygen center from
(a) the front side and (b) the backside.

Figure 4. Transition state structures for different pathways of ethylene
epoxidation by hydroperoxo complexes:R attack of4A(Mo‚NH3) with
front and back orientation of hydroperoxo group;â attack of4B(Mo‚
NH3) with subsequent proton transfer to peroxo (O2), oxo (O), and
hydroxo (OH) ligands as accepting group.

Figure 5. Cis and trans conformations of the ligands H2O and CH3 of
the mono peroxo complex2B(Re).
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found for most species of both Mo families (Figure 1). The
reaction energies of the systems (Mo‚NH3) and (Mo‚ONH3) are
rather similar; for instance, for1A(Mo‚ONH3) f 3A(Mo‚
ONH3) the calculated overall peroxidation energy is-19.8 kcal/
mol, while for1A(Mo‚NH3) f 3A(Mo‚NH3) we obtained-26.4
kcal/mol. For the overall process1A f 3B, transformation
energies of-41.3 and-38.8 kcal/mol have been determined
for the systems (Mo‚NH3) and (Mo‚ONH3), respectively. The
addition (e.g. to3A) of the second “base” ligand is responsible
for that major increase of stabilization when forming complexes
3B.

For the system L‚MoO(O2)2, the Mo-L binding energy is
-44.9 kcal/mol for L) NH3 and -63.5 kcal/mol for L)
ONH3, the difference being 18.6 kcal/mol. For the trioxo
precursors LMoO3 the difference between both Mo-L ligand
binding energies is even larger, 23.3 kcal/mol (with binding
energies of-54.8 kcal/mol for L) NH3 and-78.1 kcal/mol
for L ) ONH3). Thus, an aminoxide ligand stabilizes the Mo
center better than an amine ligand.

As it is shown in Figure 1 the hydroperoxo intermediates
4A and4B are obtained from bisperoxo complexes3A and3B
by the opening of one of their peroxo rings. For the molybdenum
complexes, this formal water addition process leads to the most
stable species of the reaction system,4A(Mo‚ONH3) and
4B(Mo‚NH3). The activation barrier of the ring opening reaction
that transforms3B(Mo‚NH3) into 4B(Mo‚NH3) has been
calculated to 11.3 kcal/mol. Interaction of a peroxo complex
with a hydrogen peroxide molecule can also lead to a hydro-
peroxo species.14,40 Recall that in the Re system the complex
3B(Re) is the most stable species; this complex has been
characterized by X-ray analysis3 and previously compared to
the calculated structure.25 Also for the molybdenum bisperoxo
complexes, calculated and experimental structures compare
satisfactorily.24

HOMO -LUMO Orbital Interaction Model. The early
transition metal peroxo complexes behave as electrophilic
oxidants, as for instance shown for complexes of V, Mo, and
W using the thianthrene 5-oxide probe.18-19,20 It is also known
that epoxidation of electron-rich olefins, e.g., highly alkyl
substituted species, exibits higher reaction rates. The electro-
philic character of oxygen transfer can be rationalized by
reference to a frontier orbital argument.31 In the reaction between
a peroxo complex and an olefin, the dominating interaction
occurs between theπ(C-C) HOMO of the olefin and theσ*-
(O-O) LUMO of the peroxo group. The energy difference
between these two orbitals controls the barrier differences for
similar peroxo compounds.28,31The other frontier orbital interac-
tion between the occupiedπ*(O-O) of the peroxo group and
the unoccupiedπ*(C-C) of the olefin is less important for the
determination of the activation barrier, although it seems to play
a role in favoring the spiro structure of transition states over
the planar structure.

To confirm the relevance of this orbital interaction to the
determination of the epoxidation barrier we calculated the
epoxidation transition states (all of them of spiro structure) of
the model olefins ethylene, propene,cis-2-butene, 2-methyl-2-
butene, and 2,3-dimethyl-2-butene for the bisperoxo compounds
3A(Re), 3A(Mo‚NH3), and 3A(Mo‚ONH3). The calculated
heights of the resulting epoxidation barriers vary linearly with
the energy of the olefin HOMO (Figure 6). Similar findings
have been obtained for organic oxygen donors such as dioxirane
and peracids.28,35 Each methyl substituent of the olefin pushes

electron density onto the CdC moiety and raises the olefin
HOMO energy, thus increasing the interaction of the olefin with
electrophilic oxidants. Concomitantly, the energy gap between
the olefin HOMO and the peroxo LUMO decreases, entailing
a lower activation barrier for epoxidation. Interestingly, the
bisperoxo derivatives3A of the Re and Mo systems studied
feature similar electrophilic behavior as indicated by the fact
that all three lines shown in Figure 6 exhibit similar slopes.

