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Ilya V. Yudanov,®P! Philip Gisdakis,®! Cristiana Di Valentin,®l and Notker Rosch*!?l

Keywords: Density functional calculations / Epoxidation / Peroxo complexes / Titanium / Transition states

Epoxidation of olefins by Ti'V peroxo and hydroperoxo
(alkylperoxo) complexes was investigated using a hybrid
DFT method (B3LYP). Reaction energies and activation
barriers for direct oxygen transfer to ethylene as a model
olefin were computed for various model complexes to
compare the epoxidation activity of Ti(n?-O,) and TiOOR (R =
H, CHj;) moieties. The activity of complexes with a Ti(O,)
peroxo group is shown to be essentially quenched when the
coordination sphere of the complex is saturated by strongly
basic (c-donor) ligands. In contrast, the activity of a TIOOH

functional group depends only weakly on the saturation of
the coordination sphere of the Ti center. Substitution of
methyl for hydrogen in a TIOOH group is found to slightly
increase the activation barrier of epoxidation. The
computational results give preference to reaction paths that
involve TiOOR species. The factors governing the activity of
Ti(O,) and TiOOR groups, in particular the effects of donor
ligands, are discussed on the basis of a molecular orbital
analysis.

Introduction

Titanium(IV) peroxo species represent an active compo-
nent in a number of homogeneous and heterogeneous oxi-
dation reactions of organic substrates by hydrogen or alkyl
peroxides.[' Important examples of catalytic processes of
this type are the homogeneous stereoselective epoxidation
of allylic alcohols by alkyl peroxides catalyzed by Ti'V al-
koxides (Sharpless epoxidation)!? and the heterogeneous
epoxidation of olefins on titanium silicates (or silicalites)
with amorphousl! or zeolite-like structures.'! Despite in-
tense experimental work, the precise structure of the oxidiz-
ing active site is still a matter of controversy in most of
cases, especially for heterogeneous catalytic processes on ti-
tanium silicates.*~°!

In the known epoxidation reactions, titanium hydroper-
oxo or alkylperoxo groups, TIOOR (R = H, alkyl), are gen-
erally accepted as oxygen donors, while peroxo groups,
Ti(n?-0,), with two symmetrically coordinated oxygen cen-
ters at Ti are considered inert in this reaction. For instance,
a TiOO-1Bu species is assumed to be responsible for epoxid-
ation in the Sharpless process,!”) and a TIOOH species for
epoxidation on Ti silicalite.™ In early reports active Ti(O,)
species have also been suggested for the latter system. 31l
Actually, a number of stable and experimentally well-
characterized Ti'V n2-peroxo complexes are not active in
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olefin epoxidation, e.g. (TPP)Ti(O,)!' (TPP = tetraphe-
nylporphyrin) and Ti(O,)(pic),> HMPA''l (HMPA = hexa-
methylphosphoric triamide; pic = picolinato). However,
there is evidence'”? that (TPP)Ti(O,) becomes active in the
epoxidation of cyclohexene once it is transformed to the
cis-hydroxo(alkylperoxo) complex (TPP)Ti(OH)(OOR), al-
though the latter has never been isolated.

On the other hand, the n2-peroxo or bis-peroxo d° com-
plexes of Mo, W, and Re, which are structurally similar to
Ti(O,) species, are known to epoxidize alkenes.[":'?!3 Thus
far, no clear rationalization has been presented as to why
n>-peroxo complexes of Ti are not active in epoxidation.
The inactivity of (TPP)Ti(O,) has been rationalized by
steric repulsion between the alkene and the porphyrin
ring.[1 However, electronic effects of the porphyrin ring on
the properties of the peroxo group might provide a different
reason, by analogy with the inhibiting effect of strong coor-
dinating solvents on the epoxidation activity of the bis-per-
oxo molybdenum complex MoO(O,), - HMPA.!'4 Here,
the reactivity decrease of the peroxo group under coordi-
nation of a seventh ligand to the metal center has been attri-
buted[!31[16] to electronic effects rather than to the possibil-
ity that the reacting alkene may be prevented from coordin-
ating to the Mo center. An inhibiting electronic effect of
basic ligands on the activity of Re and Mo bis-peroxo com-
plexes has also recently been demonstrated compu-
tationally.!7 1]

Several theoretical investigations on ethylene epoxidation
catalyzed by Ti'"V species have been reported.?°~24 These
studies presented structures of possible intermediates as
well as activation energies for oxygen transfer. Most of them
dealt with models of hydroperoxo complexes like (HO);.
TiOOHP°~22] or closely related clusters that partially ac-
count for a silicate surrounding, e.g. (H3SiO),(HO)-
TiOOHP# and (H;Si0);(CH;0OH)TiOOH. >3 The activity
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of Ti(O,) species was investigated only with the model per-
oxo complex (HO),(H,0)Ti(0,).[?? Note that the Ti center
of most models studied is five-coordinated. This is lower
than the typical coordination (six or seven) of the exper-
imentally characterized Ti'V peroxo and alkylperoxo com-
plexes,['1237271 j e. the coordination sphere of these Ti mo-
del complexes is not saturated. Under reaction conditions
the coordination of Ti centers in titanium silicalites expands
beyond the initial tetrahedral structure.?® Despite there be-
ing a number of particular cases that have been considered,
a comprehensive computational comparison of properties
of Ti(O,) and TiOOR species and their epoxidation activity
is still lacking.

With the present work on Ti'V complexes we continue
our series of density functional (DF) investigations on ole-
fin epoxidation in which we have so far studied Re, Cr, Mo,
and W d° peroxo complexes.'’”~ 11 Here, we compare the
epoxidation activity of a number of Ti'¥ model complexes
that contain either peroxo or hydroperoxo (alkylperoxo)
functional groups. For this purpose we have calculated the
reaction energies and the activation barriers for direct oxy-
gen transfer from both types of peroxo groups, Ti(n-O,)
and TiOOR, to the model olefin ethylene. In addition, we
pay special attention to the coordination number of the Ti
center. The model study presented here will also shed light
on the mechanism of epoxidation on titanium silicates.

The goals of the present study are (i) to investigate the
mechanism of olefin (ethylene) epoxidation by Ti complexes
with peroxo and hydroperoxo (alkylperoxo) functional
groups; (ii) to determine factors that govern the reactivity
of these groups and, in particular, to study the dependence
of the activity on the saturation of the coordination sphere
of central Ti ion; and (iii) to consider the effect of an alkyl
substituent of the TIOOR moiety on the activation barrier
of epoxidation.

