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Olefin Epoxidation by Molybdenum and Rhenium Peroxo and Hydroperoxo Compounds:
A Density Functional Study of Energetics and Mechanisms
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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 systemR&H,0,, HsNMoOs/H,0,, and H-
NOMoOs/H,0, were characterized, including ligated and unligated mono- and bisperoxo intermediates as well
as hydroperoxo derivatives. For the rhenium system the bisperoxo complxeCKQ),-H,O 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 oléfngell-
studied example is methyltrioxorhenium (MTO) which is a
highly efficient olefin epoxidation catalyst in the presence of
hydrogen peroxidé Herrmann et af.showed that MTO reacts
with H,O;, to form mono- and bis-peroxo complexes; the latter
was found to be stabilized by an additional axial aquo ligand.
Inorganic compounds such as RgQOalso activate peroxo
compounds to convert olefins into epoxidederrmann et at.
and Espenson et alhave 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 olefifsEspecially molybdenum
peroxo complexes are used as stoichiometric reactdrasd

* To whom correspondence should be sent.

as catalyst$?~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!* Very recently Wahl et al. showed that molybdenum
bisperoxo complexes MoO@R(OERs), with equatorial ligands
OERs; (E = N, P, As and R= n-dodecyl), are highly efficient
olefin epoxidation catalystS. Mechanistic aspects of olefin
epoxidation with peroxo compounds were intensively studied
during the last few yearg3® 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-workéfs!” The electrophilic
characteristics of V, Mo, and W peroxo complexes in oxygen
transfer reactions were studied in similar fashi&rf°

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 af structurally similar transition metal peroxo compounds;CH

peroxo oxygen center, with a transition state of spiro struéure.

Re(%).0-L with various Lewis base ligands L. In this model

At variance with this one-step mechanism, a two-step processthe calculated activation barriers of direct oxygen transfer from

has been proposédt implies an insertion of the olefin into a
M—0O bond in a [2-2]-like arrangement leading to a five-

a peroxo group to an olefin are correlated with the energies of
pertinent orbitals, therf(C—C) HOMO of the olefin, and the

member metallacycle intermediate that involves two carbon ¢*(O—0) LUMO of the peroxo groupg:32 When applied to
atoms, the metal center, and a peroxo group. In this mechanismorganic peroxides, this rather simple model performs especially
the epoxide must be extruded from the metallacycle via a secondwell.33-35 Although most of the computational studies are limited

transition state.

to reactions in the gas phase, solvent effects on the activation

During the past decade quantum chemical calculations usingbarriers were investigated for organic peroxo compounds,

density functional methods proved to be valuable tools for
investigating olefin epoxidation by transition metal complexes.

dioxirane, and acetic percarboxylic aéid.The elaborated
relationship between the solvent-induced change of the activa-

While early computational studies focused on structural aspectstion energy and the value of the solvent's dielectric constant

of MTO related oxo complexe?,we recently investigated the
mechanism of olefin epoxidation, including the calculation of
transition states, by transition metal peroxo complexes &# Ti,
Cr, Mo, W4 and Re® Recently, the epoxidation of allylic

was applied to estimate the solvent effect on the activity of-CH
Re(0)(Q)z:L (L = H,0, pyridine, pyrazole§?

The goal of the present work is to compare at the same
computational level the epoxidation activity of the following

alcohol by rhenium peroxo complexes has been investigatedtransition metal catalytic systems: gReQy/H>O,, H3N-MoOs/
computationally with special focus on the role of hydrogen H>O,, and BNO-MoOs/H,O,. Starting with the trioxo precur-
bonding between an alcohol substrate and a peroxo cordplex. sors CHReQ; and L:MoOs (L = NHs, ONHs), we concentrate
An important finding is that all these peroxo compounds with on characterizing different peroxo derivatives that are formed
d® electron configuration at the transition metal center exhibit via interaction of these precursors with,® molecules.
essentially the same epoxidation mechanfsaf which is also Broadening the scope of our previous work on peroxo com-
valid for organic peroxo compounds such as dioxiranes and plexes of Mo and R&?>here we will also address mechanisms
peracids82? The calculations reveal that direct nucleophilic of oxygen transfer involving hydroperoxo intermediates such
attack of the olefin at an electrophilic peroxo oxygen center as CHReO(Q)(OH)(OOH) and MoO(O,)(OH)(OOH). The
via a transition state of spiro structure is preferred as significantly activity of different peroxo intermediates will be discussed on
lower activation barriers were calculated for it than for the two- the basis of the calculated energetics and activation barriers for

step insertion mechanis#f.2> A recent computational study
of epoxidation by Mo peroxo complexes showed that the

oxygen transfer.

metallacycle intermediate of the insertion mechanism leads to Reaction Models

an aldehyde instead of an epoxide prodict.

Despite of the common reaction mechanism, peroxo com-

plexes exhibit very different reactivities depending on the

Intermediates. The evolution of the system;MO3; (M =
Re, Mo) in the presence of B, is schematically depicted in
Figure 1. For rhenium L is CH;, while in the case of

particular structure, as shown by the calculated activation molybdenum we employ the model ligands Neind ONH.

energies. We proposed a modél that is able to qualitatively

Trioxo precursor complexes are designated,asnonoperoxo

rationalize differences in the epoxidation activities of a series complexes formed froni via formal substitution of an oxo
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ligand by peroxo group are designated Zsand bisperoxo
complexes, resulting from subsequent substitution of a further
oxo ligand, as3. Complexesl—3 can form the Lewis-base
adducts which we denote &while we use the designatér
for the corresponding base-free complexes. Thus, in the fol-
lowing we will abbreviate trioxo compounds of the type- L
MOs as1A(Re), 1A(Mo-NHs), and1A(Mo-ONHs). With 2A(M)
and 3A(M) we will refer to the monoperoxo and bisperoxo
complexes kMO,(0O,) and LMO(0y),, respectively. Accord-
ingly, the complexes 1L ,MO3, L1Lo:MO2(05), and LiL,MO-
(Oy)2, with their additional base ligandL will be labeled
1B(M), 2B(M), and 3B(M), respectively. As ligand L we use
H20 in the case of Re and an NHnolecule in the case of
molybdenum complexes. Finally, the hydroperoxo derivatives
L1MO(OOH)(OH)(Qy), 4A(M) (Figure 1), and L ,MO(OOH)-
(OH)(0Oy), 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 precursorss€ReG; and HN-MoO; as well
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(l) 2 ([) Figure 2. Transition state structures of ethylene epoxidation starting
u e from the peroxo complexedA, 2B, 3A, and 3B of the system Me

. . . . . NHs for insertion () as well as direct oxygen transfer via front-side
Figure 1. Schematic representation of structures and reaction energiesgyirg () and backside spird) reaction pathways.