We can apply this HOMO-LUMO model to predict reaction
barriers of larger olefins without explicitly locating the transition
state. As an example, we discuss the epoxidation of 4-meth-
oxystyrene with the Re bis-peroxo complex3B(Re). The
activation enthalpy has been measured to 10.2( 0.4 kcal/mol.5

From the data displayed in Figure 6 and the calculated HOMO
energy of 4-methoxystyrene,-5.75 eV, we extrapolate an
activation barrier of about 4.2 kcal/mol when this substrate
interacts with the intermediate3A(Re). By comparing the
activation barriers of the direct front-side transition states of
ethylene epoxidation by the complexes3A(Re) and3B(Re), 12.4
and 16.2 kcal/mol, respectively (see below), we estimate that
water adduct formation increases the barrier height by 3.8 kcal/
mol. Thus, our final estimate for the theoretical epoxidation
barrier of 4-methoxystyrene is about 8.0 kcal/mol. This value
is in good accordance with, but lower than, the experimental
value,5 although our theoretical estimate does not include solvent
effects.

Activation Barriers Relative to the Direct Precursor.
Epoxidation by Peroxo Complexes.In Table 1 we present the
activation energies for ethylene epoxidation by various peroxo
and hydroperoxo complexes. Calculated structural data of all
precursor complexes and the corresponding transition states of
direct oxygen transfer are provided as Supporting Information.
Inspection of Table 1 reveals that for all complexes insertion
transition states exhibit very high activation barriers. With one
exception, activation barriers for insertion processes are always
higher than the corresponding values for the direct oxygen
transfer. The exception is the insertion transition stateI3A (Mo‚
NH3) with an activation energy of 22.3 kcal/mol which lies by
6.6 kcal/mol lower thanB3A(Mo‚NH3). However, also in this
case the direct mechanism is preferred since the attack of the
front oxygen centerF3A(Mo‚NH3) exhibits an activation barrier
of only 14.1 kcal/mol. Therefore, in the following we will refrain
from discussing the insertion mechanism.

(40) Hroch, A.; Gemmecker, G.; Thiel W. R.Eur. J. Inorg. Chem. 2000,
1107.

Figure 6. Calculated energy barriers∆Eq (in kcal/mol) of the
epoxidation of various substituted olefins (from left to right: ethylene,
propene,cis-2-butene, 2-methyl-2-butene, and 2,3-dimethyl-2-butene)
by the complexes3A(Re),3A(Mo‚NH3), and3A(Mo‚ONH3) as function
of the energy of the olefin HOMOπ(C-C). Also shown is the estimated
reaction barrier of 4-methoxystyrene (empty circle), based on the
corresponding HOMO energy.
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From Table 1 we recognize that for all bisperoxo intermedi-
ates attacks of peroxo groups from the front side require lower
activation energies than the corresponding backside attacks. The
situation is somewhat more complicated for monoperoxo
complexes. In particular, the barrier heights of the transition
statesF2A(Re) andB2A(Re) are almost equal, about 19 kcal/
mol. For the cis conformation of2B(Re) (Figure 5) the direct
backside transition structureB2B(Re) (16.2 kcal/mol, Table 1)
is the only one characterized whereas during the attempt to
localize the transition structureF2B(Re) the additional water
ligand is extruded from the complex during the oxygen transfer
reaction. On the other hand, the trans conformation of2B(Re)
(Figure 5), which is almost degenerate with the cis conformation,
exhibits activation barriers of 20.2 and 23.9 kcal/mol for front
and backside attacks, respectively, i.e., higher than the backside
attack of the cis conformation. The low barrier ofB2B(Re) is
in line with the fact that the bond Re-Oback of 2B, 2.02 Å, is
considerably longer than in2A, 1.97 Å.25 Inspection of further
structural data reveals (see the Supporting Information) that this
backside metal-oxygen bond of intermediate2B is the longest
Re-O(peroxo) distance among all rhenium complexes studied
here. For the molybdenum system Mo‚ONH3, we also found
very close activation energies for the processesF2A andB2A,
18.5 and 19.8 kcal/mol, respectively. Note that in the intermedi-
ate 2B(Mo‚NH3) (analogous to2B-trans(Re), Figure 5) the
peroxo oxygen centers are symmetry equivalent (C2V symmetry);
therefore there is no difference between front and backside
attacks here.

The following general trends can be derived from a com-
parison of the lowest activation barriers (corresponding to a front
attack for most species) calculated for peroxo intermediates2A/
2B and 3A/3B of the systems Re, Mo‚NH3, and Mo‚ONH3

(Table 1). (i) Re complexes exhibit slightly lower activation
barriers than the corresponding Mo species. (ii) The base effect
is considerably weaker for Re than for Mo complexes. For
monoperoxo intermediates this trend is especially clear: in both
Mo systems the activation energy of the base adduct2B is higher

by about 16 kcal/mol than for the corresponding base-free
complex2A, while 2B(Re) yields even a lower activation barrier
than2A(Re). (iii) Mo‚NH3 and Mo‚ONH3 peroxo derivatives
exhibit very similar behavior although corresponding activation
barriers of the system Mo‚ONH3 are by about 1 kcal/mol higher.

