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Ethylene Epoxidation with Tungsten Diperoxo Complexes: Is Relativity the Origin of
Reactivity?
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Scalar-relativistic effects on the coarctate transition states (TS) for ethylene epoxidation with Mimoun-type
diperoxo complexes [MO-O,)(OPH)], M = Cr, Mo, W, were studied using gradient-corrected density-
functional theory at the BP86 level within the nonrelativistic, quasi-relativistic, and ZORA approaches. Spin
orbit effects were proved to be small. While scalar-relativistic effects scarcely influence the thermodynamics
of the reaction with the tungsten complex, they shift the extent of reaction at the transition state toward the
reactants and decrease the activation barrier significantly. The analysis of the transition states using a fragment-
based energy-decomposition scheme shows that the reduction of the activation energy by relativistic effects
is mainly due to the destabilization of the reactants rather than to the stabilization of the TS.

Introduction

The development of efficient processes for the oxidation of
olefins on a million-ton-per-year scale remains an important goal
in the chemical industry Recently, a method for alkene epoxi-
dation using Mimoun-type diperoxo compleXddoO(0,)2-
(OPRy)] (R = alkyl) as catalystsin a biphasic system was
introduced by Sundermeyer and co-workemad patented by
BASF > Several theoretical studies on the epoxidation of olefins
with peroxo complexes of groups 6 and 7 were repoftéd. 1.357A
After a long-standing controversythe reaction mechanism of
olefin epoxidation with diperoxo complexes of type [MoQJ&
(OPRy)] was recently clarified with the help of density-functional
methods. As suggested by Sharpless and co-wotRetsg
reaction follows a concerted oxygen-transfer mechastsfhe
oxygen atom trans to the phosphine oxide is transfefrEtjure Figure 1. Calculated transition structure (BP86/ZORAAI for
1 shows the optimized structure of the transition state (TS). The éthylene epoxidation with [MoO(,(OPH)]. Selected bond angles
opology of the TS isconrctad e, M0z 05 ;Mo 0002 504,02 -0 520, O
Recent density-functional-theory (DFT) calculations on the - - o
control of reactivity of olefin epoxidation with diperoxo
complexes revealed that the corresponding tungsten compoun
reacts faster than the parent molybdenum comfsi&kis result
is in agreement with a recent theoretical study bysétoand
co-workerg¢ on ethylene epoxidation with other diperoxo
complexes of group 6. However, little is known about the reason
for the increased reactivity of the third-row transition-metal
complexes. It would be particularly interesting to learn the role
that relativistic effects play. In former DFT studies on olefin Density-Functional Calculations.Molecules and transition
epoxidation with diperoxo complexés® a pseudo-relativistic = states were optimized at the gradient-corrected density-
effective-core potential (ECP) was employed for the mEt#l. functional-theory (DFT) level using the exchange functional of
has not yet been clarified whether the lower activation energy Becke® and the correlation functional of Perd&w(BPS86).
of the tungsten complex is due to relativity. This information Uncontracted Slater-type orbitals (STOs) were used as basis
can only be obtained by comparing the results of relativistic functions for the SCF calculatiod3 The basis functions at the
and nonrelativistic calculations. metals have triplé-quality, augmented with a set of p functions.
The objective of this comparative density-functional study The basis set at the other atoms has dodlgjeality, augmented
is to elucidate relativistic effects on the transition-state geom- with a set of d-type polarization functions. The @spre
etries and activation energies for ethylene epoxidation by [MO- electrons of C, N, and O, the (1s2s¥xore electrons of P and
(7%-0,)2(OPHy)] with M = Cr, Mo, W. The transition states at  Cr, the (1s2s2p3s3p3d) core electrons of Mo, and the
the BP86 level within the nonrelativistic approach (NR), the (1s2s2p3s3p3d4s4p4éiyore electrons of W were treated within
quasi-relativistic approach (QR), and the zeroth-order regular the frozen-core approximatidd.An auxiliary basis set of s, p,
approximation (ZORA) have been calculated and analyzed usingd, f, and g STOs was utilized to fit the molecular densities and
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(}he Extended Transition State (ETS) method, which was
developed by Ziegler and Rad#!° With this energy-decom-
position schemé8 we are able to describe the TSs in terms of
interactions between the fragments ethylene and diperoxo
complex in order to gain insight into the origin of reactivity.

