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A biphasic protocol for the catalytic olefin epoxidation with Mimoun-type complexes [MoO(0O,),(OPR;)] (1) was recently patented by BASF.
Density-functional calculations have been carried out to identify potentially active species in addition to the parent complex 1. It has been
found that the (u,,n':n?-0,)-bridged dimer [MoO(0,),(OPRs)]; is significantly less reactive than the monomer. The calculations show that the
parent complex is strongly activated by protons coordinating with the peroxo functionalities.

A promising method for catalytic olefin epoxidation using chloroform/olefin phase where the epoxidation ocdurke
molybdenum(VI) peroxo complexes for the activation of industrial importance and the academic challenge to end the
hydrogen peroxide in a biphasic protocol was recently long-standing controver&gabout the reaction mechanism of
developed by Sundermeyer and Wahhd patented by olefin epoxidation with Mimoun-type diperoxo complexes
BASF2 The perhydrolysis of molybdenum trioxide in the [MoO(O,),(OPRs)] has stimulated the interest of theoreti-
hydrogen peroxide/water phase gives the oxo-diperoxo cians. Density-functional-theory (DFT) studies on the ep-
compound The Mimoun-type comple{MoO(O,),(OPR)] oxidation of alkenes with transition-metal peroxo complexes
(R = n-dodecyl) is formed at the interphase by coordination have been recently reported by Wu and 8ugsch and

of the amphiphilic ligand OPRand extracted into the co-workers]| and us® 1% Very recently, it was shov#that
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the ethylene epoxidation with [MoO#R(OPRs)] (R = Me) another coordinatively unsaturated hetal center might

follows a concerted mechanism. The transition state is shownactivate the complex in a similar manner: (&,§*7?-0,)-

in Scheme 1. This mechanism was suggested by Sharplessridged dimer was recently suggested to play a key role in
the catalytic processHowever, activation energies have been

] reported neither for the protonated species nor for the dimer.

Scheme 1. The Concept of the Deactivation and Activation of Hence, the objective of this DFT study is to investigate a

the F:jafLent_COAm_%lei(b)% ﬁn Qddlttlonf| ll&lgagd L gIdd7B%?]nSt9d potential activation of the parent complex [MoQJ§iOPR)]
and Lewis Acids 2. 1he Reactants Are benoted/. 1he by protons and by dimerization. The calculations were based
Transition States Have the Prefix TS.= Free Coordination . . .
Site on the assumptions that (i) the reaction follows the concerted

Sharpless mechanism, (ii) the peroxo oxydeans to the

R
| phosphine oxide is transferred, which was recently proved
- P"'\""" R for ethylene epoxidation with the parent compfeand (iii)
e R the same peroxo functionality is activated by the Bronsted
) or Lewis acid X coordinating with the oxygetis to the
0 phosphine oxide (Scheme ¥).We considered both the
E( Ny Deactivation absence and the presence of an additional ligand L, such as
water or hydrogen peroxide, at the metal (Scheme 1) since
Activation ?
1 R=Me L=0 X= (12) (a) Bach, R. D.; Owensby, A. L.; Andres J. L.; Schlegel, HIB.
2 R= Me. L —HO X=o Am. Chem. S0d.991,113, 7031. (b) Bach, R. D.; Andres, J. L.; Owensby,
3R —HlL-g )2(=’\:| B A. L.; Schlegel, H. B.; McDouall, J. J. W1. Am. Chem. S0d.992,114,
4 R _ H' di_ er’ 7207. (c) Houk, K. N.; Liu, J.; DeMello N. C.; Condroski, K. R. Am.
5 R _ Me. L=o X=H Chem. Soc1997,119, 10147. (d) Jenson, C.; Liu, J.; Houk K. N.; Jargensen,
6 R=Me L=H.0 X=H" W. L. J. Am. Chem. S0d997,119, 12982. (e) Bach, R. D.; Glukhovtsev,
7 R=Me L= O?—!"X —H* M. N.; Gonzalez, C.; Marquez, M.; Estevez, C. M.; Baboul, A. G.; Schlegel,