AE (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, Ly = CHs, L, = H.0 (top row); M= Mo, L; = L, = NH3 transition states with spiro structure. Therefore, in the present

(middle row); M= Mo, L; = ONHs, L, = NH; (bottom row). 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

as the corresponding peroxo derivatives exhibit isoelectronic
valence shell structures. We will also consider aminoxide ligands

ONHs in the system BNO-MoOs/H,0; to model a family of - 5, glefin on a peroxo group may occur either from the front
Mo complexes with ligands ©ER; (E = N, P, As) where R side (distant from the equatorial ligand L1, see Figure 1),

are ang-phain alkyl substitgents; thesg complexes are of greatyootad as “front” £), or from the backside (proximate to the
practical importance for olefin epoxidatiéfln contrast to NH equatorial ligand), denoted as “backB)(25 Previous compu-

tEe modell ligand (I)Ntdfdue to its morelfleﬁlble connection to , tational studies favored the direct attack, yielding evidence
the complex, is able to form intra-complex ¥dro%gn bonds W'It against the insertion mechanigf®> Nevertheless, we present
oxo and peroxo centers. To avoid artifacts of such intra-complex \are 4150 calculated activation energies for insertion processes

hydrogen bonds_on the epoxidation_activity ofa_peroxo complex (designated byl) to provide a complete overview of these
we always consider those orientations of the ligand where the o chanisms. To refer to a particular transition state we

hydrogen atoms of ON¢tlo not directly interact with the peroxo  ¢qncatenate the symbol indicating the type of the transition

group attacked by the olefin. structure and the corresponding designator of the starting
Reaction Mechanisms and Pathways@\s mentioned in the Comp|ex; for instancngB(Re) (See Figure 2) denotes a
Introduction, two mechanisms are being discussed for the transition state corresponding to direct front-side spiro attack
epoxidation of olefins by transition metal peroxo complexes. of an olefin on the peroxo group of the water-stabilized rhenium
The olefin is assumed to either directly attack a peroxo group hisperoxo complex3B(Re). (In context, no confusion should
or itis postulated to precoordinate at the metal center, followed arise between the designatdsfor the transition state of a
by an insertion into a metal oxygen bond which results in a packside attack preceding the system number and for the base
five-member metallacycle intermedid@he spatial character-  adduct following it.) Thus, up to 12 types of oxygen transfer
istics of the direct attack for either organic or metal peroxo processes (Figure 2) involving the peroxo intermediafes?B,
intermediate were also under discusdffisince in the transi- 3A, and 3B have been considered for eachLk-MO/H,0,
tion state both planar and spiro approaches of the olefin doublesystem: 4 transition states of insertion and 8 transition states
bond to the peroxo group are conceivable. Calculations revealedof direct attacks (front and back).
that for transition metal complexes spiro and planar transition  For hydroperoxo species the number of possible configura-
structures with ethylene as model olefin exhibit moderate tions of intermediates as well as transition structures increases
differences only, but the spiro orientation is always found to sjnce an OOH group features more conformational freedom than
be preferred. For instance, for the monoperoxo complex-CH 3 peroxo groug® In particular, the metal hydroperoxo group
REQ(OZ),ZG transition states with the ethylene double bond M_Oa-Oﬁ-H can be arranged in such a way that mexygen
oriented in the plane of the Re-peroxo group are 3 to 5 kcal/ atom (closer to the metal center) is distal (front side orientation)
mol higher in energy (depending on the reacting peroxo-oxygen or close (backside) to the equatorial ligang ee the two
center, “front” or “back”, see below) than the corresponding configurations of4A(Re) in Figure 3. In the following, we
present results only for the lowest energy configurations of the
(36) Wu, Y.-D.; Lai, D. K. W.J. Org. Chem1995 60, 673. intermediategA and4B, unless specified differently. The olefin
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I\
Figure 3. Two conformations of the hydroperoxo group of the 2B-cis 2B-trans

intermediatelA(Re) suitable for an attack at theoxygen center from Figure 5. Cis and trans conformations of the ligandgdHand CH of
(a) the front side and (b) the backside. the mono peroxo comple2B(Re).

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
Figure 4. Transition state structures for different pathways of ethylene reaction pathway. Specific reaction conditions in a given

epoxidation by hydroperoxo complexes:attack of4A(Mo-NHs) with experiment may affect the propensities of these alternative
front and back orientation of hydroperoxo groypattack of4B(Mo- pathways.

NHs) with subsequent proton transfer to peroxg)(@xo (O), and
hydroxo (OH) ligands as accepting group.