Methods
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to represent the Coulomb and exchange potentials in each SCRhe results of nonrelativistic (NR) calculations. Spuwrbit
cycle?* This basis-set combination is denotedMi#® Improved effects on selected molecules and transition states have been
total energies were calculated using triglefuality basis sets, considered by ZORA energy calculations using the scalar-
augmented with a set of p and f functions at the metal and relativistic geometries. Unless otherwise mentioned, “relativistic
augmented with a set of d and f functions at the other atoms. corrections” refer to the differences between the NR and scalar-
As with the previously discussed basis set, the inner shells of relativistic ZORA results at the BP86/H level.
the atoms were frozen. This basis-set combination is denoted Energy Decomposition in the Transition States.Energy
V. The calculations were carried out with the ADF 2000 decomposition in the TSs was examined using the Extended
program packag®. The results were compared to results at the Transition State (ETS) method developed by Ziegler and R&uk.
BP86 and B3LYP levels using basis sets’¥land I114-2° with The TSs are divided into the fragments ethylene and diperoxo
a small-core effective potential (ECPpt the metal. Basis set complex. The activation energyE is partitioned into the two
Il consists of this ECP, together with{@41/2111n1} (n= 4 contributions strain energXEs and interaction energiEin:
(Cr), n = 3 (Mo), n = 2 (W)) valence-basis set at the metal
and 6-31G(d) all-electron basis sets at the other afSrBasis AE = AEg, + AE;, (6)
set IlI+ uses the same ECP and valence-basis set at the metals, ) ) )
but totally uncontracted and augmented with one set of f-type The strain energAEs is the difference between the energy of
polarization functiond! together with 6-33G(d) basis sets at ~ the isolated fragments in the TS geometry and their energy in
the other atom& Vibrational frequencies of the Mo compounds  the equilibrium geometry AE; represents the energy of
were calculated at the B3LYP/II level in a former study to interaction between the isolated fragments in the TS geometry
validate the stationary poin®8 Starting with the TS geometries, ~and can in turn be partitioned into three components:
calculations of the Intrinsic Reaction Coordinate (IRGYyere _
carried out in order to find out the respective reactants and ABjp = ABgq+ ABpay+ ABy (7
products®® All calculations with the basis sets Il and HI
including the ECP were performed using the Gaussian 98
package

Consideration of Relativistic Effects3®> Evaluating the time-
independent Dirac equatich:

AEgist gives the electrostatic interaction energy between the
fragments, which is calculated with a frozen electron-density
distribution in the TS geometryAEpayi is the repulsive
interaction energy between the fragments that is caused by the
fact that two electrons with the same spin cannot occupy the
_ same region in spac@\Ep,yi is calculated by enforcing the
(Cap+ﬂmc,2+\/)zp— By (1) Kohn—Sham determinant which is the result of the two
in 2 x 2-block-diagonal forn# gives the relation between the ~ superimposing fragments ethylene and diperoxo complex to
small componentys and the large component_ of the Dirac obey the Pauli principle through antisymmetrization and re-
Spinorw as the Starting point of the first-order method (ﬁ@) normalization. Finally, the orbital-interaction termEorb is
and the zeroth-order regu|ar approximation (ZOR%) calculated with the KohnSham orbitals relaxing to their
optimal form.