Results and Discussion

We intend to focus on the electronic effects of ligands on
the properties of the moieties Ti(O,) and TiOOR, but we
want to leave aside steric effects. Therefore, we start with
simple monodentate ligands like hydroxyl groups as anionic
ligands and ammonia or water as (neutral) ¢ donors. In this
way, we are able to relate the models under study to differ-
ent types of titanium peroxo compounds: either to com-
plexes with more complicated polydentate organic ligands
or to Ti species incorporated in silicate structures. In order
to make this relation more realistic we consider at the end
models where some hydroxide ligands are replaced by either
methoxide or siloxide ligands. We shall take solvent effects
into account only through the coordination of additional
ligands to the Ti center; no other environment effects are
included. However, from studies on Re and Mo peroxo
complexes it is known[!71%] that long-range solvent effects
and zero-point energy corrections hardly influence reaction
energies and activation barriers of oxygen transfer to olef-
ins.
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Figure 1. Model complexes with a Ti(n?-O,) functional group

Model Complexes

We start by considering model n2-peroxo complexes of
Ti'V. The simplest such model is (HO),Ti(O,), 1A (Fig-
ure 1), with the peroxo group coordinated to Ti in a sym-
metric n? (“side-on”) fashion; two hydroxyl ligands provide
the oxidation state IV and electro-neutrality of the complex.
The coordination sphere of complex 1A is far from satu-
rated and thus 1A exhibits significant affinity to basic li-
gands. The binding energy of further ligands is —32.3 kcal/
mol for NH; (complex 1B, Figure 1) and —25.9 for H,O
(1B’). Addition of a second NH; molecule to 1B leads to a
further energy gain of —16.5 kcal/mol. The resulting com-
plex, 1C (Figure 1), can be considered as a model of the
complex Ti(TPP)(O,) with the porphyrin ring of the latter
substituted by two NH; and two hydroxide ligands. Ge-
ometry optimizations of the complexes 1A and 1C con-
verged to structures with effective C,, symmetry; thus in
these complexes the two oxygen centers of the peroxo group
are essentially equivalent. In complexes with one basic li-
gand, 1B and 1B’, the symmetry of the peroxo group is
slightly distorted with the Ti—O distances differing by
0.02 A (see Table 1). The calculated structural parameters
of the titanium peroxo group (Table 1) are in very good
agreement with X-ray data of known Ti'V peroxo com-
plexes.'-23-26] For instance, the calculated Ti—O and O—O
distances of 1.86 and 1.46 A, respectively, in the peroxo
group of complex 1C are very close to the corresponding
experimental values of 1.83 and 1.45 A, respectively, of the
complex (OEP)Ti(O,) (OEP = octaethylporphyrinato), ]
where Ti also exhibits coordination number 6.

Models of Ti hydroperoxo (alkylperoxo) complexes are
shown in Figure 2. Complex 2A has previously been used
for modeling active intermediates of the Sharpless epoxid-
ation?® and epoxidation centers of Ti-silicalites.?'1??) Mo-
del 2B is derived from 2A by adding an NHj ligand; the
calculated ligand binding energy is —13.2 kcal/mol. Model
3A differs from 2A by a methyl substituent in place of the
hydrogen center of the peroxo group. The fact that no local
symmetry in the Ti(OOR) moiety is preserved does not
come as a surprise (Table 2). However, the hydroperoxo
(alkylperoxo) ligand is still coordinated to Ti by both oxy-
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Table 1. Calculated properties of Ti peroxo complexes: intermediates and oxygen transfer transition states. For the designation of the

various structures see Figure 1

1A 1B 1B’ 1C
Geometry of peroxo group, A
r(0O-0) 1.487 1.472 1.472 1.460
r(Ti—01) 1.823 1.837 1.836 1.861
r(Ti—02) 1.823 1.859 1.857 1.861
NBO atomic charges, e
q(O1 front) —0.45 —0.45 —0.44 —0.48
¢(02 back) -0.45 —0.49 —-0.50 —0.48
total ¢(OO) —-0.90 —0.94 —0.94 —0.96
q(Ti) 1.89 1.72 1.75 1.60
Core level energies, eV
1s(01) —522.0 —520.9 —521.1 —520.2
15(02? —522.0 —520.8 —521.0 —520.2
3s(Ti)! . —67.1 —66.0 —66.3 —65.3
Geometry of transition state, A front back front
r(0O—-0) 1.856 1.863 1.854 1.860 1.847
r(Ti—01) 1.875 1.929 1.731 1.913 2.001
r(Ti—02) 1.741 1.748 1.965 1.752 1.739
r(O—Cl) 2.211 2.110 2.064 2.108 2.020
r(0—-C2) 2.211 2.109 2.070 2.141 2.027
Activation barrier, kcal/mol 11.0 19.0 22.3 17.4 27.4

[2l The 1s and 2s eigenvalues of Ti are not available because of the ECP description.

Figure 2. Model complexes with a TIOOR functional group (R =
H, CH;)

gen centers with Ti—Oa and Ti—OB distances (Figure 2) of
about 1.89 and 2.27 A, respectively. The plane OOR of the
TiOOR group is almost orthogonal to the plane TiOO. The
O—O0 distance is about 1.47 A. The calculated structure of
the TIOOR group agrees very well with recently reported
data for {[(n2-terl-butylperqxo)titanatrane]z * 3 dichloro-
methane}: r(Ti—Oa) = 1.913 A, (Ti—Op) = 2.267 A, and
H(O—0) = 1.469 A.12) This is the only alkylperoxo complex
of Ti reported to date for which an X-ray crystal structure
is available. Although the authors?” chose to designate this
structure as n%, we will not use this notation for TIOOR
complexes in the following discussion in order to dis-
tinguish them from Ti(O,) complexes that do exhibit almost
ideal n? coordination. Models 1B’ and 2A have the same
stoichiometry; a formal proton transfer from the water li-
gand of 1B’ to the peroxo group leads to 2A. This transfer
is calculated to be exothermic by —7.0 kcal/mol; thus, the
hydroperoxo complex 2A is more stable.