odA

Results and Discussion

may interact with am oxygen center of the metal hydroperoxo Energetics of Intermediates.The reaction energies of the
moiety or with a8 oxygen center (carrying the proton) (Figure ~Peroxidation reactions in the systems §Re¢Qy/H;0, and HN-
4). In the case of an attack, the OH group remaining after the  M0O#/Hz0; have been separately analyzed elsewf@éi€Here,
O—0 bond is broken has to be transferred back to the metal We briefly summarize these results comparing the Re and Mo
center. For & attack, the proton may be transferred to one of Systems, and we extend the analysis to the systgiOHVIoOy/
several accepting groups. To limit the computational effort, we H202. In this comparison, we will also comment on the
have investigated only intramolecular proton transfer, in analogy formation energetics of pertinent hydroperoxo species. The
to commonly accepted transition structures for the olefin transformation energies (in kcal/mol) for all intermediates
epoxidation with peracid®:2° Hydroperoxo intermediates ex- ~ characterized starting from the trioxo precursbésfor Re and
hibit three potentially protophilic sites, namely oxo, hydroxo, Mo are indicated in Figure 1.
or peroxo groups; the corresponding transition states will be  Inspection of the reaction energies displayed in Figure 1
denoted byO, OH, or O,, respectively. For the: attack we shows that all intermediates of the left-hand column form stable
investigated only pathways starting from complesince back ~ Lewis-base adducts. The stabilization energy ranges fr8:b
transfer of the remaining OH group to the metal center is kcal/mol for2A(Re)— 2B(Re) to—26.2 kcal/mol for2ZA(Mo-
sterically strongly hindered if a Lewis-base ligand is coordinated NHs) — 2B(Mo-NH3). Interestingly, for bisperoxo3A, and
to the metal centerd8) because the coordination sphere of the hydroperoxo,4A, intermediates the energies of base adduct
metal center is too crowded. T[& attack was studied for formation for the Re Complexes do not differ much from those
complexes without4A) and with @B) an additional base ligand. ~ of the analogous Mo complexes, although in the case of Re the
As we can see, any straightforward count of conceivable -€WiS base is HO whereas for Mo we used Niand ONH as
transition states for hydroperoxo species, especially in the casgModel ligands. On the other ha_md_, th? Re triodd), and
of a3 attack, would easily result in dozens of possible structures, MONOPEroxo2A, complexes exhibit significantly weaker bonds
Molecular dynamics simulations of the whole reaction system With an additional base ligand than the corresponding Mo
are the method of choice for treating a problem with such a SPecies. Also, note that folB(Re) and 2B(Re) the cis
complex phase space; one would have to calculate a reasonablifonformation of CH and RO ligands is by about 1 kcal/mol
large number of trajectories and average over these ré&ults. IOWer in energy than the trans conformation (see the cis and
The key aspect of any molecular dynamics method is the rans conformations o2B(Re) in Figure 5), while for the
description of the interatomic interactions. Molecular dynamics systemslB(Mo) and2B(Mo) the_ trans conforma_ltlon pre b:_:tseg
calculations with accurate forces are computationally extremely L1 @nd L2 i the only one possible since the cis conformation is
very demanding even for gradient-corrected exchange-correla-€duced t01A/2A and a separate NHmolecule during

tion functionals®®39For a similarly approach as presented here, OPtimization. _ o
The peroxidation process, i.e., the formal substitution of an

(37) (a) Haile, J. M. InMolecular Dynamics Simulation: Elementary 0%0 ligand by a peroxo group, tends to be almost isoenergetic
Methods Wiley: New York, 1997. (b) Frenkel. D.. Smit, B. for Re complexes, while a pronounced exothermic effect is
Understanding Molecular Simulation: From Algorithms to Applica-
tions Academic Press: New York, 1996. (39) (a) Senn, H. M.; Blohl, P. E.; Togni, A.J. Am. Chem. SoQ00Q

(38) (a) Car, R.; Parrinello, MPhys. Re. Lett.1985 55, 2471. (b) Blehl, 122 4098. (b) Woo, T. K.; Blehl, P. E. Ziegler, TJ. Phys. Chem.
P. E.Phys. Re. B 1994 50, 17953. A 200Q 104, 121.
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found for most species of both Mo families (Figure 1). The &
reaction energies of the systems (Mé1z) and (MoONHsz) are AE* [keal/mol] O\M-*‘Lo
rather similar; for instance, folA(Mo-ONHs) — 3A(Mo- 0 /”\/___
ONHj) the calculated overall peroxidation energy-$9.8 kcal/ 95 O\ /
mol, while for 1A(Mo-NHz) — 3A(Mo-NH3) we obtained-26.4 15 i
kcal/mol. For the overall proceskA — 3B, transformation
energies 0f-41.3 and—38.8 kcal/mol have been determined 10l Mo, L= ONHs
for the systems (MdNH3) and (MoONHzg), respectively. The Mo, L = NH3
addition (e.g. t@BA) of the second “base” ligand is responsible Re, L = CHs
for that major increase of stabilization when forming complexes 5¢ ST o
3B. RS ¢

For the system {MoO(O,),, the Mo-L binding energy is 0 . .
—44.9 kcal/mol for L= NH3z and —63.5 kcal/mol for L= 75 7.0 (c-%?[ v -6.0 5.5

(- e

ONHgs, the difference being 18.6 kcal/mol. For the trioxo
precursors LMo@ the difference between both Mo-L ligand Figure 6. Calculated energy barrierAE* (in kcal/mol) of the

binding energies is even larger, 23.3 kcal/mol (with binding €poxidation of various substituted olefins (from left to right: ethylene,
energies of-54.8 kcal/mol for L= NHz and—78.1 kcal/mol propenegis-2-butene, 2-methyl-2-butene, and 2,3-dimethyl-2-butene)

- . . ; o by the complexe8A(Re),3A(Mo-NHj3), and3A(Mo-ONH;) as function
for L = ONHg). Thus, an aminoxide ligand stabilizes the Mo of the energy of the olefin HOM@(C—C). Also shown is the estimated

center better than an amine ligand. _ _ reaction barrier of 4-methoxystyrene (empty circle), based on the
As it is shown in Figure 1 the hydroperoxo intermediates corresponding HOMO energy.