Ys= (2m(,2 +E— \/)71 Copy = A copy (2) . )
Results and Discussion

Factoring out (Bn¢)~* and expanding in first order leads to Transition-State Geometries and Activation Energies.

the FO approach: Former theoretical studié®-® on Mo-catalyzed epoxidations
E—\W\-1 E— were carried out using the 3-parameter-HartrEeck-DFT

Aeo= (chz)—l(l + _V) ~ (2m02)_1(1 -—— @ hybrid functional (B3LYP) and basis setdlor a similar basis
2md 2mé set with the same small-core ECP at the m&tale briefly

compare these results to new results obtained by calculations

and to the Pauli equation: using the BP86 functional within the ZORA approach (BP86/

2 4 ZORA/IIl ~). Figure 1 shows the theoretically predicted geom-
(p_ +V+ Zr ><2r3)) — p3 5+ Zﬂa(rz))sz =Ey_ (4) etry of the transition state for ethylene epoxidation with
2m 2P sm’c®  2mfc [MoO(17%-02)2(OPH)];** Table 1 lists selected geometrical

. - S . parameters and the activation enerdfy at several DFT levels.
with the Schrdinger Hamiltonian¢/2m + V) and the spir- It is interesting to note that there is a significant difference in

?rb't’ masg—vel(t)c(ljty, alnd D"l’“‘t’Y".‘ t(?orrectlo?s. Th_?hlatft.ertth the activation barriers calculated at the B3LYP/Il (13.8 kcal/
erms are denoted scalar-relativistic corrections. The first-order mol)® and BP86/ZORA/II- levels (6.1 kcal/mol). The value

results chan S|gn|ft|10antly be |mprovej[_d by a qu dasrrellaE[t_lv'lstt_lc obtained at the BP86/1l level (6.6 kcal/mol) clearly demonstrates
approach (QR} where energy corrections consider refativistic that this energy difference arises from the functional rather than

changes in electron den_sft?ﬁ. However, In the case of the from the effective-core potential. Since activation barriers are
s[ngular Coulomb potential, the expansion B ¢ V)/i2me underestimated by DPT and the use of the model ligand
dlverge§ near the nucleé&i.Therefore, we have also performgd OPMe; instead of OPHl gives systematic activation-energy
calculations using the reliable zeroth-order regular approxima- corrections of 2.5 kcal/mdb the present work should be

: 30 T . . . )

tion (ZORA),® which is obtained from eq 2 by factoring out considered a contribution toward a qualitative understanding

(2me¢ — V)~ and expanding in zeroth order: of relativistic effects on reactivity rather than a report of
. E —1 . guantitative data. The employment of improved basis sets for
Azora = (2ME — V) (1 + —) ~ (2md — V) geometry optimization leads to considerable changes in absolute
2mc -V, (5) interatomic distances of up to 0.05 A but to small changes in
activation energies (Table 1).
In the present work, the scalar-relativistic QR and ZORA  In this section, we compare the nonrelativistic and relativistic
methods have been utilized and the results were compared tocalculations for ethylene epoxidation with the three peroxo
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TABLE 1: Selected Bond Distances (A) in the Transition States
Mimoun-Type Diperoxo Complexes [MoO(Q,),(OPHj3)], the Exten
Reaction EnergiesAE; (kcal/mol)
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(TS), Reactants, and Products of Ethylene Epoxidation with
t of Reaction&(TS) at the TSs, Activation EnergiesAE, and

TS reactarst prod?