Epoxidation by Hydroperoxo Complexes.Next we turn to
a discussion of the reactivity of hydroperoxo complexes.
Similarly to Ti hydroperoxo species23 the attack of theR oxygen
center of the hydroperoxo group of4A intermediates requires
less activation energy than the attack of theâ oxygen center
(Table 1). Since in the case of4A(Re) the two states with an
orientation of theR oxygen center ready for a front-side or a
backside attack (Figure 3) are very close in energy, we discuss
here the activation energies of both conformations of this
intermediate. The conformation suitable for a front-side attack
(Figure 3a) exhibits a significantly lower activation barrier (15.8
kcal/mol) than that suitable for a backside attack (Figure 3b)
for which an activation barrier of 20.5 kcal/mol is calculated.
For the systems Mo‚NH3 and Mo‚ONH3 the conformation of
species4A suitable for a front attack is definitely preferred, as
the other conformation lies about 9 kcal/mol higher. Therefore,
only the activation barriers corresponding to the lowest state of
4A are given in Table 1 for Mo systems. The transition
structuresR4A(Mo‚NH3) andR4A(Mo‚ONH3) exhibit signifi-
cantly different activation energies, 20.5 and 16.5 kcal/mol,
respectively. As already mentioned, for steric reasons (due to
an additional axial ligand) it is not feasible to calculate theR
attack of4B complexes.

For an attack at theâ oxygen center of a hydroperoxo group,
we have confined our investigations to intramolecular proton
transfer where the accepting group is part of the same complex.
Therefore, three reaction pathways were considered for theâ
attack of hydroperoxo species where an oxo, a hydroxo, or a
peroxo group, respectively, acts as proton acceptor. The
transition states energies are expected to reflect the basicity
strengths of the different proton acceptors. For complex
4A(Re), theâ attack with a subsequent proton transfer to the
oxo group features the highest activation barrier, 27.0 kcal/mol
(Table 1), while for the peroxo and hydroxo groups as proton
acceptors much lower barriers of 18.5 and 17.4 kcal/mol are
calculated (transition structuresO2â4A and OHâ4A, respec-
tively). This trend is in line with the estimated proton affinity
of the corresponding oxygen center using the HF as probe:34

the energies of the hydrogen bonds formed between the HF
probe molecule and the oxo, peroxo, and hydroxo groups of
4A(Re) are calculated to-6.5, -7.0, and -9.9 kcal/mol,
respectively. The lowest activation barrier ofâ attack is
calculated for the pathway where the most nucleophilic hydroxo
center acts as proton acceptor. There is no linear correlation
between the height of the activation barrier and the calculated
HF binding energy to the selected proton accepting center. Thus,
steric interactions are likely to affect the rearrangement of the
hydroperoxo group (which is necessary to bring the proton close
to the accepting oxygen center) in a significant manner,
influencing the activation energies of the various routes of the
â attack to a different degree.

This latter observation also holds for the barriers ofâ attacks
at the corresponding Mo‚NH3 complexes (Table 1). For complex
4A(Mo‚NH3) as precursor we calculated barriers of 25.3, 28.9,
and 35.5 kcal/mol for peroxo, oxo, and hydroxo groups as proton
acceptors, respectively. The barriers forâ attacks at4A(Mo‚
NH3) and4B(Mo‚NH3) are higher (some of them significantly)
than those of the corresponding rhenium complexes. In addition
we note that the energies of the two lowest-lying hydroperoxo

Table 1. Calculated Activation Barriers∆Eq (in kcal/mol) of
Ethylene Epoxidation by Peroxo Complexes of Molybdenum and
Rhenium for Various Reaction Pathways: InsertionI ; Direct
Oxygen Transfer from2A, 2B, 3A, and3B Complexes via
Front-Side SpiroF, and Back-Side SpiroB Transition States; Direct
Oxygen Transfer from Hydroperoxo Complexes4A and4B, Either
Characterized as Front- or Back-SideR Oxygen Attack or asâ
Oxygen Attack with Various Hydrogen Acceptor Groups (Peroxo
âO24A, Oxo âO4A, Hydroxo âOH4A)

Mo Re

I F B I F B

2A 26.4 18.8 (18.5) 22.8 (19.8) 30.9 18.8 18.9
2B a 34.1 (35.0) 34.1 b b 16.2
3A 22.3 (23.0) 14.1 (15.5) 28.9 (21.3) 25.8 12.4 19.2
3B a 19.7 (21.2) 27.5 38.7 16.2 23.3
r4Ac 20.5 (16.5) 15.8 21.9

O2 O OH O2 O OH

â4A 25.3 (29.2) 28.9 (27.0) 35.5 (25.3) 17.4 27.0 18.5
â4B 27.5 31.6 30.3 21.2 21.5 17.8

(30.9)

Values in parentheses refer to molybdenum complexes with ONH3

ligands.a No barrier available since the second ammonia ligand is
expelled during the transition state search.b No transition state localized
since the water ligand is expelled during the search.c For Re systems,
the barriers are relative to intermediates with orientations of the
hydroperoxo group suitable for attacks at theR oxygen center from
the front and backside, respectively.
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transition states starting from complex4B(Mo‚NH3) appear in
reverse order compared to4B(Re‚OH2), with proton transfer to
the peroxo group featuring the lowest transition state; in the
Re systems, proton transfer to the hydroxo group is preferred.
The complex4B(Mo‚ONH3) also exhibits a very high activation
energy for ethylene epoxidation. Only the transition stateO2â4B
was calculated (associated with a barrier of 30.9 kcal/mol) since
it had been shown to be the variant ofâ attacks of4A(Mo‚
NH3) and4B(Mo‚NH3) complexes with the lowest activation
barrier.