Epoxidation Transition States

In the study of the epoxidation activity of the various
intermediates described above we calculated in each case
the transition states of oxygen transfer to the model olefin
ethylene. The corresponding species will be referred to by a
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prefix TS, e.g. TS-1A designates the transition state of eth-
ylene epoxidation by complex 1A. We focus on the oxygen
transfer mechanism where the ethylene double bond di-
rectly attacks an oxygen center of the peroxo (hydroperoxo)
group. The activation barriers are calculated with respect to
the corresponding “free” complexes and an ethylene mol-
ecule. We shall neglect the physical interaction between eth-
ylene and a peroxo group of the reaction intermediate in
the ground state; this interaction is about 2 kcal/mol.[?!]

In the following text we will not discuss the insertion
mechanism of Mimoun, which implies that an olefin sub-
strate first binds to the metal center and then inserts into
the peroxo-metal bond in a [2 + 2] fashion to form a metal-
locycle intermediate.[!21'41 For 1B this metallocycle inter-
mediate is calculated to lie 9.7 kcal/mol higher than the re-
actants and the corresponding activation barrier is 27.3
kcal/mol, while a direct attack requires only 19.0 kcal/mol
for activation (Table 1). These findings are very similar to
those for d° peroxo complexes of Rel'”l and Mol' where,
at the same level of computation, [2+2] insertion was
shown to exhibit significantly higher activation barriers
than a direct transfer.

The calculated transition states of the Ti(O,) and TIOOR
(R = H, CH3) moieties have a number of features in com-
mon and, in general, resemble the structures of transition
states of direct oxygen transfer for Re, Mo, and W.!7I9I
All transition structures exhibit a spiro orientation of the
ethylene unit (Figures 3 and 4), i.e. the plane CCO is almost
orthogonal to the plane TiOO. The structure of the ethylene
moiety is only slightly distorted from the gas phase struc-
ture: the C—C bond in the transition state is elongated by
0.04 A at most. All these transition states represent a
synchronous approach of ethylene to the peroxo moiety
with almost equal distances between the carbon atoms and
the attacked oxygen center. The largest difference between
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Table 2. Calculated properties of Ti hydroperoxo (alkylperoxo) complexes: intermediates and oxygen transfer transition states. Structures
2A, 2B, and 3A are shown in Figure 2. The models 4A/4B and 5A/5B are obtained after replacing equatorial OH groups in the models

2A/2B by OCH; (Figure 9) and OSiH; groups, respectively

2A 2B 3A 4A 4B 5A 5B
Geometry of peroxo group, A
r(0—-0) 1.468 1.469 1.466 1.470 1.470 1.468 1.469
r(Ti—Oa) 1.891 1.918 1.888 1.899 1.926 1.892 1.923
r(Ti—OB) 2.262 2.276 2.265 2.256 2.268 2.237 2.243
NBO atomic charges, e
¢(0a) —0.46 —0.46 —0.46 —0.47 -0.47 -0.45 —0.45
q(OB) —0.46 —0.47 —0.47 —0.46 —0.48 —0.45 —0.47
Total q(O0O) -0.92 —0.93 -0.93 -0.93 —-0.95 —-0.90 -0.92
q(Ti) 1.77 1.65 1.78 1.80 1.72 1.81 1.69
Core level energies, eV
1s(Oa) —521.8 =521.1 —521.6 —521.5 —520.9 —521.9 —521.3
15(0[3? —522.8 —522.4 —522.7 —522.5 —522.2 —522.9 —522.6
3s(Ti)a! . —66.7 —66.2 —66.6 —66.4 —65.9 —67.0 —66.6
Geometry of transition state, A
r(0O—-0) 1.790 1.768 1.820 1.794 1.802 1.800 1.783
r(Ti—Ol) 1.954 2.013 1.957 1.966 2.001 1.969 1.998
r(Ti—02) 2.061 2.064 2.032 2.059 2.095 2.042 2.067
r(O—Cl) 2.202 2.165 2.170 2.187 2.079 2.170 2.117
1(0O—C2) 2.120 2.160 2.071 2.111 2.187 2.111 2.186
Activation barrier, kcal/mol 12.7 12.4 15.8 14.5 13.6 15.0 13.7

[al The 1s and 2s eigenvalues of Ti are not available because of the ECP description.

Figure 3. Transition states for direct oxygen transfer from various
Ti peroxo complexes to an ethylene molecule

the O—C distances, about 0.03 A, is found for TS-1B’
(Table 1). The O—C distances of hydroperoxo complexes
differ to a somewhat greater extent, at most by about 0.1 A
in TS-3A (Table 2). Similar synchronous transition states
were calculated at the same level of computation (B3LYP)
for the epoxidation of 1-pentene® and allyl alcohol!! by
peroxyformic acid. In the transition states of Ti(O,) inter-
mediates, one of the Ti—O distances has increased by
0.05-0.14 A whereas the other Ti—O distance has de-
creased by about 0.08 A compared to the corresponding
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Figure 4. Transition states for direct oxygen transfer from the Ti
hydroperoxo intermediates 2A and 2B to an ethylene molecule (o
attack)

intermediates (Table 1). In the transition states of the
TiOOR intermediates, the distance Ti—Oa has increased by
0.07—0.09 A while the distance Ti—Op has decreased by
about 0.16—0.21 A (Table 2). The distances between the
metal center and the attacked oxygen in peroxo and hydro-
peroxo transition states (Ti—O1 and Ti—Oa, respectively)
are quite comparable and have values of about 1.9—-2.0 A
(Tables 1 and 2). The most dramatic changes on the way to
the transition state occur in the structure of the peroxo moi-
ety: the O—O distance increases from about 1.47 A in the
intermediates to 1.82—1.86 A in the peroxo transition states
(Table 1) and to 1.89—1.92 A in the hydroperoxo transition
states (Table 2). A full vibrational analysis was performed
for the transition state structures TS-1B (Figure 3) and TS-
2A (Figure 4) as representatives of the two types of inter-
mediates, Ti(O,) and TiOOR. Each of these structures was
found to exhibit a single imaginary frequency; this confirms

Eur. J. Inorg. Chem. 1999, 2135-2145
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the nature of the transition states as first-order saddle
points on the corresponding potential energy hypersurfaces.

Oxygen transfer by epoxidation reaction involving d° me-
tal peroxo complexes is generally accepted to exhibit elec-
trophilic character.['''?l This view is based on the fact that
peroxo and alkylperoxo complexes react faster with elec-
tron-rich alkenes, e.g. with highly alkyl-substituted species.
In a recent experimental study with peroxo compounds of
V, Mo, and W the electrophilic nature of peroxo oxygen
centers was also probed by sulfoxidation of thianthrene 5-
oxide, in which an oxygen center of a peroxo complex at-
tacks the electron-rich sulfide group rather than the elec-
tron-poor sulfoxide group.?l In the present calculations,
the electrophilic character of the oxygen transfer is mani-
fested through the electron density transfer in the transition
state, about 0.2 e, from ethylene to the peroxo (hydroper-
0x0) complex.