H. B. J. Phys. Chem1997,101, 6092. (f) Bach, R. D.; Estevez, C. M,;
Winter, J. E.; Glukhovtsev, M. NJ. Am. Chem. S0d.998,120, 680. (g)
Bach, R. D.; Glukhovtsev, M. N.; Canepa, €. Am. Chem. Sod998,
L. . 120, 775. (h) Miaskiewicz, K.; Smith, D. Al. Am. Chem. S0d.998,120,
and co-workersd! The activation energy was theoretically 1872 (i Liu, J.; Houk, K. N.; Dinoi, A.; Fusco, C.; Curci, B. Org. Chem.

predicted to be 18 kcal/méIn our DFT studies, the OPMe é99§], 6R3,§36g. (0) B?bcoEI,n%(gBé; fzchigggl,&i). FB.; Glukhc’)\xtsgv, Ig. P';
. : . acn, R. DJ. Comput. e 12, . reccero, vl.; Gandolri,
ligand is an appropriate model for the actual ®B0decyl) R.; Sarzi-Amade, M.; Rastelli, Aretrahedrorl 998,54, 12323. (1) Freccero,

ligand, regarding the activation energy for olefin epoxida- M.; Gandolfi, R.; Sarzi-Amade, MTetrahedron1999, 55, 11309. (m)
tion® Alkene epoxidation with molybdyl peroxides can be 2;%“75”0”9’ A.; Washington, 1.; Houk, K. NI. Am. Chem. S02000,122,
considered a metalla analogue to the epoxidation of olefins ~ (13) chemical reactions can be classified with respect to the topology

with dioxiranes, which were extensively studied by Bach and of the tran?it)ion Stateli 0] Reactior}s with a Iineargg CElormlogy Sucmﬁsd S
reactions, (ii) pericyclic reactions, for instance, Di er reactions, an
co-workers, Houk and co-workers, and othérshe topology (iii) reactions with a coarctate TS topology such as olefin epoxidation with

of the transition state is coarctdfe. dioxiranes. Reactions of the latter class proceed by breaking and making

; ; ; ; two bonds at one or more atoms at a time. For details, see: (a) Herges, R.
We think that other species might be more reactive than Angew. Chem1994,106, 261. (b) Herges, Rl. Chem. Inf. Compt. S¢i.

the parent complex [MoO#%(OPRy)] in the biphasic 1994,34, 91.

protocol. The electrophilic nature of the oxidant attack to TN

the olefin was recently supported by an analysis of denor x| _FsL‘Y ||\’B H_\”o\\ﬂ
acceptor interactiodsin the transition state (TSy:Charge q\“H & o
donation from the olefin HOMO into the* orbital of the

O—0 bond being cleaved is the predominant interactfon. Hi e
A decrease of the energy of the latter orbital, for instance x{v [‘ ] [ 70'\5]
due to protonation at the peroxo functionality, is therefore H‘EH o ©
expected to result in a higher reactivity. Bach and co- linear cyclic  coarctate

workers® showed that peroxy acids, which are commonly
used as OX|.dants for. oIefms, can be actlyated _by protons. (14) Dapprich, S.: Frenking, Gl. Phys. Chem1995,99, 9352.
Moreover, in the biphasic protocol using Mimoun-type  (15)Bach, R. D.; Canepa, C.; Winter, J. E.; Blanchette, RJ.©rg.

complexes, the largest turnover frequencies are obtained at Chem.1997,62, 5191. _ _ o _
(16) However, the acid catalysis of olefin epoxidation with peroxy acids

pH - 2.6 Qf the aqueous phage, indicating that protonated probably arises from coordination of the undissociated acid with the peroxy
species might be transferred into the organic phase (e.g.,acid rather than from protonation. For details, see ref 15.

i, . ; ; ; (17) In principle, several positions of the parent complex could be
CHCI). In addition to Bronsted acids, Lewis acids such as protonated: the oxo group, the phosphine oxide ligand, and the peroxo

atomscis andtransto the OPR ligand. Moreover, the complex protonated

(8) Deubel, D. V.; Sundermeyer, J.; Frenking, &.Am. Chem. Soc. anywhere can react at several positions, which tremendously increases the
2000,122, 10101. number of isomers to be taken into account in a systematic study. With