method M-02 M-03 02-03 C1-03 C2-03 CI-C2 M-02 M-03 02-03 M-02 &(TS) AE AE,
B3LYP/II 1.870 2.015 1.789 2.078 2.186 1.360 1.932 1.947 1.451 1.722 0.274 1338.7
B3LYP/III+ 1.852 2.005 1.786 2.115 2.179 1.361 1.915 1.929 1.456 1.703 0.267 1BZ.2
BP86/11 1.903 2.005 1.738 2.129 2.273 1.367 1.943 1.956 1.465 1.737 0.214 @85
BP86/I1I+ 1.888 1.995 1.740 2.165 2.258 1.368 1.926 1.940 1.471 1.719 0.213 -736.1
BP86/ZORA/IlI~  1.907 2.013 1.749 2.148 2.220 1.357 1.973 1.966 1.475 1.732 0.221 -631.9
BP86/ZORA/NV 1.890 1.991 1.748 2.152 2.240 1.357 1.920 1.931 1.471 1.719 0.221 823

a Ethylene: G-C: 1.331 (B3LYP/Il), 1.335 (B3LYP/IH-), 1.340 (BP86/Il), 1.344 (BP86/Ht), 1.332 (BP86/ZORA/II), 1.333 (BP86/
ZORAWV). b Oxirane: G-O, C—C: 1.440, 1.477 (B3LYP/II), 1.444, 1.478 (B3LYPAY), 1.429, 1.469 (BP86/Il), 1.434, 1.470 (BP86#)| 1.442,

1.467 (BP86/ZORA/IIV), 1.440, 1.470 (BP86/ZORA/V).
TABLE 2: Calculated (BP86/IIl ~) Bond Distances (A) in the Tr

ansition States (TS), Reactants, and Products of Ethylene

Epoxidation with Mimoun-Type Diperoxo Complexes [MO(O,),(OPHz)], M = Cr, Mo, W, the Extent of Reaction &(TS) at the
Transition States, Activation EnergiesAE, and Reaction EnergiesAE, (kcal/mol)

TS reactarst prod?
M method M-02 M-03 02-03 C1-03 C2-03 Cl1-C2 M-02 M-03 02-03 M-02 &TS) AE AE;
Cr NR 1.755 1.926 1.713 2.188 2.112 1.359 1.805 1.849 1.428 1.602 0.242 937.2
QR 1.753 1.921 1.712 2.189 2.121 1.358 1.802 1.844 1.432 1.600 0.236 8%/.5
ZORA 1.753 1.921 1.712 2.189 2.121 1.358 1.802 1.844 1.432 1.600 0.236 887.7
Mo NR 1.912 2.025 1.753 2.119 2.219 1.358 1.979 1.976 1.468 1.739 0.235 +#21.6
QR 1.909 2.011 1.752 2.134 2.234 1.357 1.974 1.963 1.478 1.734 0.220 6318
ZORA 1.907 2.013 1.749 2.148 2.220 1.357 1.973 1.966 1.475 1.732 0.221 631.9
W NR 1.933 2.037 1.758 2.152 2.220 1.357 1.999 1.992 1.478 1.763 0.228 6.30.8
QR 1.916 1.987 1.749 2.184 2.294 1.354 1.977 1.950 1.502 1.736 0.194 33L9
ZORA 1.915 1.988 1.752 2.200 2.280 1.354 1.975 1.950 1.501 1.739 0.194 3318

aEthylene (NR, QR, and ZORA): €C 1.332.> Oxirane (NR, QR, and ZORA): €0 1.442, G-C 1.467.¢ Including spin-orbit effects: AE

= 3.8 kcal/mol,AE;, = —31.8 kcal/mol.

complexes [MOg?-O,),(OPHy)]. Selected structural parameters
of the TSs, the reactants, and the products as well as theoretical

is useless to predict qualitative changes in reactivity. The
l\Hammond postulatéalso fails; despite a larger thermodynamic