For Ti(O,) complexes the calculated activation barriers
increase strongly in the sequence 1A, 1B, 1C, from 11.0 to
27.4 kcal/mol (Table 1). The first complex of this family,
1A, exhibits the lowest activation barrier, 11.0 kcal/mol, of
all species considered in present work. An additional basic
ligand significantly decreases the activity of the peroxo
group, as deduced from the activation barriers of the com-
plexes 1B and 1B’, which are 19.0 and 17.4 kcal/mol,
respectively. It was found that the stronger the basic charac-
ter of the ligand (ammonia vs. water), the higher the barrier.
Note that in the models 1B and 1B’ the oxygen centers of
the peroxide group are not equivalent and, therefore, at-
tacks of both centers have to be considered. We refer to
attacks of the oxygen centers O1/02, i.e. distant from/close
to the NHj; ligand (Figure 3), as “front” or “back” tran-
sition states.['”l In Table 1 we report the pertinent param-
eters of both transition states starting from complex 1B.
The back transition state corresponds to an attack of the
more negative center O2, with the olefin in spatial proximity
to the base. This situation leads to a somewhat higher bar-
rier of 22.3 kcal/mol, which is in line with previous findings
for Re, Mo, and W complexes.[!71['] The highest activation
barrier of the peroxo series, 27.4 kcal/mol, is calculated for
1C with two NHj ligands. Thus, saturation of the coordi-
nation sphere of the Ti center completely quenches the
epoxidation activity of titanium peroxo group.

Analogous trends of increased activation energies con-
comitant with an increased number of basic ligands have
been obtained in calculations on Re, Cr, Mo, and W mono-
and bis-peroxo complexes.[1711%1 A joint experimental and
theoretical study'®! on different base adducts of the bis-
peroxo complex (0,),(H3C)Re=0O revealed that coordi-
nation of a base to the complex induces, mediated by the
metal center, additional electron density on the peroxo
group; this pushes the anti-bonding 6*(O—0) level upward
and results in a higher activation barrier (see below). Coor-
dinatively saturated complexes of Re, Mo and W still exhi-
bit moderate activation barriers ranging from 16 to 20 kcal/
mol;l'7~ 1% only Cr, which like Ti is a first row transition
element, exhibits very high barriers for ethylene epoxid-
ation. For example a barrier of about 40 kcal/mol is calcu-
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lated for the model complex (O,)Cr(=0), (NHj;),, "]
which is structurally similar to our model 1C but features
oxo instead of hydroxide ligands. Experimental studies on
the epoxidation activity of the bis-peroxo molybdenum
complex MoO(O,), - HMPA have also rationalized the in-
hibiting effect of strongly coordinating solvents as an elec-
tronic effect of the additional (seventh) ligand on the
properties of the peroxo group.['3'%] However, seven-coor-
dinated (L-L)Mo0O(O,), complexes with bidentate L-L
basic ligands were recently shown to catalyze epoxidation
with tert-butyl hydroperoxide as an oxidant, and the forma-
tion of an MoOO7Bu group as an active center was pro-
posed. (33

For the TIOOR complexes we consider the a-attack to a
peroxo group, i.e. transfer of the oxygen atom that is
(closely) bound to the Ti center (Oa in Figure 2). B-attack,
i.e. attack of the other oxygen center (with a substituent
attached; Of in Figure 2), results in a higher activation en-
ergy; during this process the O—O bond breaks, ac-
companied by a proton transfer from Of to Oa. For in-
stance, the activation barrier of ethylene epoxidation by 2A
via B-attack is calculated to be 25.7 kcal/mol, compared to
12.7 kcal/mol for a-attack. Similar differences in the barrier
heights between a- and B-attack have also been found for
hydroperoxo derivatives of Re and Mo.!!11%) At variance
with the Ti(O,) complexes, the reaction barrier of TIOOR
intermediates hardly changes upon addition of a donor li-
gand. Both transition states TS-2A and TS-2B feature rela-
tively low activation energies of 12.7 and 12.4 kcal/mol,
respectively. Thus, despite the additional NH; ligand, the
activation barrier of 2B is calculated to be slightly lower
than the barrier of 2A. This small decrease of the barrier
height, by 0.3 kcal/mol, is in line with the change of the
0O—-0 distance (Table 2), although such minor changes are
at the edge of computational accuracy.

Comparison to Other Computational Studies

Next, we shall comment on the absolute values of the
calculated activation barriers and on the accuracy of our
results. From MP2 calculations,[??! activation barriers have
been reported for the front attack of 1B’, 13.2 kcal/mol,
and for the a-attack of 2A, 14.4 kcal/mol, which are similar
to the corresponding values of the present study, 17.4 and
12.7 kcal/mol, respectively. However, these MP2 values have
been obtained under C, symmetry constraints.??l Two
rather different values of the activation barrier of 2A, 9
(with C, symmetry constraints)?”! and 211!l kcal/mol, have
been determined in DF calculations where the gradient-cor-
rected BLYP exchange-correlation functional was em-
ployed. Significant differences of structural parameters are
also worth noting. The C; symmetry constraints enforce a
planar structure of the TIOOH moiety (Figure 2) with a
significantly elongated Ti—Op distance, 2.6—2.7 Al97>?]
(compared to about 2.27 A calculated in the present study;
Table 1). On the other hand, when used without symmetry
constraints the BLYP approach yields too short a value for
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Ti—OB, 2.1 A.12!l To check the effect of a C, symmetry
restriction for the present B3LYP investigations, we also cal-
culated 1B’ and 2A as well as the corresponding transition
states TS-1B’ (front) and TS-2A in this way; the resulting
activation barriers are 16.1 and 13.8 kcal/mol, respectively.
The differences from the corresponding values of full ge-
ometry optimizations are only about 1 kcal/mol, but are of
opposite sign; thus, the selectivity between the two tran-
sition state structures is reduced.