Factors Governing the Reactivity.To identify factors which
influence the epoxidation activity of a transition metal peroxo
complex, one can monitor the following three characteristics
of transition metal peroxo or hydroperoxo moieties: (i) the
M-O and O-O bond strengths, measured through the bond
lengths (these bonds are to be broken during the oxygen transfer
process), (ii) the electrophilic properties of the peroxo oxygen
centers (e.g., as estimated by a population analysis), and (iii)
the energy of theσ*(O-O) orbital.

To compare the three systems under study, CH3ReO3/H2O2,
H3NMoO3/H2O2, and H3NOMoO3/H2O2, we choose the peroxo,
3A, and hydroperoxo,4A, intermediates as well of the corre-
sponding transition statesF3A and R4A for front-side direct
attack by an ethylene. Also, these reaction pathways exhibit
the lowest (or almost the lowest) activation barriers; in addition,
because of the structural similarity, these pathways facilitate a
comparison of analogous peroxo and hydroperoxo complexes.
A comparison ofâ attack processes based on these reactivity
criteria is difficult since the various subsequent proton-transfer
steps exhibit differences in barrier heights of up to 10 kcal/mol
(see Table 1, system4A(Mo‚NH3)); these differences cannot
be described within the criteria listed above. In Table 2, we
present pertinent characteristics of the intermediates3A and4A
as well of the corresponding transition stateF3A andF4A for
front-side direct attack by an ethylene. In recognition of the
three reactivity criteria listed above, we have selected the
following characteristics of the intermediates: the bond lengths
O-O and M-O, the chargesq(O) of the attacked oxygen center,
and the energy of theσ*(O-O) orbital. Furthermore, we
compare the barrier heights of olefin epoxidation and, if
available, the energy∆E0 of the epoxidation reaction.

For the front-side direct transferF3A, we identify the Re
system as the one with the lowest activation energy (12.4 kcal/
mol), followed by Mo‚NH3 (14.1 kcal/mol) and Mo‚ONH3 (15.5

kcal/mol). This ordering of the activation barriers is quite
accurately reflected by the energy of theσ*(O-O) orbital as
expected by the frontier orbital argument discussed previously:
the higher theσ*(O-O) energy, the larger the activation energy.
This holds even for complexes where the electronic structure
is somewhat different; see the previous analysis of Ti hydro-
peroxo complexes.23 The chargeq(O) of the peroxo groups
supports the proposed electrophilic character of the olefin attack
at the metal peroxo moiety. More negative chargesq(O) of the
peroxo complexes are associated with higher activation barriers.
However, theR attack in the hydroperoxo systems4A does not
follow this trend.23 Also the reaction energies∆E0 show, to
some extent, the expected propensity. In general, a larger
exothermicity (in absolute terms) is associated with a lower
barrier height although there are exceptions (cf.F3A of Mo‚
NH3 and Mo‚ONH3). Bond distances do not always exhibit the
expected trends. For the hydroperoxo systems4A, longer, thus
more activated, O-O and M-O bonds entail lower barriers;
see in particularF4A(Mo‚ONH3). However, the structural
changes of the peroxo complexes are probably too small (at
most 0.01 Å) to allow a meaningful interpretation.

On the basis of the characteristics discussed so far, Table 3
provides a pairwise comparison of processes involving peroxo
and hydroperoxo (onlyR attack) species of the systems Re, Mo‚
NH3, and Mo‚ONH3; see the Supporting Information for the
original data.

In the first part of Table 3 we compare the direct front-side
attacksF2A andF3A at the six-coordinated mono and bisperoxo
complexes2A and3A, respectively. The bisperoxo intermediate
3A exhibits a lower barrier than the corresponding monoperoxo
complex2A in all three metal-ligand systems, but this energy
difference decreases along the series Re, Mo‚NH3, and Mo‚
ONH3: -6.4,-4.7, and-3.0 kcal/mol, respectively. This trend
is nicely reflected by the changes of the M-O bond lengths:
0.037, 0.029, and 0.046 Å for Re, Mo‚NH3 and Mo‚ONH3,

Table 2. Pertinent Characteristics of Peroxo (3A) and Hydroperoxo
(4A) Intermediates and the Corresponding Transition StatesF3A
andR4A of Olefin Epoxidation by Front-Side Direct Oxygen
Transfer in the Systems Re, Mo‚NH3, and Mo‚ONH3 (Front-SideR
Attack in the Hydroperoxo Systems)a