4A and4B are obtained from bisperoxo complex&s and3B
by the opening of one of their peroxo rings. For the molybdenum electron density onto the=€C moiety and raises the olefin
complexes, this formal water addition process leads to the mostHOMO energy, thus increasing the interaction of the olefin with
stable species of the reaction systedf(Mo-ONHs) and electrophilic oxidants. Concomitantly, the energy gap between
4B(Mo-NHs). The activation barrier of the ring opening reaction the olefin HOMO and the peroxo LUMO decreases, entailing
that transforms3B(Mo-NHz) into 4B(Mo-NHz) has been  a lower activation barrier for epoxidation. Interestingly, the
calculated to 11.3 kcal/mol. Interaction of a peroxo complex bisperoxo derivative8A of the Re and Mo systems studied
with a hydrogen peroxide molecule can also lead to a hydro- feature similar electrophilic behavior as indicated by the fact
peroxo species!*° Recall that in the Re system the complex  that all three lines shown in Figure 6 exhibit similar slopes.
3B(Re) is the most stable species; this complex has been \ye can apply this HOMGLUMO model to predict reaction
characterized by X-ray analySiand previously compared to  pariers of larger olefins without explicitly locating the transition
the calculated structuf Also for the molybdenum bisperoxo  giate. As an example, we discuss the epoxidation of 4-meth-
complexes, calculated and experimental structures compareyyysiyrene with the Re bis-peroxo compl@B(Re). The
satisfactorily* _ _ activation enthalpy has been measured to #®4 kcal/mol®
HOMO —LUMO Orbital Interaction Model. The early  prom the data displayed in Figure 6 and the calculated HOMO
transition metal peroxo complexes behave as electrophilic energy of 4-methoxystyrene-5.75 eV, we extrapolate an
oxidants, as for instance shown for complexes of V, Mo, and activation barrier of about 4.2 kcal/mol when this substrate
W using the thianthrene 5-oxide probie!®20Itis also known jyteracts with the intermediat8A(Re). By comparing the
that epoxidation of electron-rich olefins, e.g., highly alkyl 5qtjyation barriers of the direct front-side transition states of
substituted species, exibits higher reaction rates. The e|eCtr°‘ethylene epoxidation by the complex®s(Re) and3B(Re), 12.4
philic character of oxygen transfer can be rationalized by 4 162 keal/mol, respectively (see below), we estimate that
reference to a frontier orbital argumeéhtn the reaction between \ater adduct formation increases the barrier height by 3.8 kcall
a peroxo complex and an olefin, the dominating |nter*act|on mol. Thus, our final estimate for the theoretical epoxidation
occurs between the(C—C) HOMO of the olefin and the™- barrier of 4-methoxystyrene is about 8.0 kcal/mol. This value
(0—0) LUMO of the peroxo group. The energy difference g i, good accordance with, but lower than, the experimental
b_etyveen these two orbitals controls the ba_lrrler dllffe.rences for value? although our theoretical estimate does not include solvent
similar peroxo compound®:31 The other frontier orbital interac- effects.

tion between the occupied(O—0) of the peroxo group and L . . .
b ( ) P group Activation Barriers Relative to the Direct Precursor.

the unoccupiedr*(C—C) of the olefin is less important for the S

determination of the activation barrier, although it seems to play Eppx@atlon by l?eroxo Complexesin Tab!e 1 we prgsent the

a role in favoring the spiro structure of transition states over activation energies for ethylene epoxidation by various peroxo

the planar structure. and hydroperoxo complexes. Calculated.structurgl. data of all
precursor complexes and the corresponding transition states of

To confirm the relevance of this orbital interaction to the direct ¢ ¢ ided as S ting Inf "
determination of the epoxidation barrier we calculated the Irect oxygen transier are provided as supporting Information.
Inspection of Table 1 reveals that for all complexes insertion

epoxidation transition states (all of them of spiro structure) of - o . L . .

the model olefins ethylene, properis-2-butene, 2-methyl-2- transition states exhibit very high activation barriers. With one
butene. and 2 3-dimethyl-21butene for the bispéroxo Compoundsexception, activation barriers for insertion processes are always
3A(Re)’, 3A(l\/io-NH3), and 3A(Mo-ONHy). The calculated higher than the cor.res'pondir)g va]ues for .t.he direct oxygen
heights of the resulting epoxidation barriers vary linearly with ransfer. The exception is the insertion transition sta#gMo-

the energy of the olefin HOMO (Figure 6). Similar findings NHs) with an activation energy of 22.3 kcal/mol which lies by

have been obtained for organic oxygen donors such as dioxirane®-6 kcal/mol lower tharB3A(Mo-NHs). However, also in this

and peracidd335 Each methyl substituent of the olefin pushes ¢25€ the direct mechanism is preferred since the attack of the
front oxygen centeF3A(Mo-NHj3) exhibits an activation barrier
(40) Hroch, A.: Gemmecker, G.; Thiel W. fur. J. Inorg. Chem200Q of only 14.1 kcal/mol. Therefore, in the following we will refrain
1107. from discussing the insertion mechanism.




3760 Inorganic Chemistry, Vol. 40, No. 15, 2001

Table 1. Calculated Activation BarrierAE* (in kcal/mol) of
Ethylene Epoxidation by Peroxo Complexes of Molybdenum and
Rhenium for Various Reaction Pathways: Insertipmirect
Oxygen Transfer fron2A, 2B, 3A, and3B Complexes via
Front-Side Spird=, and Back-Side Spir® Transition States; Direct
Oxygen Transfer from Hydroperoxo Complex®& and 4B, Either
Characterized as Front- or Back-SideOxygen Attack or ag
Oxygen Attack with Various Hydrogen Acceptor Groups (Peroxo
PO2A4A, Oxo O4A, Hydroxo SOH4A)

Mo Re
| F B | F B
2A 26.4 18.8(18.5) 22.8(19.8) 30.9 18.8 189
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) 258 124 19.2
3B a 19.7 (21.2) 275 38.7 16.2 233
adAc 20.5 (16.5) 158 21.9
0O, O OH 0O, O OH
PAA  253(29.2) 28.9(27.0) 355(25.3) 174 270 185
paB 275 31.6 30.3 21.2 215 17.8
(30.9)

Values in parentheses refer to molybdenum complexes with ONH
ligands.2 No barrier available since the second ammonia ligand is
expelled during the transition state seartNo transition state localized
since the water ligand is expelled during the seat¢for Re systems,
the barriers are relative to intermediates with orientations of the
hydroperoxo group suitable for attacks at theoxygen center from
the front and backside, respectively.

From Table 1 we recognize that for all bisperoxo intermedi-

ates attacks of peroxo groups from the front side require lower

Gisdakis et al.

by about 16 kcal/mol than for the corresponding base-free
complex2A, while 2B(Re) yields even a lower activation barrier
than 2A(Re). (iii) Mo-NH3; and MoONHjs peroxo derivatives
exhibit very similar behavior although corresponding activation
barriers of the system MONH; 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 speciésthe attack of thex oxygen
center of the hydroperoxo group 4A intermediates requires
less activation energy than the attack of thexygen center
(Table 1). Since in the case dA(Re) the two states with an
orientation of thea. 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 MdNH3; and MoONHs; the conformation of
speciestA 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
structuresndA(Mo-NH3) and a4A(Mo-ONHs) 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 the
attack of4B complexes.