To check for possible basis set effects and to justify the
use of ECPs we also performed calculations with an all-
electron TZV(f) basis for Ti. Single-point calculations with
the geometry optimized in the standard approach (see
Computational Details) yield activation barriers of 17.9 and
13.8 kcal/mol for TS-1B’ (front) and TS-2A, respectively.
Further optimization of the intermediate 1B’ and the tran-
sition state TS-1B’ (front) leads to a uniform lowering of
the total energy values by 0.5 kcal/mol for both structures
with almost no effect on the height of the barrier; for 2A
the barrier changes by 0.1 kcal/mol only. These results show
that the computational strategy used in the present study is
quite accurate. As a further supporting argument, one notes
that the structure of the TIOOH group calculated here is in
very good agreement with available experimental data,?”]
at variance with some earlier quantum chemical investi-
gations.?°=22 The absolute accuracy of the B3LYP ap-
proach for activation barriers is another question altog-
ether. However, a critical comparison shows that, at least
for barrier heights of organic reactions, B3LYP performs
significantly better than BLYP or MP2. 34135

Reaction Energies

For both types of species, Ti(O,) and TiOOR, ethylene
epoxidation is an exothermic reaction. By this reaction,
Ti(O,) species transform into complexes with a titanyl
Ti=0 functional group, while TIOOH species form a TIOH
group after loss of one oxygen unit. The reaction energies
are computed with respect to isolated products, namely the
metal complex and ethylene oxide. The calculated reaction
energies for Ti(O,) species increase from —23.8 kcal/mol for
1A to —30.7, —31.2, and —34.1 kcal/mol for 1B’, 1B, and
1C, respectively. Obviously, the higher reaction energy for
highly coordinated species is due to higher stabilization of
Ti=0 product by basic ligands compared to initial Ti(O,)
intermediate, since the coordination number of Ti is lower
in the product complex due to the loss of one oxygen center.
The complexes 2A and 2B exhibit significantly higher epox-
idation reaction energies of —43.2 and —44.8 kcal/mol,
respectively. The reaction profiles of the various Ti(O,) and
TiOOH intermediates are represented in Figure 5 where the
energy of the lowest intermediate 1C + C,H, is taken as
reference. Inspection of Figure 5 reveals that the intermedi-
ates 1C and 2B feature the lowest energies and similar
thermodynamic stability. However, epoxidation by 2B is
favored for both thermodymamic (higher reaction energy)
and kinetic reasons (lower activation barrier). Evidently, the

2140

kinetic argument plays the key role here: epoxidation by the

Ti(O,) intermediate 1C can be ruled out since the corre-

sponding transition state exhibits an activation barrier of

more than 27 kcal/mol; this is more than twice as high as
the activation barrier for the TIOOH intermediate 2B.

TS
front attack
60 TIoO - 60

Intermediates

products

Ti=O

TS ~ 40
o-attack

- 20

products [~
TIOH

- -20

-40 4 L 40

Figure 5. Total energies of intermediates with Ti(O,) or TIOOR
groups and the corresponding transition states and products of
ethylene epoxidation, relative to the energy of 1C + C,H,. The
activation barrier of proton transfer (dashed line) between the iso-
mers 1B’ and 2A is not shown

Molecular Orbital Analysis and Discussion

We turn to an analysis of the electronic structure of both
types of the reaction intermediates, Ti(O,) and TiOOH, to
rationalize the calculated activity trends. For this purpose,
we consider a Ti(O,) moiety formally as an O,>~ ligand
coordinated to a Ti** d° center. The interaction between
ligand and metal center can be considered as a donation
from the peroxo group to the vacant d orbitals of Ti.

The energy of the unoccupied anti-bonding 6*(O—0) le-
vel is one of the most important of the factors that deter-
mine the activity of peroxo complex in oxygen transfer.['8]
The activation of the O—O bond in the transition state is
due to the interaction of this orbital in the LUMO group
of the metal moiety with the HOMO n(C—C) of ethylene.
The 6*(0—0) level is not the true LUMO of the complex;
it lies slightly above the manifold of vacant d-levels of the
metal center. The energy position of the c*(O—0) level is
expected to reflect the ability of peroxo group to accept
additional electron density, which leads to breaking of
O—0 bond. This is indeed the case: the lower the energy of
the 6*(0O—0) level, the smaller is the calculated barrier for
oxygen transfer. This is demonstrated in Figure 6a where
the dependence of the activation barrier on the o*
(O—=0) — n(C—C) gap is shown.

Coordination of a basic (c-donor) ligand to 1A, e.g. NH;
in 1B, increases the electron density at the peroxo group:
the charge of the peroxo group given by a natural bond
orbital analysis (NBO)[¢! changes from —0.90 e in 1A to
—0.94 ¢ in 1B (and to —0.96 ¢ in 1C with two NHj ligands,
Table 1). Concomitantly, the 1s(O) core level energies are
shifted upward in 1B by about 1.1 eV compared to 1A (by
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Figure 6. Calculated activation energy AE* (in kcal/mol) as func-
tion of (a) the HOMO—-LUMO energy gap A =c*(O—-0) —
n(C—C) (in eV); (b) the energy € (in eV) of the 1s(O) core level as
a measure of negative charge logated on the attacked oxygen center;
(c) the O—O bond length (in A). Data of peroxo group of Ti(O,)
(circles) and TiOOR (triangles) complexes. Lines of linear regres-
sion on the data of the Ti(O,) complexes are also shown

about 2.0 eV in 1C); this is also indicative for an increase
of electron density on the peroxo ligand. Thus, additional
basic ligands reduce the donation from the peroxo ligand
to the metal center; the electrophilic character that controls
olefin epoxidation is also reduced.[1l'?] Figure 6b shows
how the 1s(O) core level energy as an indicator for the elec-
tron charge density of the peroxo or hydroperoxo moiety
correlates with the calculated barrier of oxygen transfer.
Another factor determining the activation barrier of oxy-
gen transfer is the strength of the O—O bond in the absence
of an olefin substrate. When gauging changes in the O—O
bonding based on the metal populations of the different
O—0 derived levels of the peroxo complex, one has to take
into account their nature as O—O bonding and anti-bond-
ing, respectively. Molecular orbitals of 1A with important
contributions of the peroxide group are shown in Figure 7,
right-hand column. It is convenient to classify these orbitals
according to the dominant ¢ and n character with respect
to their peroxo contribution. The role of the unoccupied c*
(O—0 ) level has already been discussed above; let us now
consider the occupied O—O orbitals. Since the peroxo
group coordinates side-on to the Ti center, each pair of
O—0 bonding © and anti-bonding n* orbitals splits. We
shall designate the orbitals with a dominant contribution in
the TiOO plane by w, or w,* and those with a dominant
contribution perpendicular to that plane by n* or n*. Based
on energy considerations, donation from the anti-bonding
m,* and n* orbitals of the O,>~ ligand to the vacant d-
orbitals of the Ti d° center is expected to be strongest; in
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Figure 7. Structure of molecular orbitals of the intermediates 1A
(left), 1B (center), and 2B (right) with dominant contributions of
the peroxo or hydroperoxo group