predicted activation energies with the three metals Cr, Mo, and driving force, the reaction with the chromium complex proceeds
W at the NR level and at the scalar-relativistic QR and ZORA via a later TS: Selected structural parameters of the reactants,
levels are listed in Table 2. The calculations reveal that the QR transition states, and products are also given in Table 2. We
and ZORA results are very similar: The largest differences in focus on the extent of reacti@(TS)in the transition state, which
interatomic distances and relative energies are 0.016 A and 0.6we define in a straightforward way (eq 8 where thandb
kcal/mol, respectively. In addition, we have considered spin  values refer to the distances in the reactants (re), TSs, and
orbit effects on the activation and reaction energy although the products (pr) shown in Scheme 1):
net first-order effect is zero in closed-shell systems, such as
the present molecules. Spiorbit calculations using the scalar-
relativistic ZORA geometries of the tungsten compounds show
that the corrections in the activation and reaction energy are
less than 0.1 kcal/mol (Table 2). In the discussion of relativity ~ The calculations reveal that the extent of reaction is shifted
in the following paragraphs, we refer to the differences between toward the reactants due to relativistic effects (Table 2). The
the nonrelativistic and scalar-relativistic ZORA results at the |argest energy difference @f{TS) between the values in the
BP86/l1lI~ level. NR (0.23) and ZORA (0.19) approaches is found for the
Olefin epoxidation by diperoxo compounds of group 6 with tungsten compound. We would like to point out a remarkable
ammine ligands was recently studied bysRlo and co-workers,  correlation between the activation enerylf and the extent of
using an ECP at the met&l.They predict a reduction of the  reaction£(TS) The earlier the transition state on the reaction
activation barriers in the order Gr Mo > W.7¢ The results of coordinate, the higher is the reactivity of the complex (Figure
the current work on ethylene epoxidation with [M@&{(O,)2- 2)45
(OPHg)] at the ZORA level confirm this trend (Table 2): The Although the relation between the extent of reaction and the
activation energieAE of the “real“ molecules, i.e., investigated activation barrier is interesting, a prediction of the reactivity
at the ZORA level, are 8.6 (Cr), 6.1 (Mo), and 3.9 (W) kcal/ based on properties of tmeactantsather than of théransition
mol. The major contribution to the decrease of the activation stateswould be of a larger practical use. In a very recent study
barrier arises from relativity: The nonrelativistic activation on ethylene epoxidation with several oxidafttae showed that
energies are higher by 0.5 (Cr), 1.1 (Mo), and 2.6 (W) kcal/ the predominant orbital interaction between the oxidant and the
mol. In contrast to the activation barriers, the differences olefin in the transition state is the interaction between the olefin
between the reaction energiA&;, for the olefin epoxidations HOMO and thes* orbital of the O-O bond that is cleaved
on the NR and ZORA potential-energy surfaces are rather small,(Scheme 2¥% Rasch and co-workers recently investigated
at most 1 kcal/mol (Table 2). Surprisingly, the reaction with other diperoxo complexes of group 6 and pointed out that there
the Cr compound has the largest thermodynamic driving force is a correlation between the*-orbital energy ¢ and the
but the highest barrier, i.e., the BelEvans-Polanyi principlé? activation barrieAE: The lower this orbital energy, the higher

= a(Ts) — a(re)

§(18)= a(TS) — a(re) + b(TS)— b(pr)

8
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Figure 2. Correlation of the activation energi@eE to the extent of Figure 3. Correlation of the activation energi@d to theo* (O—0)-
reaction&(TS) in the transition states. orbital-energy levek of the O-0O bond in the reactant.
SCHEME 1: On the Definition of the Extent of Reaction TABLE 3: Fragment Analysis of Selected Points along the
E(TS) in the Transition States for Olefin Epoxidation Reaction Coordinate® before (TS-), at (TS), and after (TSt)

the Transition State for Ethylene Epoxidation with

[WO(O,)2(OPH?3)], at the BP86/ZORA/III ~ Level (energies

C b(TS) in kcal/mol)
\“\ AEsy AEgy AEgy

- . (IM]O2) (ethylene) (total) AEpaui AEest AEot AEine AE

with Mimoun-Type Diperoxo Complexes

TS— 6.6 0.1 6.7 469 —253 —-274 -3.1 3.6
TS 11.4 0.4 11.8 60.0 —31.6 —36.2 —-7.8 3.9
TS+ 16.8 0.7 175 775 —39.7 —-519 —-141 34

a2 The geometries of TS and TS+ were calculated by adding0.1
and 0.1, respectively, of the eigenvector that corresponds to the negative
eigenvalue of the force-constants matrix to the coordinates of the
stationary point.