Re Mo‚NH3 Mo‚ONH3

intermediate 3A 4A 3A 4A 3A 4A

d(O1-O2), Å 1.45 1.44 1.45 1.45 1.45 1.44
d(M-O1), Å 1.94 2.03 1.97 2.00 1.96 1.97
d(M-O2), Å 1.92 2.99 1.94 2.88 1.93 2.59
q(O1), e -0.35 -0.44 -0.37 -0.43 -0.38 -0.37
q(O2), e -0.34 -0.44 -0.42 -0.47 -0.38 -0.43
σ*(O-O), eV -0.83 0.46 0.34 0.44 0.45 0.49
∆E0, kcal/mol -50.2 -34.7 -36.0 -40.9
transition state F3A r4A F3A r4A F3A r4A
∆Eq, kcal/mol 12.4 15.8 14.1 20.5 15.5 16.5

a Bond distances,d, NBO charges,q, of oxygen centers (O1) front-
side or R oxygen center; O2) backside orâ oxygen center), and
σ*(O-O) orbital energies of the intermediates as well as energies∆E0

of the epoxidation reaction and the corresponding activation barriers
∆Eq.

Table 3. Pairwise ComparisonX/Y of Related Peroxo and
Hydroperoxo Systems2A, 3A, 3B, and4A of Rhenium and
Molybdenum and of Various Direct Oxygen Transfer ProcessesF,
B, andR (R Attack)

Re Mo‚NH3 Mo‚ONH3

F2A/F3A ∆d(O-O), Å 0.011 -0.001(-) -0.010(-)
∆d(M-O), Å 0.037 0.029 0.046
∆q(O), e 0.00 0.02 0.04
∆σ*(O-O), eV -0.36 -0.09 0.05(-)
∆2E0, kcal/mol -3.6 -5.8 -4.3
∆2Eq, kcal/mol -6.4 -4.7 -3.0

F3A/F3B ∆d(O-O), Å -0.002 -0.002 -0.003
∆d(M-O), Å 0.018(-) 0.003(-) -0.022
∆q(O), e -0.03 -0.02 0.01(-)
∆σ*(O-O), eV 1.10 0.48 0.61
∆2E0, kcal/mol 7.8 -11.3 -5.1
∆2Eq, kcal/mol 3.8 5.7 5.7

F3A/B3A ∆d(M-O), Å -0.028 -0.027 -0.037
∆q(O), e 0.01(-) -0.05 0.00
∆2Eq, kcal/mol 6.8 14.8 5.8

F3A/r4A ∆d(O-O), Å -0.011 0.008 -0.003
∆d(M-O), Å 0.082(-) 0.038 0.007
∆q(O), e -0.08 -0.05(-) -0.01(-)
∆σ*(O-O), eV -1.29 -0.10 -0.04
∆2E0, kcal/mol a a -13.4
∆2Eq, kcal/mol 3.4 -1.1 1.5

Differences,∆ ) Y - X, of bond distances,d, NBO charges,q(O),
of oxygen centers attacked by the olefin, andσ*(O-O) orbital energies
of the intermediates as well as differences of energies∆E0 of the
epoxidation reaction and the corresponding activation barriers∆Eq.
Changes opposite to the expected trend as derived from∆2Eq are marked
by minus signs (-). a Data not available.
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respectively. The M-O distance of the complex3A is always
larger. For Re and Mo‚NH3, the changes∆σ*(O-O) of the
orbital energies are, as expected, negative and decreasing from
Re to Mo‚NH3: -0.36 eV and-0.09 eV, respectively. Also
the system Mo‚ONH3 complies with that trend, but the rather
small change of 0.05 eV of theσ*(O-O) orbital energy which
does not agree with the expectations based on the change∆2Eq

indicates the limit of the present model considerations. In all
three pairwise comparisons, lower activation barriers∆Eq are
associated with larger absolute values of the exothermicity∆E0.

The second part of Table 3 deals with the effect of base adduct
formation for the example of bisperoxo complexes,3A vs 3B,
and the direct front-side attack by an ethylene,F3A vs F3B.
Previously we showed25,31 that Lewis-base adducts of3B(Re)
exhibit higher activation barriers than the base-free parent
complex. The donating effect of the base is reflected in a more
negative charge of the oxygen center and in higher energies of
the acceptor orbitalσ*(O-O). The variations of the M-O bond
lengths do not follow any regular trend, while O-O bond
lengths vary concomitantly with the heights of the activation
barrier.