particular the m,* orbital exhibits a strong overlap with the
d,. orbital of Ti (Figure 7). There is also considerable do-
nation from the lower lying level w,, (Figure 7). The contri-
butions of the 6(O—0) and 7* orbitals to the metal-per-
oxide interaction are less important for overlap reasons.
This analysis is corroborated by an NBO calculation of the
moiety TiO,?" in the geometry of 1A. This model, which
is free of hydroxide ligand contributions, allows a facile sep-
aration of the metal-n(O—O) interaction channels accord-
ing to the various irreducible representations of the point
group C,,; however, metal populations may be too large
since the ligand sphere is incomplete. The Ti d populations
due to donation from m;* and w* are 0.63 and 0.60 e,
respectively; donation from the in-plane m;* orbital is
slightly larger for overlap reasons. Donation from the bond-
ing O—O levels is smaller: 0.20 ¢ from ©* and 0.26 ¢ com-
pounded from 7, and . The (stronger) donation from the
n,* and ©* orbitals reduces the population of these O—O
anti-bonding levels in the complex and thus leads to a
strengthening of the peroxo bond, while donation from
O—0 bonding levels has a weakening effect.

This analysis helps to rationalize the changes in the struc-
ture of the peroxide group; in 1A, the O—O bond is elon-
gated by coordination to a Ti center, 1.487 A (Table 1),
compared to a gas phase H,O, molecule (calc. 1.454 A; exp.
1.452 AB7). Upon addition of base the O—O bond short-
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ens to 1.47 A in 1B and 1.46 in 1C while the activation
barrier for oxygen transfer rises significantly, by 16 kcal/
mol in 1C compared to 1A (Table 1, Figure 6¢). These indi-
cators are consistent with the interpretation that coordi-
nation of additional bases to the complex results in a
stronger O—O bond with a concomitant increase in the
electronic charge of the peroxide group. The question arises
as to which of the peroxide orbitals discussed above gains
more population as a consequence of the additional basic
ligand: the O—O bonding or anti-bonding orbitals. Inspec-
tion of the orbital structure of 1B (Figure 7, center column)
helps to answer this question: donation to the d-orbital of
Ti significantly stabilizes the lone pair of the NHj3 ligand in
the complex (Figure 8): in 1B the energy level that rep-
resents the lone pair of NH; appears in the same energy
region as the bonding levels of the peroxide ligand and thus
partially mixes with ¢ and 7, levels (Figure 7). Mixing with
the orbitals © and 7* is essentially forbidden because these
orbitals have a node in the TiOO plane where the NHj li-
gand approaches the complex. However, as can be seen
from Figure 7, there is also almost no interaction between
the NHj lone pair and the peroxide anti-bonding 7, * level.
This may in part be rationalized by the much higher energy
of the m;* level, but also the nodal structure does not favor
mixing with the NHj; lone pair. One is therefore led to con-
clude that a basic ligand reduces donation from the O—0O
bonding =, orbital more strongly than from the O—O anti-
bonding wr,* orbital.

NHg 2B 2A

—_— . " 0
e ———]

d
= v T

1 . I
levels

*
TCJ_ nl*l

.
)

M_/—

L

T

— o

-15_-  Teee— G(OH)__ 15

Figure 8. Orbital energy correlation diagram for peroxo and hydro-
peroxo derivatives

The above analysis shows that the bond between the me-
tal center and the peroxo group plays an important role in
the determination of the charge distribution over the or-
bitals of the peroxo moiety. This statement may be quant-
ified with the help of an NBO charge analysis. The Ti con-
tributions in the Ti—O o interaction (in the TiOO plane)
are 10% and 15% per bond for 1B and 1C, respectively.
The corresponding contributions to the Ti—O = interaction
(orthogonal to the TiOO plane) are 9% and 8% per bond
for 1B and 1C, respectively. These small contributions of
the metal center justify our idealized analysis focusing on
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the O—O derived orbitals. The increased Ti contributions
in 1C compared to 1B indicate a strengthening of the
Ti—O1 bond, in line with the calculated increase of the bar-
rier for ethylene epoxidation. The elongation of the Ti—O1
bond from 1.84 A in 1B to 1.86 A in 1C (Table 1) may be
due to stronger ligand-ligand repulsion in the highly coordi-
nated 1C species. However, the direct contribution of this
bond to the activation energy should be considered as a
second-order effect compared to the properties of the O—O
bond. The main role of the Ti—O bond seems to be in-
direct: it influences the charge redistribution between the
metal center and the peroxo group.

Figure 6 reveals that the hydroperoxo complexes follow
similar general trends as the Ti(O,) complexes; however,
they yield barriers of a similar height as complex 1A despite
their considerably shorter O—O bonds (Figure 6¢). The or-
bital structure of the TIOOH species exhibits some peculiar-
ities, which will be considered in the following discussion.
When a proton is attached to the peroxo group, as in 2A
and 2B, the electronic structure is significantly changed and
a strong asymmetry is induced in the TiOO moiety (Fig-
ure 7, right-hand side). An idealized representation of the
metal-ligand interaction in terms of OO orbitals has to be
used with care for such species. The optimal position of the
proton is in the plane almost orthogonal to the TiOO plane.
Therefore, the strongest changes occur in the orbitals © and
n*. The © contribution to O—O bonding is reduced and the
nature of the resulting MO is better described as o(OH)
bonding; this level is the lowest in the orbital diagram of
complex 2A shown in Figure 7. In turn, the MO ©* rep-
resents the lone pair of the center Oa of the hydroperoxo
group (Figure 7). The other orbitals of the peroxo moiety
(o, m, and w;*) remain more or less unchanged. The split-
ting of anti-bonding MOs * and w,*, with 7, * now being
the HOMO), is significantly smaller, 0.3 eV for 2A, than for
Ti(O,) complexes where it amounts to more than 1 eV. The
NBO analysis shows an almost equal charge distribution
between the oxygen centers of the hydroperoxo group. The
lower energy of the level 1s(Of) (Table 2) can be rational-
ized by the stabilization due to the electrostatic field of the
attached proton.