the transition stat®. The energy contributions are listed in Table
- ; 3 and visualized in Figure 4. We start with the reactants
/ \ / approaching each other from an infinite distance, where all
C1 02 energy contributions are zero. Pauli repulsiatiEg,,;), which
] ) ] ) steadily increases during the reaction, considers the energy
SCHEME 2: Predominant Orbital Interactions in the required for antisymmetrization and re-normalization of the
Transition States for Olefin Epoxidation with Mimoun- Kohn—Sham orbitals of the superimposing fragments ethylene
Type Diperoxo Complexes and diperoxo complex. This repulsive term is overcompensated
by the two stabilizing terms electrostaticAHes) and orbital
[M] interactions AEor,). The sum of these three contributions result

in a net stabilizing interaction energWEi,), which also
increases along the reaction coordinate. Before the fragments

3 can interact, however, the two isolated fragments have to be
QO 02 Q deformed out of their equilibrium geometry; the energy required
is the so-called strain energiEsy). The contribution from the
ethylene deformationAEsi(ethylene)) is negligible, while the
HOMO o* (0-0) deformation of the diperoxo complex [M}Zauses the major
contribution to AEs. The strain energy is larger than the
is reactivity. We are not going to repeat similar results here but stabilization by the interactioAE;y;, yielding positiveAE values
it should be pointed out that the calculations on complexes of at the investigated points. At the TAE reaches a maximum
type [MO@#?-0,)(OPH)] seem to support these ideas very well, and is identical to the activation barrier (Figure 4b).
both at the nonrelativistic and relativistic levels (Figure 3). The correlation between the energy level of titeorbital
Fragment Analysis of the Transition StatesTo gain insight and the activation energy, which has been pointed out in the
into the origin of the activation energy, the transition states for former section, suggests that the orbital interactions in the TS
olefin epoxidation have been analyzed in terms of interactions for the tungsten complexes at the relativistic levels are strongest
between the fragments ethylene and diperoxo complex. Thisand cause the higher reactivity. To support this simple hypoth-
approximation is justified because the reactions have early esis, the transition states for ethylene epoxidation with the three
transition states wit§(TS) values between 0.19 and 0.25 (Table metal complexes have been investigated at the nonrelativistic
2). Prior to the analysis of all TSs, we would like to demonstrate and relativistic levels. The results are given in Table 4 and
how the interactions between the two fragments proceed duringFigure 5. The analysis shows a significant decrease of Pauli
the reaction. Ethylene epoxidation with the tungsten complex repulsion within the triad Cr/Mo/W, which is mainly caused
[WO(7%-0O,)(OPHs)] at the ZORA level was chosen as example. by relativity (Figure 5a). There are again the stabilizing terms
We have analyzed the energy decomposition at points on theAEqsiand AEqp,. The latter contribution is particularly interest-
potential-energy surface before (¥§ at (TS), and after (T5) ing: One might expect that the stabilization of the transition
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Figure 4. Fragment analysis at selected points before{}; &t (TS), and after (T6) the transition state for ethylene epoxidation with [WO-
(0O2)2(OPH)], calculated at the BP86/ZORA/H level.