(9) Deubel, D. V.; Sundermeyer, J.; Frenking, G. Manuscript submitted. finite computational resources, we have been able to investigate the influence

(10) Deubel, D. V.; Frenking, G.; Senn, H. M.; SundermeyeCiem. of protonation at theis position and olefin attack at thteans position of
Commun 2000, 2469. the protonated peroxo moiety (Scheme 1). We chose this approach since

(11) Sharpless, K. B.; Townsend, J. M.; Williams, D. RAm. Chem. the protonation at the peroxo moiety will have the strongest effect on the
So0c.1972,94, 295. energy of thes*(O—0) orbital.
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Scheme 2. Energy Profile for the Addition of an Aqua Ligand to the Parent Comgdlend Subsequent Intramolecular Proton
Transfer. Activation Energieg, for Ethylene Epoxidation
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the protonated complexes might also be stabilized by this L, stabilization energies were also calculated; activation
ligand. energies are then given with respect to the stabilized
We report the calculated structures and energies of thecomplexes. In previous studi&8the activation energy for
moleculesl—7 and the corresponding transition states listed ethylene epoxidation with the parent complewas predicted
in Scheme 28 The calculated geometries of selected to be 18 kcal/mol. The coordination of water with the metal
molecules and TS are shown in Figures 1 ant Zhe stabilizes the complex by 9 kcal/mol but results in a
significantly higher activation barrier (& 24 kcal/mol)?8
_ The reason for the deactivation by an additional ligand L
coordinating with the parent complex is the greater electron
density at the reaction center, which results in a smaller
reactivity.

5
2.810A 1934
TS 5 2.033Am$73
\"'».
1.352A 5(443‘5

1,889A Figure 2. Calculated structure of compléxformed via intramo-

lecular proton transfer from the aqua ligand Dto the peroxo
moiety.

2.340A 2.097A

1.672A

Figure 1. Calculated structure of the protonated spedesnd ‘We now discuss the role of the dimer [MoOJ&lOPRy)]
transition statel'S 5. 4in the catalytic system. Model complexes withHRH were

(19) Deubel, D. V.; Frenking, GJ. Am. Chem. S0d.999,121, 2021.
) ) o ) (20) Becke, A. D.J. Chem. Phys1993,98, 5648.

theoretically predicted activation energi&sare summarized (21) Lee, C.; Yang, W.; Parr, R. ®hys. Rev. B1988,37, 785.
i i iti i (22) Gaussian 98 (Revision A.3): Frisch, M. J.; Trucks, G. W.; Schlegel,
in Schemes 24. For the complexes with an additional ligand H. B Souseria. G. E.- Robb. M. A Cheeseman. J. R.: Zakizewski, V. G.
Montgomery, J. A.; Stratmann, R. E.; Burant, J. C.; Dapprich. S.; Milliam,

(18) For geometry optimizations, Becke'’s three-parameter hybrid func- J. M.; Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;
tional (B3, ref 20) together with the correlation functional of Lee, Yang, Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
and Parr (LYP, ref 21) were employed as implemented in Gaussian 98 (ref Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
22). Our standard basis set Il (ref 23) was used, which consists of relativistic Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman,
small-core ECPs (ref 24) and a (441/2111/31) valence basis set for Mo, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
while the 6-31G(d) (ref 25) all-electron basis set was employed for the Piskorz, P.; Komaromi, |.; Gomberts, R.; Martin, R. L.; Fox, D. J.; Keith,
other atoms. All stationary points were characterized by the calculation of T. A.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C;
vibrational frequencies. Energies reported have been corrected with respecChallacombe, M.; Gill, P. M. W.; Johnson, B. G.; Chen, W.; Wong, M.
to unscaled zero-point energies (ZPE). Improved total energies were W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.; Pople, J. A. Gaussian
calculated at the B3LYP level using the same ECP and valence basis set ainc., Pittsburgh, PA, 1998.
Mo, but totally uncontracted and augmented with one set of f-type (23) Frenking, G.; Antes, |.; Bbhme, M.; Dapprich, S.; Ehlers, A. W.;
polarization functions (ref 26), together with the 643&(d) basis set at Jonas, V.; Neuhaus, A.; Otto, M.; Stegmann, R.; Veldkamp, A.; Vyboish-
the other atoms (ref 27). This basis-set combination is denoted(r#f chikov, S. F. InReviews in Computational Chemistiyipkowitz, K. B.,
19). Boyd, D. B., Eds.; VCH: New York, 1996; Vol. 8, p 63.
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calculated. The formation of the dinuclear complex [MoO- | NG