For an attack at th8 oxygen center of a hydroperoxo group,

activation energies than the corresponding backside attacks. Théve have confined our investigations to intramolecular proton
situation is somewhat more complicated for monoperoxo transfer where the accepting group is part of the same complex.
complexes. In particular, the barrier heights of the transition Therefore, three reaction pathways were considered fof the
statesF2A(Re) andB2A(Re) are almost equal, about 19 kcal/ attack of hydroperoxo species where an oxo, a hydroxo, or a

mol. For the cis conformation &B(Re) (Figure 5) the direct
backside transition structu&2B(Re) (16.2 kcal/mol, Table 1)

peroxo group, respectively, acts as proton acceptor. The
transition states energies are expected to reflect the basicity

is the only one characterized whereas during the attempt tostrengths of the different proton acceptors. For complex

localize the transition structuré2B(Re) the additional water

4A(Re), thep attack with a subsequent proton transfer to the

ligand is extruded from the complex during the oxygen transfer 0X0 group features the highest activation barrier, 27.0 kcal/mol

reaction. On the other hand, the trans conformatioBR(Re)

(Figure 5), which is almost degenerate with the cis conformation,

exhibits activation barriers of 20.2 and 23.9 kcal/mol for front

(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 structuré3;54A and OHpB4A, respec-

and backside attacks, respectively, i.e., higher than the backsiddively). This trend is in line with the estimated proton affinity

attack of the cis conformation. The low barrierB2B(Re) is
in line with the fact that the bond ReOpack Of 2B, 2.02 A, is
considerably longer than @A, 1.97 A25 Inspection of further

of the corresponding oxygen center using the HF as ptbbe:
the energies of the hydrogen bonds formed between the HF
probe molecule and the oxo, peroxo, and hydroxo groups of

structural data reveals (see the Supporting Information) that this4A(Re) are calculated to-6.5, —7.0, and —9.9 kcal/mol,

backside metatoxygen bond of intermedia@B is the longest

respectively. The lowest activation barrier ¢f attack is

Re—o(peroxo) distance among all rhenium Comp|exes studied calculated for the pathWay where the most nUCleOphiIiC hydrOXO

here. For the molybdenum system NINHs, we also found
very close activation energies for the proceds248 andB2A,

center acts as proton acceptor. There is no linear correlation
between the height of the activation barrier and the calculated

18.5 and 19.8 kcal/mol, respectively. Note that in the intermedi- HF binding energy to the selected proton accepting center. Thus,

ate 2B(Mo-NH3) (analogous ta2B-trans(Re), Figure 5) the
peroxo oxygen centers are symmetry equival€at §ymmetry);

steric interactions are likely to affect the rearrangement of the
hydroperoxo group (which is necessary to bring the proton close

therefore there is no difference between front and backsidet0 the accepting oxygen center) in a significant manner,

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 intermedizd¢s
2B and 3A/3B of the systems Re, MblH3, and MoONH;

influencing the activation energies of the various routes of the
f attack to a different degree.

This latter observation also holds for the barrierg afttacks
at the corresponding MblH3; complexes (Table 1). For complex
4A(Mo-NHp3) as precursor we calculated barriers of 25.3, 28.9,

(Table 1). (i) Re complexes exhibit slightly lower activation and 35.5 kcal/mol for peroxo, oxo, and hydroxo groups as proton
barriers than the corresponding Mo species. (ii) The base effectacceptors, respectively. The barriers fbattacks adA(Mo-

is considerably weaker for Re than for Mo complexes. For NHs) and4B(Mo-NHs) are higher (some of them significantly)
monoperoxo intermediates this trend is especially clear: in both than those of the corresponding rhenium complexes. In addition
Mo systems the activation energy of the base adaBds higher we note that the energies of the two lowest-lying hydroperoxo
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Table 2. Pertinent Characteristics of Perox®A) and Hydroperoxo
(4A) Intermediates and the Corresponding Transition Sta8#s
anda4A of Olefin Epoxidation by Front-Side Direct Oxygen
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Table 3. Pairwise ComparisoX/Y of Related Peroxo and
Hydroperoxo System2A, 3A, 3B, and4A of Rhenium and
Molybdenum and of Various Direct Oxygen Transfer Procegses

Transfer in the Systems Re, M¥Hs, and MoONHjs (Front-Sideo
Attack in the Hydroperoxo Systenis)

B, anda (o Attack)

Re Mo NH3 Mo-ONH3;
Re MoNH, Mo-ONH, F2AIF3A Ad(O-0),A 0011  —0.001¢) -0.010¢)
intermediate  3A 4A 3A 4A 3A 4A Ad(M—0), A 0.037 0.029 0.046
d01-02),A 145 144 145 145 145 1.44 ﬁqi%_eo) oV 93‘726 _o(.)ogg 0069546)
dM-01),A 194 203 197 200 196 1.97 A%, Kealmol  _3%6 e e
dM-02),A 192 299 194 288 193 259 AE keal/mol  —6.4 47 _30
q(01), e ~0.35 —0.44 —0.37 —043 —0.38 —0.37 FIAFE AKO-G)L A  —0002 —0002  —0.003
9(02), e —0.34 —0.44 —042 —047 —0.38 —0.43 AAM-OLA  0018() 0003L) —0022
0*(0—-0),eV —-0.83 0.46 0.34 0.44 0.45 0.49 Ag0), e ! —.O 03 ~0.02 0 016)
AEy, kcal/mol —50.2 —34.7 —36.0 —40.9 AU*(O,*O) ev 1 1'0 0 1.18 661
trarlsition state F3A  o4A F3A o4A  F3A  odA A%E,, keal /r’n ol 7.8 _ '11 3 _5' 1
AEf, kcal/mol 12.4 15.8 14.1 20.5 15.5 16.5 A%EF, kcal/mol 3.8 57 5.7
aBond distances], NBO chargesg, of oxygen centers (O front- F3A/B3A Ad(M-0),A  -0.028 —0.027 —0.037
side ora oxygen center; O2= backside or oxygen center), and Aq(0), e 0.01¢) —0.05 0.00
0*(0—0) orbital energies of the intermediates as well as enerfigs A’E', keal/mol 6.8 14.8 5.8
of the epoxidation reaction and the corresponding activation barriers F3A/a4A  Ad(O-0),A  —0.011  0.008 —0.003
AE" AdM—O),A  0.082¢) 0.038 0.007
Aq(0), e —0.08  —0.05) —0.01¢)
* p— — — —
transition states starting from compléB(Mo-NH3) appear in 2?E§Okc§/)r'n%\|/ a1.29 a0.10 _(1)'302
reverse order compared4®(Re OHy), with proton transfer to AEF, kcal/mol 3.4 11 15