Next, we compare front- and backside direct processesF and
B for compounds3A. In Table 3 we list only the characteristics
∆q(O) and ∆d(M-O) of the oxygen center attacked by the
olefin; the other parameters are identical for the two processes
because they refer to the same starting complex. For all three
systems, the front-side pathway features significantly lower
reaction barriers. The changes of the oxygen charge and the
corresponding M-O distance are in line with the differences
of the reactions barrier, with the exception of∆q(O) of the
rhenium system. For Mo‚NH3 the energy barriers of both
reaction pathways differ dramatically; for this system, the
backside attack is strongly disfavored.24a

In the final part of Table 3 we compare two epoxidation
mechanisms, the front-side attackF3A and theR attackR4A.
For Re and Mo‚ONH3, the transition stateF3A is preferred over
R4A, while in the case of Mo‚NH3 the transition structureR4A
yields a slightly lower barrier thanF3A. Interestingly, most
characteristics are in line with the calculated differences of the
activation barriers. Exceptions are the charge distribution of the
Mo systems and the M-O bond length in the case of Re.
Compared to the previous cases, the values∆q(O) deviate
significantly from the expected behavior (Table 3). Apparently,
these charge effects are overcompensated by other factors, e.g.,
the large changes of theσ*(O-O) orbital energy (Table 3).

According to the results discussed so far, the reactivity of
similar peroxo complexes correlates with the electrophilicity
of the attacked oxygen centers. The orbital energy of the
σ*(O-O) level may serve as a criterion for both quantities,
electrophilicity and reactivity. Clearly, theσ*(O-O) orbital
energy cannot be used to differentiate between the two oxygen
centers of a given peroxo group. Rather, the proton affinity∆EPA

of each oxygen center, an observable in principle, comes to mind
as an obvious choice for this purpose. To probe this quantity,
we calculated the adduct formation energy of HF as proton
donor. In Figure 7 we display the activation energies∆Eq of
some transition structures as a function of the HF binding energy
∆E(HF). As expected, the reaction barriers drop with decreasing
exothermicity values of the HF addition, i.e., with decreasing
proton affinity or increasing electrophilicity of the oxygen center
under study. Rhenium complexes clearly exhibit the expected
correlation. For the molybdenum complexes this reactivity
criterion is able to rationalize the reactivity differences within
one system, e.g., betweenB3A(Mo‚ONH3) and F3A(Mo‚

ONH3), but it apparently does not reflect the calculated reactivity
differences between the systems Mo‚ONH3 and Mo‚NH3. As
pointed out previously,31 the reactivity of a transition metal
complex is too complex a property to be monitored by a single
criterion, such as the proton affinity. In this respect, organic
peroxo compounds behave much more regularly; dioxirane
exhibits an obvious correlation between the energy of HF
addition and the activation barrier of olefin epoxidation.34

In summary, the characteristics of intermediates as selected
in Table 3 indeed have been found to allow a rationalization of
the corresponding epoxidation barriers, for both peroxo and
hydroperoxo complexes. However, while the reactivity of the
various complexes can be reasonably well characterized in this
way, one has to note exceptions for all reaction mechanisms
and pathways.

Barriers Relative to a Common Precursor.To discuss the
overall optimal reaction pathway we have to refer all transition
states to a common starting system. A transition state might
have a rather low activation barrier relative to its immediate
precursor; however, if this precursor is not stable, e.g., if its
formation is highly endothermic with respect to other species,
the system will not react via this pathway. As an example we
recall31 that the processF3A(Re) has an activation energy of
12.4 kcal/mol, while the corresponding processF3B(Re) for a
complex with an additional water ligand features a higher barrier
of 16.2 kcal/mol (Table 1). However, since complex3A(Re) is
16.3 kcal/mol less stable than3B(Re) (Figure 1), transition state
F3B(Re) still characterizes the preferred reaction pathway.3

In Figures 8, 9, and 10 we compare the energies of the various
transition states determined for the systems CH3ReO3/H2O2, H3-
NMoO3/H2O2, and H3NOMoO3/H2O2, respectively, using com-
plexes3B as a common energy reference of all intermediates
and transition states.

The System CH3ReO3/H2O2. We begin by discussing the
system MTO/H2O2 (Figure 8). Complex4B(Re), experimentally
not characterized, is only 2.4 kcal/mol less stable than3B(Re)
which we found to exhibit the lowest energy. Similar to4B(Re),
complex2B(Re) is 2.6 kcal/mol less stable than3B(Re).

A Lewis-base ligand stabilizes a metal complex and may
therefore also stabilize the corresponding transition states (on
this absolute energy scale) although to a smaller extent.31 While
base-free transition states can be reached from their immediate
precursor via lower activation barriers, the missing stabilization
yields transition states of higher total energies.31 The results
compiled in Figure 8 corroborate this analysis. Complexes
2A(Re),3A(Re), and4A(Re) without a stabilizing Lewis-base
ligand lead to transition states that lie 10-15 kcal/mol higher

Figure 7. Calculated energy barriers∆Eq (in kcal/mol) of ethylene
epoxidation by various transition metal peroxo complexes as function
of the proton affinity∆EPA of the attacked oxygen site as measured by
the energy of HF addition (in kcal/mol).
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than those reached from the more stable, ligated complexes
2B(Re),3B(Re), and4B(Re). Therefore, the former intermedi-
ates are not expected to play a significant role in the epoxidation
reaction of MTO/H2O2.

The transition states of insertion processes all lie about 40
kcal/mol above the reference3B(Re); their energies are the
highest of the Re system. On the basis of this finding we
refrained from characterizing the subsequent reaction step in
which the epoxide is eliminated from the metallapentacycle.