(0.)2(OPRy)]2 is predicted to be exothermic by 22 kcal/mol,
or 11 kcal/mol per molybdenum unit (Scheme 3). Dimer-

Scheme 3. Energy Profile for the Formation of Dinuclear
Complex4, Using OPH Model Ligands, and Activation
Energiesk, for Ethylene Epoxidation
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ization might both activate the peroxo moieties due to the

Scheme 4. Energy Profile for the Coordination of an Aqua
Ligand with Protonated CompleXx and Activation Energie&,
for Ethylene Epoxidation
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additional ligand scarcely influences the reactivity of the
protonated species; compoufids almost as reactive as the
nonhydrated compleXs (E, = 3 kcal/mol). Therefore,
compounds of typ®& probably belong to the key species in
the catalytic process. Protonated dimers, which have not been
studied, might certainly also play a role in the BASF system.
Finally, we would like to point out that the peroxo

coordination of another metal center, i.e., a Lewis acid, and fynctionality might not only be activated by @mtermolecu-

coordination of the other peroxo ligand with the first metal

transfer (Scheme 2). After the coordination of an aqua ligand

center. The calculated energy for the corresponding transition) yith the parent complex, a proton can move from L to

stateTS 4 is surprising: The activation barrier is higher by
6 kcal/mol than that for the monomer (Scheme 3), indicating
that the dimer plays a minor role in the catalytic process.

the peroxo group. This gives the complex [Ma®Q,) (-
OOH)(OH)(OPR)] (7) shown in Figure 2. During intramo-
lecular proton transfer, which is exothermic by 9 kcal/mol,

The calculated geometries of the protonated peroxo onen? peroxo moiety is opened, yielding a complex with a

complex5 and the corresponding transition stdi® 5 are

1n*-OO0H ligand. For these compounds, different mechanisms

reactivity due to protonation (Scheme 4): The activation
energy is computed to be only 1 kcal/nIThe cationic
molecule5 is more stabilized by an additional ligand L than
the parent complex (stabilization energies-16 and—9
kcal/mol, respectively, for bD coordination). Note that the

(24) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985,82, 299.

(25) (a) Binkley, J. S.; Pople, J. A.; Hehre, W.JJ.Am. Chem. Soc.
1980, 102, 939. (b) Hehre, W. J.; Ditchfield, R.; Pople, J. A.Chem.
Phys.1972,56, 2257.

(26) Ehlers, A. W.; Bbhme, M.; Dapprich, S.; Gobbi, A.; Héllwarth,
A.; Jonas, V.; Kohler, K. F.; Stegmann, R.; Veldkamp, A.; Frenking, G.
Chem. Phys. Lett1993,208, 111.

(27) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. v. R.
J. Comput. Chen1983,4, 294.

(28) Note that experimental free-enthalpy values might differ from the

calculated energies. For instance, the coordination of the aqua ligand with

the metal is an isokinetic reaction, i.e., the entropic contribution to the free

enthalpy partially compensates the enthalpic stabilization. Solvation effects

Chong and Sharplessand Thiel and co-worketsfor the
Mo-calatyzed epoxidation with alkylhydroperoxides.
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(29) The most significant influence of the solvent can be expected for
the protonated complexes. Sing& 5 is larger than reactari and the
positive total charge is therefore better stabilizedT® 5 than in5, the
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