the peroxo group featuring the lowest transition state; in the
Re systems, proton transfer to the hydroxo group is preferred.
The complex4B(Mo-ONHs) also exhibits a very high activation of the intermediates as well as differences of energi&s of the
energy for ethylene epoxidation. Only the transition ste4B epoxidation reaction and the corresponding activation barrts
was calculated (associated with a barrier of 30.9 kcal/mol) since Changes opposite to the expected trend as derivedAfghare marked
it had been shown to be the variant @fattacks of4A(Mo- by minus signs ). 2 Data not available.
NH3) and 4B(Mo-NHz) complexes with the lowest activation
barrier. kcal/mol). This ordering of the activation barriers is quite
Factors Governing the Reactivity.To identify factors which accurately reflected by the energy of thfO—O0) orbital as
influence the epoxidation activity of a transition metal peroxo expected by the frontier orbital argument discussed previously:
complex, one can monitor the following three characteristics the higher the*(O—0) energy, the larger the activation energy.
of transition metal peroxo or hydroperoxo moieties: (i) the This holds even for complexes where the electronic structure
M—0 and G-O bond strengths, measured through the bond is somewhat different; see the previous analysis of Ti hydro-
lengths (these bonds are to be broken during the oxygen transfeiperoxo complexe® The chargeq(O) of the peroxo groups
process), (ii) the electrophilic properties of the peroxo oxygen supports the proposed electrophilic character of the olefin attack
centers (e.g., as estimated by a population analysis), and (iii)at the metal peroxo moiety. More negative charg@) of the
the energy of the*(O—0) orbital. peroxo complexes are associated with higher activation barriers.
To compare the three systems under studyzREO/H,0,, However, thex attack in the hydroperoxo syste#8 does not
HsNMoOs/H,0,, and BNOMoOs/H,0,, we choose the peroxo,  follow this trend?® Also the reaction energieAE; show, to
3A, and hydroperoxo4A, intermediates as well of the corre- some extent, the expected propensity. In general, a larger
sponding transition states3A and a4A for front-side direct exothermicity (in absolute terms) is associated with a lower
attack by an ethylene. Also, these reaction pathways exhibit barrier height although there are exceptions ESA of Mo-
the lowest (or almost the lowest) activation barriers; in addition, NHz and MoONHjz). Bond distances do not always exhibit the
because of the structural similarity, these pathways facilitate a expected trends. For the hydroperoxo systdmslonger, thus
comparison of analogous peroxo and hydroperoxo complexes.more activated, ©0 and M-O bonds entail lower barriers;
A comparison off attack processes based on these reactivity see in particularF4A(Mo-ONHz). However, the structural
criteria is difficult since the various subsequent proton-transfer changes of the peroxo complexes are probably too small (at
steps exhibit differences in barrier heights of up to 10 kcal/mol most 0.01 A) to allow a meaningful interpretation.
(see Table 1, syste®A(Mo-NHsy)); these differences cannot On the basis of the characteristics discussed so far, Table 3
be described within the criteria listed above. In Table 2, we provides a pairwise comparison of processes involving peroxo
present pertinent characteristics of the intermediafeand4A and hydroperoxo (onlg. attack) species of the systems Re,-Mo
as well of the corresponding transition st&®@A andF4A for NHs3, and MoONHg; see the Supporting Information for the
front-side direct attack by an ethylene. In recognition of the original data.
three reactivity criteria listed above, we have selected the In the first part of Table 3 we compare the direct front-side
following characteristics of the intermediates: the bond lengths attacks=2A andF3A at the six-coordinated mono and bisperoxo
O—0 and M-0, the chargeg(O) of the attacked oxygen center, complexe®A and3A, respectively. The bisperoxo intermediate
and the energy of the*(O—0) orbital. Furthermore, we  3A exhibits a lower barrier than the corresponding monoperoxo
compare the barrier heights of olefin epoxidation and, if complex2A in all three metatligand systems, but this energy
available, the energE, of the epoxidation reaction. difference decreases along the series Re;N#h, and Mo
For the front-side direct transfét3A, we identify the Re ONHgs: —6.4,—4.7, and—3.0 kcal/mol, respectively. This trend
system as the one with the lowest activation energy (12.4 kcal/ is nicely reflected by the changes of thed® bond lengths:
mol), followed by MoNH; (14.1 kcal/mol) and M@ONH; (15.5 0.037, 0.029, and 0.046 A for Re, MdéH3; and MoONHs,

Differences A =Y — X, of bond distances], NBO chargesq(O),
of oxygen centers attacked by the olefin, arifO —O) orbital energies
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respectively. The MO distance of the comple3A is always AE* [kcal/mol]
larger. For Re and MdH3, the change\o*(O—0) of the oa |
orbital energies are, as expected, negative and decreasing from B3B(Re)
Re to MoNHs: —0.36 eV and—0.09 eV, respectively. Also 22 BsAv(M"'ONH3)
the system MeONH; complies with that trend, but the rather 20F B3A(Re)
small change of 0.05 eV of the*(O—O0) orbital energy which 1| FIBMONHY
does not agree with the expectations based on the chsdige F3AMo-ONHy) F3B(Re)
indicates the limit of the present model considerations. In all 16 v ¢
three pairwise comparisons, lower activation barritE are 14 A F3A(Re)
associated with larger absolute values of the exothermidity 12 F3A(Mo-NHs)
The second part of Table 3 deals with the effect of base adduct s > " > =

formation for the example of bisperoxo complex&, vs 3B,

. . AEpp [kcal/mol]
and the direct front-side attack by an ethyleR8A vs F3B.