All other transition states characterized feature a direct attack
of one of the oxygen atoms of a peroxo or a hydroperoxo group
by the olefin. Front-side direct mechanisms tend to have lower
absolute barriers than the corresponding backside processes, but
the differences are rather small. On the absolute energy scale,
the transition stateF3B(Re) has the lowest energy (16.2 kcal/
mol); B2B(Re) lies only slightly higher, at 18.8 kcal/mol. The
relatively low absolute energy ofB2B(Re) is due to the smaller
activation energy of2B(Re) compared to3B(Re).

Inspection of the right-hand side of Figure 8 also reveals that
reaction pathways which start from hydroperoxo complexes
without a stabilizing Lewis-base ligand proceed via high-lying
transition states. Recall that theR attack starts with the complex
4A since the remaining hydroxo moiety of the attacked
hydroperoxo group has to be transferred back to the metal center.
For steric reasons this latter step is not feasible if a base is
coordinated to the metal center; bothR attack transition states
exhibit quite high energies, 28.8 and 36.4 kcal/mol for front-
and backside attack, respectively. The situation is similar for a
â attack of4A(Re). For the oxo group as proton acceptor the
corresponding transition state lies at 40.1 kcal/mol, while the
âOH4A andâO24A transition structures exhibit energies of 31.6
and 30.4 kcal/mol, respectively. On the other hand,â attacks
of the base-stabilized hydroperoxo complex4B(Re) yield
transition states of moderate energies: 20.2, 23.6, and 23.9 kcal/
mol for the processesâOH4A, âO24A, andâO4A, respectively.
The first of these transition states lies only 4 kcal/mol higher
in energy than the most stable transition structure ofF3B(Re)
with 16.2 kcal/mol. Thus, extending an earlier analysis,25 we

conclude that hydroperoxo complexes may play a certain role
in the system MTO/H2O2.

Summarizing the results for the Re system MTO/H2O2, we
find that the direct front-side attack of a water stabilized
bisperoxo complex3B indeed leads to the transition structure
with the lowest energy,3,25 but a backside direct attack of the
ligated monoperoxo complex2B may be competitive, depending
on details of the experimental conditions.5 Even the transition
state for attack at anâ oxygen center of the hydroperoxo
complex4B with subsequent intramolecular proton transfer to
a hydroxo group (i.e., formation of a water ligand) does not lie
much higher in energy.

The System H3NMoO3/H2O2. The system H3NMoO3/H2O2

(Figures 9) shows a significant similarity to MTO/H2O2,
although there are specific differences to note. In contrast to
the system MTO/H2O2, the hydroperoxo complex4B(Mo‚NH3)
is by far the most stable intermediate of this system, 8.8 kcal/
mol below the bisperoxo species3B(Mo‚NH3). Also the
intermediate4A(Mo‚NH3) lies only 3.6 kcal/mol higher than
3B(Mo‚NH3). The monoperoxo intermediate2B(Mo‚NH3) is
almost isoenergetic with3B(Mo‚NH3); the energy difference
of 0.5 kcal/mol is at the limit of computational accuracy.

Just as for the Re system, insertion processes have very high
barriers, 37.2 kcal/mol forI3A (Mo‚NH3) and 51.9 kcal/mol for
I2A (Mo‚NH3). Thus, we have to reject this mechanism which
had originally been proposed for molybdenum peroxo com-
plexes.8

At variance with the system MTO/H2O2, one can rule out
that the monoperoxo intermediate2B(Mo‚NH3) participates in
the olefin epoxidation since it exhibits an extremely high
activation barrier of 34.1 kcal/mol. At the absolute scale this
state lies even higher than the transition statesF3A andR4A
which are reached from the less stable intermediates3A and
4A, respectively (Figure 9).

Another difference from the system MTO/H2O2 is that there
are two low-lying transition states,F3B(Mo‚NH3) andâÃ24B-
(Mo‚NH3), with the energies of 19.7 and 18.7 kcal/mol,
respectively, at the absolute scale. The activation barrier for

Figure 8. Energies (in kcal/mol) of intermediates and transition states of ethylene epoxidation by various rhenium peroxo and hydroperoxo complexes
with respect to the common energy reference of the complex CH3ReO(O2)2‚H2O 3B.
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F3B(Mo‚NH3) is by 3.5 kcal/mol higher than the corresponding
value for the transition stateF3B(Re). On the other hand,
transition stateâÃ24B(Mo‚NH3) which corresponds to an attack
at theâ-oxygen center lies at a low absolute energy because of
the higher stability of the preceding intermediate4B(Mo‚NH3)
while the corresponding activation barrier is much higher (27.5
kcal/mol) than that of the corresponding process of the Re
system. The relative stability of the complexes3B(Mo‚NH3)
and4B(Mo‚NH3) may be sensitive to environmental effects that
were not taken into account in our models. Nevertheless, the
hydroperoxo epoxidation pathway suggested by Thiel based on
experimental findings14 seems to be competitive to epoxidation
by peroxo complexes. Thus, instead of a direct front-side
transfer, the molybdenum bisperoxo complex3B(Mo‚NH3) can

react with water (or H2O2)14 to form complex4B(Mo‚NH3).
The activation barrier for such a ring opening reaction has been
calculated to 11.3 kcal/mol. In addition, we note that the
transition stateR4A lies only 4.4 kcal/mol higher thanF3B.