TABLE 4: Fragment Analysis of the Transition States at the BP86/III~ Level (energies in kcal/mol)

AEsy AEsk AEsy
M method (IM]O») (ethylene) (total) AEpayii AEgst AEq AEint AE
Cr NR 16.4 0.5 16.9 76.6 —38.8 —45.6 -7.8 9.1
QR 15.7 0.5 16.2 75.4 —38.2 —-44.8 —7.6 8.6
ZORA 15.7 0.5 16.2 75.4 —38.2 —44.8 -7.6 8.6
Mo NR 15.2 0.5 15.7 73.5 —-37.5 —44.6 —8.6 7.2
QR 14.1 0.5 14.6 70.3 —36.2 —42.7 —-8.5 6.1
ZORA 14.0 0.5 14.5 69.6 —35.7 —-42.3 —-8.4 6.1
w NR 14.4 0.5 14.9 69.8 —36.2 —42.1 —8.5 6.5
QR 11.3 0.4 11.7 61.1 —33.6 —36.9 —-8.4 3.3
ZORA 11.4 0.4 11.8 60.0 —-31.6 —36.2 -7.8 3.9
(a) (b)
80 20
AEpaui fRirm--m | keat/mol

60—

40

20

AEg
4aE — NR AE, (ethylene) NR/
ZORA @ B o ZORA
0 0 .
AE, & & —h ﬁOHPA
-20 -5
AEm fMemamee A Z0RA
o NR
AE,
40 elst 10
AEom
-60 -15
Cr Mo w Cr Mo W

Figure 5. Fragment analysis of the transition states for ethylene epoxidation with [M&@@PH)], (M = Cr, Mo, W), calculated at the BP86/
Il ~ level within the NR and ZORA approaches.

states by orbital interactions is largest for the tungsten compoundtogether with smaller electrostatic stabilization in the TS are
at the relativistic levels because thieorbital is lowest in energy compensated by the reduction of Pauli repulsion, making the
(Figure 3). However, the opposite is the case: The stabilizing interaction energy be almost equal in all investigated transition
orbital-interaction energy is smallest in the TS for the most states, both at the nonrelativistic and relativistic levels (Table
reactive compound. We find that weaker orbital interactions 4, Figure 5b). The interaction between ethylene and the diperoxo
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R PP complex and smallest, but noticeable, in the chromium complex.
The established concept of the interaction between the olefin
*Tornm HOMO and theo* orbital of the O-O bond as the spearhead
Cr ZORA of reactivity has been scrutinized: In a recent study, a
i o ) correlation of the o*-orbital energy level with the activation
o MoNR energies was reported, i.e., the diperoxo complex with the lowest
o WHA energy of theo*-(O—0O) orbital reacts fastest. However, the
energy-decomposition analysis of the transition states reveals
that the orbital-interaction energy is smallest in the TS for the

Mo ZORA

5 S most reactive oxidant. Low energies of th&(O—0) orbital
are not theorigin of reactivity. They are simply eneasurefor
44— e e oo~ the weakness of the-€0 bond of the peroxo ligand: in weaker
WZORA 4 (0-0)/A bonds, there is a smaller energy gap between the bonding and
8 antibonding orbitals.
1,42 1,44 1,46 1,48 1,50 1,62

Figure 6. Correlation of the activation energié€ to the G-0 bond
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complex in the transition state does therefore not control the
reactivity. In contrast, the activation energiel are completely
reflected by the total strain energidss, and particularly by
the strain energies of the metal fragmeis([M]O>) (Figure
5b). Therefore, the origin of the low activation barrier for the
tungsten complex is simply a smaller deformation out of the
equilibrium structure toward the transtion-state geometry. References and Notes
ConSide.r ag‘"’.““ the geometries of the T‘?""Cta”ts and t.ranSition (1) (a) Wittcoff, H. A.; Reuben, B. GIndustrial Organic Chemicals
states given in Table 2: The most significant change is found wiley: New York, 1996. (b) Weissermel, K.; Arpe, H.tadustrial Organic
for the O-0O distances in the reactants. Relativistic effects Chemistry 3rd ed.; Wiley-VCH: Weinheim, 1997.
elongate these bonds particularly in the tungsten complex. 2) (a) Mgmoyn, H.: Seree de Soch, |h Sajus Bull. SOﬁ.(jChem. Fr.
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