Previously we showe83!that Lewis-base adducts 8B(Re) Figure 7. Calculated energy barriessE* (in kcal/mol) of ethylene
epoxidation by various transition metal peroxo complexes as function

exhibit higher activation barriers than the base-free parent ot e nroton affinityAEps of the attacked oxygen site as measured by
complex. The donating effect of the base is reflected in a more the energy of HF addition (in kcal/mol).

negative charge of the oxygen center and in higher energies of
the acceptor orbitai*(O—0). The variations of the MO bond  ONH), but it apparently does not reflect the calculated reactivity

lengths do not follow any regular trend, while-@ bond gifferences between the systems 4@IH; and MoNHz. As

lengths vary concomitantly with the heights of the activation pointed out previousl§t the reactivity of a transition metal

barrier. complex is too complex a property to be monitored by a single
Next, we compare front- and backside direct procebsasd criterion, such as the proton affinity. In this respect, organic

B for compoundsSA. In Table 3 we list only the characteristics peroxo compounds behave much more regularly; dioxirane
AQg(O) and Ad(M—O0) of the oxygen center attacked by the exhibits an obvious correlation between the energy of HF
olefin; the other parameters are identical for the two processesaddition and the activation barrier of olefin epoxidatfén.
because they refer to the same starting complex. For all three |n summary, the characteristics of intermediates as selected
systems, the front-side pathway features significantly lower in Table 3 indeed have been found to allow a rationalization of
reaction barriers. The changes of the oxygen charge and thethe corresponding epoxidation barriers, for both peroxo and
corresponding M-O distance are in line with the differences hydroperoxo complexes. However, while the reactivity of the
of the reactions barrier, with the exception Af(O) of the various complexes can be reasonably well characterized in this
rhenium system. For MdIH3 the energy barriers of both  way, one has to note exceptions for all reaction mechanisms
reaction pathways differ dramatically; for this system, the and pathways.

backside attack is strongly disfavoréd. Barriers Relative to a Common Precursor.To discuss the

In the final part of Table 3 we compare two epoxidation overall optimal reaction pathway we have to refer all transition
mechanisms, the front-side attaEBA and theo. attacko4A. states to a common starting system. A transition state might
For Re and MeONHGg, the transition statE3A is preferred over have a rather low activation barrier relative to its immediate
a4A, while in the case of MdNH3 the transition structura4A precursor; however, if this precursor is not stable, e.g., if its

yields a slightly lower barrier thaiR3A. Interestingly, most formation is highly endothermic with respect to other species,
characteristics are in line with the calculated differences of the the system will not react via this pathway. As an example we
activation barriers. Exceptions are the charge distribution of the recalP! that the procesE3A(Re) has an activation energy of
Mo systems and the MO bond length in the case of Re. 12.4 kcal/mol, while the corresponding proc&sB(Re) for a
Compared to the previous cases, the valdegO) deviate complex with an additional water ligand features a higher barrier
significantly from the expected behavior (Table 3). Apparently, of 16.2 kcal/mol (Table 1). However, since comp&X(Re) is
these charge effects are overcompensated by other factors, e.g16.3 kcal/mol less stable th&B(Re) (Figure 1), transition state
the large changes of the®(O—0) orbital energy (Table 3). F3B(Re) still characterizes the preferred reaction pathfvay.

According to the results discussed so far, the reactivity of  In Figures 8, 9, and 10 we compare the energies of the various
similar peroxo complexes correlates with the electrophilicity transition states determined for the systemgR&0y/H>05, Hs-
of the attacked oxygen centers. The orbital energy of the NMoO3/H;O,, and HNOMoOs/H,0;, respectively, using com-
0*(0—0) level may serve as a criterion for both quantities, plexes3B as a common energy reference of all intermediates
electrophilicity and reactivity. Clearly, the*(O—0) orbital and transition states.
energy cannot be used to differentiate between the two oxygen The System CHReO3y/H>0,. We begin by discussing the
centers of a given peroxo group. Rather, the proton affiiEsa system MTO/HO; (Figure 8). ComplexXB(Re), experimentally
of each oxygen center, an observable in principle, comes to mindnot characterized, is only 2.4 kcal/mol less stable tBB(Re)
as an obvious choice for this purpose. To probe this quantity, which we found to exhibit the lowest energy. Similads(Re),
we calculated the adduct formation energy of HF as proton complex2B(Re) is 2.6 kcal/mol less stable th@B(Re).
donor. In Figure 7 we display the activation energs* of A Lewis-base ligand stabilizes a metal complex and may
some transition structures as a function of the HF binding energy therefore also stabilize the corresponding transition states (on
AE(HF). As expected, the reaction barriers drop with decreasing this absolute energy scale) although to a smaller extefthile
exothermicity values of the HF addition, i.e., with decreasing base-free transition states can be reached from their immediate
proton affinity or increasing electrophilicity of the oxygen center precursor via lower activation barriers, the missing stabilization
under study. Rhenium complexes clearly exhibit the expected yields transition states of higher total energitShe results
correlation. For the molybdenum complexes this reactivity compiled in Figure 8 corroborate this analysis. Complexes
criterion is able to rationalize the reactivity differences within 2A(Re), 3A(Re), and4A(Re) without a stabilizing Lewis-base
one system, e.g., betweeB3A(Mo-ONHsz) and F3A(Mo- ligand lead to transition states that lie-105 kcal/mol higher
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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 complexReB(Q).-H.0 3B.

than those reached from the more stable, ligated complexesconclude that hydroperoxo complexes may play a certain role
2B(Re),3B(Re), and4B(Re). Therefore, the former intermedi-  in the system MTO/KO;.
ates are not expected to play a significant role in the epoxidation  Summarizing the results for the Re system MT@Dy we
reaction of MTO/HO,. find that the direct front-side attack of a water stabilized
The transition states of insertion processes all lie about 40 bisperoxo complexd3B indeed leads to the transition structure
kcal/mol above the referenc@B(Re); their energies are the with the lowest energ$2° but a backside direct attack of the
highest of the Re system. On the basis of this finding we ligated monoperoxo complé3B may be competitive, depending
refrained from characterizing the subsequent reaction step inon details of the experimental condition&ven the transition
which the epoxide is eliminated from the metallapentacycle. state for attack at a oxygen center of the hydroperoxo

All other transition states characterized feature a direct attack €OMplex4B with subsequent intramolecular proton transfer to
of one of the oxygen atoms of a peroxo or a hydroperoxo group & hydro?<o group (i.e., formation of a water ligand) does not lie
by the olefin. Front-side direct mechanisms tend to have lower Much higher in energy.
absolute barriers than the corresponding backside processes, but The System HNMoO3/H20>. The system ENMoOs/H-0,
the differences are rather small. On the absolute energy scale(Figures 9) shows a significant similarity to MTO/Ek,
the transition stat€3B(Re) has the lowest energy (16.2 kcal/ although there are specific differences to note. In contrast to
mol); B2B(Re) lies only slightly higher, at 18.8 kcal/mol. The the system MTO/KD;, the hydroperoxo comple4B(Mo-NHz)
relatively low absolute energy &2B(Re) is due to the smaller  is by far the most stable intermediate of this system, 8.8 kcal/
activation energy o2B(Re) compared t@B(Re). mol below the bisperoxo specie3B(Mo-NHs). Also the