At this point we would like to refer to the available
experimental data on the reactivity of Mo peroxo complexes.
Experimental studies from the pioneering work of Mimoun8 to
the most recent investigations13 provide unambiguous evidences
that oxygen transfer from seven-coordinated Mo bisperoxo
complexes such as3B is significantly slowed or even inhibited.
Thus, the calculated activation barrier of about 20 kcal/mol for
F3B(Mo‚NH3) seems to be beyond the threshold where Mo
peroxo complexes are still reactive; one has to take into account
that in our model we used the rather strong model base NH3

Figure 9. Energies (in kcal/mol) of intermediates and transition states of ethylene epoxidation by various molybdenum peroxo and hydroperoxo
complexes with respect to the common energy reference of the complex H3N‚MoO(O2)2‚NH3 3B.

Figure 10. Energies (in kcal/mol) of intermediates and transition states of ethylene epoxidation by various molybdenum aminoxide peroxo and
hydroperoxo complexes with respect to the common energy reference of the complex H3NO‚MoO(O2)2‚NH3 3B.
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which significantly reduces the activity of the peroxo group. In
our model, the most probable pathway is that of a direct front-
side attack of3A(Mo‚NH3) (with an activation barrier of 14.1
kcal/mol)sprovided that reaction conditions are such that they
prevent the coordination of a second strong base to this species.13

The System H3NOMoO3/H2O2. The energy pattern of the
various intermediates and transition states of the system H3-
NOMoO3/H2O2 (Figure 10) resembles that of the Mo system
with amine ligands (Figure 9). Here, the energies of hydroperoxo
intermediates4A and4B with respect to3B are shifted upward
by 4-5 kcal/mol compared to the energies of the corresponding
states of the system Mo‚NH3. The lowest transition state, at an
absolute energy of 21.2 kcal/mol, corresponds to a front attack
of the bisperoxo complex3B. It is interesting to note that the
next higher transition state, at 24.0 kcal/mol on the absolute
scale, isR4A corresponding to the transfer of anR oxygen from
the hydroperoxo species4A, while the lowest-lying transition
state starting from the more stable intermediate4B occurs at
26.3 kcal/mol on the absolute energy scale. Thus, the hydro-
peroxo4A pathway is obviously competitive with bisperoxo
pathways at the absolute scale as well as with respect to
individual intermediates; this finding supports earlier suggestions
of Thiel.14

Summary

We have characterized various intermediates and transition
structures of three transition metal peroxo systems CH3ReO3/
H2O2, H3NMoO3/H2O2, and H3NOMoO3/H2O2 using a hybrid
density functional approach. As potentially reactive species we
have studied ligated and unligated mono and bisperoxo inter-
mediates as well as hydroperoxo derivatives. For the rhenium
system we found the bisperoxo complex CH3ReO(O2)2‚H2O to
be most stable within the reaction system, in line with
experimental findings. This complex is also the most reactive
one with the lowest-lying transition state and an activation
barrier of 16.2 kcal/mol. However, monoperoxo and hydro-
peroxo complexes may also play a role in olefin epoxidation.
For both molybdenum systems we found the hydroperoxo
species to be more stable than the peroxo complexes: in the
case of H3NMoO3/H2O2 the hydroperoxo derivative with an
additional axial Lewis-base ligand is about 9 kcal/mol more
stable than the corresponding bisperoxo complex. The most
stable Mo intermediates (of peroxo and hydroperoxo type)
exhibit significantly higher activation barriers than their Re
counterparts. Inspection of the energy pattern of the various
intermediates and transition states for molybdenum systems
reveals that the hydroperoxo mechanisms is competitive, if not
superior to the peroxo mechanisms. Exploiting the electrophilic
character of the oxygen center attacked by the olefin, the reaction

barriers of the individual processes have been rationalized by
structural, orbital, and charge parameters of the immediate
precursor complexes.

Computational Details
All electronic structure calculations were performed with the hybrid

B3-LYP41 density functional scheme42 using effective core potentials
for the metal centers Re and Mo.43 For all other centers, a 6-311G(d,p)
basis set was employed.44 Geometry optimizations were carried out
without any symmetry restrictions. Finally, twof exponents were added
to the basis set of Mo and Re to evaluate energies in single-point
fashion.24,25Details of this computational strategy have been discussed
elsewhere.45 Since the present study focuses on trends and their
rationalization, we refrained from correcting stabilization energies and
reaction barriers for enthalpy and solvent effects. Previous investigations
have shown that such corrections (at least for similar Re compounds)
do not affect the trends analyzed in the present study.25,45 Charges of
atoms were determined by a natural bond order analysis. Detailed results
are presented as Supporting Information.
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