As in the Ti(O,) complexes, addition of a donor ligand
decreases the positive charge of the metal center, but its
influence on the charge of the peroxo group is negligible
(cf. the NBO charges and the core level energies of 2A and
2B; Table 2). At variance with the findings for “side-on”
n2-peroxo complexes, the additional ligand of the metal
center has only a moderate effect on the activity of the
hydroperoxo group. The calculated activation barrier of the
intermediate 2B even decreases slightly compared to 2A.
The negative charge of the peroxo group is higher in 2B
than in 2A (Table 2) and, as a consequence, all pertinent
valence levels are shifted upwards (Figure 8); however, this
shift is smaller than that calculated when a ligand is intro-
duced in 1A to form 1B. In particular, the vacant 6*(O—0)
level shifts upwards by only 0.2 eV and its position is still
rather low compared to Ti(O,) intermediates 1B and 1C,
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which exhibit high barriers (Figure 6a). The apparently
small effect of a basic ligand on the properties of the hydro-
peroxo complexes 2A/2B, in particular on the oxygen trans-
fer barrier, can be rationalized by the weaker metal-peroxo
interaction in these “end-on” complexes. This follows, first
of all, from the fact that only one oxygen atom, Oa, is in-
volved in a strong interaction with the Ti center because
the distance Ti—Of is much longer, by more than 0.3 A
(Table 2). Moreover, the Ti—Ou interaction is weaker than
the corresponding interaction in the peroxo species. This
can be inferred from the Ti—Ouo distances in 2A and 2B,
1.89—1.92 A, which are longer than the corresponding dis-
tances Ti—O of the peroxo complexes, 1.82—1.86 A (Tables
1 and 2). Furthermore, the splitting of levels n* and m,* is
smaller in the hydroperoxo complexes due to reduced over-
lap with the orbitals of the metal center (Figure 7). The
NBO analysis indicates a contribution of Ti to the Ti—Oa
o bond of 10% and 13% for 2A and 2B, respectively; this is
slightly smaller than in the Ti(O,) complexes. However, at
variance with the bonding of the Ti(O,) complexes, the ©
channel of the Ti—Oa interaction almost vanishes and the
NBO analysis assigns the n* orbital to a lone pair located
at the center Oa.

Coordination of the basic ligand NH; to 2A and forma-
tion of species 2B results in a slight decrease of the calcu-
lated activation barrier for the epoxidation of ethylene. This
may be due to the fact that the lone pair of the NH; ligand
of 2B is stabilized in the gap between bonding and anti-
bonding orbitals of the “peroxo” moiety. The bonding
O—0 levels of 2B are lower in energy than the correspond-
ing levels of the Ti(O») intermediate 1B while the NH; lone
pair level is slightly higher (Figure 8). Inspection of the or-
bital structure of 2B (Figure 7) shows that, in contrast to
1B, this lone pair orbital of 2B does not mix with the bond-
ing O—O levels. In fact, this orbital even provides small
contributions to the anti-bonding orbitals ©*(O0) and wt,*
(O0) that lie higher in energy. Thus, introduction of the
additional basic ligand seems to affect the anti-bonding
O—O0 levels of 2B more than the bonding O—O levels. The
resulting increased population of anti-bonding O—0O levels
leads to a weakening of the O—O bond and thus provides
a rationalization for the small decrease in the barrier of the
O—0 bond activation in the epoxidation reaction.

Methyl Substitution of the Hydroperoxo Group

An important question is how a substituent R of the
TiOOR moiety affects the epoxidation activity given that
alkylhydroperoxides like zBuOOH are often used as oxi-
dants.[1B3 To study this effect, we compare the epoxidation
activity of the hydroperoxo complex 2A with its methylper-
oxo derivative 3A (Figure 2). Formation of 3A according to
the formal reaction 2A + CH30OH — 3A + H,O is exother-
mic by —4.9 kcal/mol. The calculated activation barrier for
the complex 3A, 15.8 kcal/mol, is 3 kcal/mol higher than
that of 2A (Table 2). The small increase of the negative
charge on oxygen centers of the group OOCHs; is in line
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with the weak electron-donating character of the methyl
substituent; this inductive effect can also be detected from
the small upward shift of 1s(O) levels (Table 2). Concomi-
tantly, the 6*(O—0) level shifts upwards, correlating with
an increase in the activation barrier (Figure 6a). The
changes in the geometry of the peroxo moiety due to methyl
substitution are minor.

Figure 9. Model Ti hydroperoxo complexes, 4A and 4B, with equa-
torial hydroxide ligands replaced by methyloxide ligands

Methoxide and Siloxide in Comparison with
Hydroxide Ligands

Finally, we consider the effects when hydroxide ligands
of the model complexes are replaced by either methoxide
or siloxide ligands. The methoxide derivatives 4A and 4B
(Figure 9) are obtained from 2A and 2B, respectively, by
formally exchanging two equatorial hydroxyl moieties by
methoxide ligands. Analogous models with two OSiHj; li-
gands will be referred to as 5A and 5B. These types of li-
gands are of interest since various titanium alkoxides,
Ti(OR),, as well as titanium silicalites, are used as catalysts
in epoxidation processes.!]

In general, introduction of methoxide or siloxide ligands
does not induce large structural changes in the TIOOH
group (Table 2). The O—O bond length remains almost un-
changed; the Ti—Oao distance becomes slightly shorter,
while the Ti—Of distance increases somewhat. According
to the NBO populations and the core level analysis, me-
thoxide and siloxide ligands attract slightly more electron
density from the Ti center than the hydroxide ligands. Thus,
the electron density on the peroxo oxygen centers of the
complexes 4A and 4B is higher (by 0.02 and 0.01 ¢) than
on those of 2A and 2B, respectively; concomitantly, the
1s(0O) levels shift to less negative energies by 0.2—0.3 eV. On
the other hand, in complexes SA and 5B there is somewhat
less electron density on the peroxo group (compared to 2A
and 2B, respectively), although for 5B it can be detected
only from the negative shift, —0.2 eV, of 1s(O) levels. Both
types of ligands lead to slightly increased barriers of ethyl-
ene epoxidation. As in 2B, the additional basic ligand NHj3
in 4B and 5B reduces the activation barriers by 0.9 and 1.3
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kcal/mol compared to 4A and SA, respectively. The corre-
sponding transition states do not exhibit any noteworthy
structural differences. Addition of NH; to 4A and 5A is
exothermic by —11.0 and —12.1 kcal/mol, respectively.
Based on the experience with the TIOOH models we expect
similarly minor changes in the properties of the TiOO moi-
eties due to substitution of hydroxide ligands by methoxide
or siloxide.