Inspection of the right-hand side of Figure 8 also reveals that Intérmediate4A(Mo-NH) lies only 3.6 kcal/mol higher than
reaction pathways which start from hydroperoxo complexes SB(M0-NHs). The monoperoxo intermedia@B(Mo-NH) is
without a stabilizing Lewis-base ligand proceed via high-lying 2/Most isoenergetic witB(Mo-NHz); the energy difference
transition states. Recall that theattack starts with the complex ~ ©f 0-5 kcal/mol is at the limit of computational accuracy.
4A since the remaining hydroxo moiety of the attacked Justas for the Re system, insertion processes have very high
hydroperoxo group has to be transferred back to the metal centerbarriers, 37.2 kcal/mol falBA (Mo-NHs) and 51.9 kcal/mol for
For steric reasons this latter step is not feasible if a base is!2A(M0o-NH3). Thus, we have to reject this mechanism which
coordinated to the metal center; bathattack transition states ~ had originally been proposed for molybdenum peroxo com-
exhibit quite high energies, 28.8 and 36.4 kcal/mol for front- plexes?
and backside attack, respectively. The situation is similar fora At variance with the system MTOA®,, one can rule out
B attack of4A(Re). For the oxo group as proton acceptor the that the monoperoxo intermedig28(Mo-NHs) participates in
corresponding transition state lies at 40.1 kcal/mol, while the the olefin epoxidation since it exhibits an extremely high
BOHA4A andBO24A transition structures exhibit energies of 31.6  activation barrier of 34.1 kcal/mol. At the absolute scale this
and 30.4 kcal/mol, respectively. On the other hafidttacks state lies even higher than the transition st&88 and a4A

of the base-stabilized hydroperoxo compldB(Re) yield which are reached from the less stable intermediafesnd
transition states of moderate energies: 20.2, 23.6, and 23.9 kcalAA, respectively (Figure 9).
mol for the processg8OH4A, fO4A, andfO4A, respectively. Another difference from the system MTO/6; is that there

The first of these transition states lies only 4 kcal/mol higher are two low-lying transition state§3B(Mo-NH3) and5024B-
in energy than the most stable transition structur&3B(Re) (Mo-NHg), with the energies of 19.7 and 18.7 kcal/mol,
with 16.2 kcal/mol. Thus, extending an earlier analyg8ige respectively, at the absolute scale. The activation barrier for
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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 compheMdO(0,)*NH;3 3B.
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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 compEexMbO(O;),*NH3 3B.

F3B(Mo-NH3) is by 3.5 kcal/mol higher than the corresponding react with water (or KO,)14 to form complex4B(Mo-NHz).
value for the transition stat€3B(Re). On the other hand, The activation barrier for such a ring opening reaction has been
transition stat¢O,4B(Mo-NH3) which corresponds to an attack calculated to 11.3 kcal/mol. In addition, we note that the
at thef-oxygen center lies at a low absolute energy because of transition statex4A lies only 4.4 kcal/mol higher thaR3B.

the higher stability of the preceding intermedid®&Mo-NH3) At this point we would like to refer to the available
while the corresponding activation barrier is much higher (27.5 experimental data on the reactivity of Mo peroxo complexes.
kcal/mol) than that of the corresponding process of the Re Experimental studies from the pioneering work of Mim&tm
system. The relative stability of the complexgB(Mo-NH3) the most recent investigatidigrovide unambiguous evidences
and4B(Mo-NH3) may be sensitive to environmental effects that that oxygen transfer from seven-coordinated Mo bisperoxo
were not taken into account in our models. Nevertheless, the complexes such &B is significantly slowed or even inhibited.
hydroperoxo epoxidation pathway suggested by Thiel based onThus, the calculated activation barrier of about 20 kcal/mol for
experimental findingd seems to be competitive to epoxidation F3B(Mo-NH3) seems to be beyond the threshold where Mo
by peroxo complexes. Thus, instead of a direct front-side peroxo complexes are still reactive; one has to take into account
transfer, the molybdenum bisperoxo comp88(Mo-NH3) can that in our model we used the rather strong model base NH
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which significantly reduces the activity of the peroxo group. In barriers of the individual processes have been rationalized by
our model, the most probable pathway is that of a direct front- structural, orbital, and charge parameters of the immediate
side attack o8A(Mo-NH3) (with an activation barrier of 14.1  precursor complexes.
kcal/mol)y—provided that reaction conditions are such that they
prevent the coordination of a second strong base to this spécies.

The S.ystem H".N OMOO3/H202'. The energy pattern of the B3-LYP* density functional scherfieusing effective core potentials
various lntermedllates and transition states of the system H for the metal centers Re and MdFor all other centers, a 6-311G(d,p)
N_OMOQ3/H2_02 (Flgur_e 10) resembles that o_f the Mo system  pagis set was employéti Geometry optimizations were carried out
with amine ligands (Figure 9). Here, the energies of hydroperoxo without any symmetry restrictions. Finally, té@xponents were added
intermediategtA and4B with respect t@Bare shifted quard_ to the basis set of Mo and Re to evaluate energies in single-point
by 4—5 kcal/mol compared to the energies of the corresponding fashion?425Details of this computational strategy have been discussed
states of the system MiWH3. The lowest transition state, at an  elsewheré?® Since the present study focuses on trends and their
absolute energy of 21.2 kcal/mol, corresponds to a front attack rationalization, we refrained from correcting stabilization energies and
of the bisperoxo comple8B. It is interesting to note that the ~ reaction barriers for enthalpy and solvent effects. Previous investigations
next higher transition state, at 24.0 kcal/mol on the absolute have shown that such correctlons.(at least for similar Re compounds)
scale, is4A corresponding to the transfer of aroxygen from 40 not affect the trends analyzed in the present statiCharges of

. . - o atoms were determined by a natural bond order analysis. Detailed results

the hydroperoxo specie®A, while the lowest-lying transition are presented as Supporting Information.
state starting from the more stable intermediéBzoccurs at )
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