A recent computational study of Ti silicalites’?* by Sincl-
air and Catlow also included a DF-BP86 calculation of eth-
ylene epoxidation by the complex (HsSiO),Ti(OH)OOH,
which is essentially the same as the present model 5A. For
that model an activation barrier of 10.3 kcal/mol was calcu-
lated, > which is lower than the present result of the hybrid
B3LYP, but is in agreement with the trend 3435 of “pure”
DF functionals like BLYP and BP86 in yielding lower bar-
riers than the B3LYP hybrid method, which partially ac-
counts for exact exchange. Sinclair and Catlow also con-
sidered the transformation of the structure (H;Si-
0),Ti(OH)OOH to (H3SiO),Ti(OH,)(0O,) by an internal
proton transfer, which is analogous to the transformation
of 1B’ to 2A.P4 In that study, contrary to the present re-
sults for 1B’ and 2A, the Ti(O,) species was found to be
more stable than the TIOOH analogue by about —10 kcal/
mol. This difference may be due either to the different ex-
change-correlation potentials used or the influence of the
OSiHj; ligands. Sinclair and Catlow considered the structure
(H5S10),Ti(OH,)(0,) as a poisoned form of the catalyst,
but they did not prove its inertness in the epoxidation pro-
cess by calculating the corresponding transition state.[>4
Under reaction conditions, a further base will coordinate to
the Ti center; comparison with our models 1B and 1B’
shows that adding one more basic ligand to (H;Si-
0),Ti(OH,)(0,) will render the activation barrier even
higher.

Conclusions

We have studied the epoxidation of ethylene by model
TilV peroxo complexes with both “side-on” peroxo
Ti(n?>—0,) and “end-on” hydroperoxo (or alkylperoxo)
TiOOR (R = H, CHj3) moieties by means of hybrid B3LYP
density functional calculations. The low coordinated inter-
mediate (HO),Ti(O,) was found to exhibit a relatively low
barrier of oxygen transfer, however it is not thermo-
dynamically stable since it readily forms base adducts (Fig-
ure 5). Coordination of additional donor ligands to the Ti
center (1B, 1C) significantly increases the activation energy
of a Ti(O,) group. Participation of the most stable inter-
mediate 1C, with its saturated coordination sphere, in the
epoxidation process is ruled out for kinetic reasons since
the corresponding transition state exhibits a high barrier,
above 27 kcal/mol. The inhibiting effect of donor ligands
was rationalized with the help of a molecular orbital analy-
sis. Two effects were distinguished: (i) additional basic li-
gands reduce the electrophilicity of the peroxo group and
push the o*(O—O0) orbital responsible for breaking the
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O—0 bond to higher energies; (ii) concomitantly, the popu-
lations of the bonding levels of the peroxo group increase
and strengthen the O—O bond, as deduced from shorter
O—0 distances in model complexes with higher coordi-
nation numbers. The high activation barrier for coordin-
atively saturated Ti(O,) species is in agreement with the ex-
perimentally observed chemical stability of known Ti'V per-
oxo complexes. 10111

At variance with Ti(O,) moieties, the activity of a
TiOOH functional group depends only very weakly on the
saturation of the Ti coordination sphere. The hydroperoxo
group is less sensitive to the coordination of the Ti center
since there are less channels for metal-peroxo interaction
for such “end-on” structures than in the case of symmetric
“side-on” structures Ti(O,). Calculated reaction energies
and activation barriers show that Ti hydroperoxo species
are very favorable for thermodynamic and kinetic reasons.
The hydroperoxo complex 2B, with one basic ligand, is only
slightly less stable than the n2-peroxo complex 1C with two
basic ligands. Due to its low activation barrier, it exhibits
by far the lowest lying transition state (by absolute energy,
Figure 5). Substitution of hydrogen by methyl in the
TiOOR group (2A vs. 3A) was found to increase the acti-
vation barrier for epoxidation by 3 kcal/mol. Substitution
of hydroxide anionic ligands in TIOOH model complexes
by alkyloxide and siloxide increases the activation barrier
by 1—2 kcal/mol. The activation barriers of oxygen transfer
from a TIOOR group to an ethylene molecule are calculated
in the range of 13—16 kcal/mol, thus are comparable, if
not lower, than the barriers calculated at the same level of
computation for various Re peroxo species.[!”]

In summary, the computational results favor reaction
paths that involve hydroperoxo (or alkylperoxo) titanium
species over Ti(O») species. Thus, the results of the present
computational study support the interpretation of exper-
imental and theoretical studies*7-1%13 that hydroperoxo in-
termediates are responsible for the epoxidation reactions by
Ti complexes and Ti-silicalites, while the corresponding per-
oxo species appear (if at all) as a chemically inert structures
of side reactions only.

Computational Details

In the density functional calculations!3¥! we employed the hybrid
B3LYP exchange-correlation scheme.?! The 1s, 2s, and 2p core
shells of Ti were replaced by a LANL2 effective core potential
(ECP).[% The corresponding basis set*” of Ti, which describes the
outermost core (3s and 3p) and the valence shells, was used in the
contraction (441/2111/41). For main group elements we employed
a 6-311G(d,p) basis set.[33] Geometry optimizations of intermedi-
ates and transition states were performed without any symmetry
constraints. Transition state structures were searched by numeri-
cally estimating the matrix of second-order energy derivatives at
every optimization step and by requiring exactly one eigenvalue
of this matrix to be negative. We checked typical transition state
structures by performing a full vibrational analysis, using a TZV
basis set for Ti (see below). Reaction energies and barrier heights
were evaluated in single-point fashion with the Ti basis set aug-
mented by a polarization f-exponent (1.506).4!
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To check how results depend on the quality of basis set and to
validate the ECP for the present study, some model complexes and
the corresponding transition states (including a full vibrational
analysis) were re-calculated using an all-electron valence triple-{
(TZV) basis set for Ti (842111/6311/411). Reaction energies and
barrier heights were evaluated in single-point calculations with an
augmented Ti basis, using the above polarization f-exponent
[TZV(D).

In preceding studies of Re and Mo oxo and peroxo com-
plexes!! 7121 zero-point energy corrections were shown to uniformly
shift the calculated reaction energies and reaction barriers by small
positive values. However, in no case did they change the qualitative
picture when reactivity of different intermediates was compared.
Therefore, in the present study we refrained from applying zero-
point energy corrections to reaction energies and barrier heights.
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