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Abstract: Quantum-chemical calculations at the B3LYP level have been carried out to elucidate the reaction
mechanism of the epoxidation of ethylene with the molybdenum diperoxo complex MpOg. All relevant
transition states and intermediates which belong to the reaction pathways suggested by Mimoun and by Sharpless
were optimized. The calculations show that there is no reaction channel from the ethylene complex to the
putative metalla-2,3-dioxolane intermediate as suggested by Mimoun. There is a transition state for the direct
formation of the five-membered cyclic intermediate from ethylene and the diperoxo complex. However, the
subsequent extrusion of al,O species from the metalla-2,3-dioxolane does not yield the epoxide but
acetaldehyde. The calculations show that the reaction of MgRU®PH; with ethylene can directly lead to

the epoxide as suggested by Sharpless. The activation energy for the latter process is 15.2 kcal/mol, which is
lower than the barrier for the formation of the metalla-2,3-dioxolane (23.7 kcal/mol). Calculations with the
ligand OPMg instead of OPKIshow an even larger preference of the pathway leading to the epoxide than the
formation of the five-membered ring. The calculations strongly support the mechanism suggested by Sharpless,
while the Mimoun mechanism leads to carbonyl compounds as reaction products. Examination of the electronic
structure of the transition state of the epoxide formation with the Charge Decomposition Analysis shows that
the reaction should be considered as nucleophilic attack of the olefin towasti thibital of the peroxo bond.

Introduction A promising method for the homogeneously catalyzed
epoxidation with TM peroxides has recently been patented by
BASF 8 Sundermeyer and Wahl developed a process where the
epoxidation is carried out in a two-phase reaction that is
catalyzed by molybdenum peroxo complexes [Mo@§OL']
(L = OPR;, R = n-CyoHps, L' = H20).° Molybdenum peroxo
complexes with the formula [MoO@)LL '] were first intro-
&iuced as epoxidation catalysts with the ligands lhmpa, L
= H,O in pioneering studies which were carried out by
Mimounl® The mechanism of the reaction, which is of
outermost importance for a rational optimization of the process,
has been the center of a decade-old unresolved controersy.
The first suggestion about the mechanism of the stoichio-
metric epoxidation of olefins with MoO(£»(hmpa) was made

Although numerous synthetic methods have been developed
for the epoxidation of olefins, an industrial process for the
oxidation of propylene yielding propylene oxide is still carried
out on the million-ton-per-year scale by the expensive chloro-
hydrine process, despite the ecological problems which are
associated with the reactidihe well-established epoxidation
via heterogeneous catalysis on silver surfaces cannot be use
for propylene, because of the propensity of the allylie KC
bond for oxidatior? A possible solution for the chemoselectivity
problem lies in the use of transition-metal (TM) compounds as
homogeneous catalysts. Following the introduction of the
Halcon—Arco process,the focus of recent experimental studies
has been on diperoxo complexes of groupdipup 6%¢ and
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Scheme 1. Schematic Representation of the Reaction
Mechanisms Suggested by Mimoun (top) and by Sharpless
(bottom)

/9 /o\o
LmM\| e LM
/ 4 ° \,J \
Ay _ LM=0
LM | B C R
AN
0 o
.
o t/ JAAN
- VA
N \ LmM: E D
\v/
E

by Mimoun1° The author interpreted his kinetic investigations
in favor of a multiple-step process that is shown in Scheme 1.
According to Mimoun, the first step of the reaction involves a
coordination of the olefin to the metal yielding the olefin
complex B as putative intermediate. The second step is a
cycloinsertion of the olefin into one molybdentiperoxo bond
which leads to the metalla-2,3-dioxola@e Examples for such

Deubel et al.

experiments were carried out witkrt-butylhydroperoxide as
oxidant which can coordinate to the metal. The results may
therefore not be applied to the much more difficult catalytic
activation of hydrogen peroxide for the epoxidation in a two-
phase system. Roh et al. have recently performed DFT studies
of the epoxidation of olefins with rhenildhand titaniun?
compounds. The rhenium-catalyzed epoxidation has also been
investigated theoretically by Wu and StAiThe theoreticéP-22
work and kinetic studies by Espengénsuggest that the
epoxidation with rhenium oxodiperoxo complexes probably
follows the Sharpless mechanism. The effect of ligands on the
latter reaction was recently investigated bysBio?* The results

are important but may not carry over to the reaction using
molybdenum compounds.

The unresolved controversy about the two reaction mecha-
nisms of the epoxidation reaction which are shown in Scheme
1 resembles the situation which existed until recently for the
dihydroxylation of olefins with Os@ The long-standing debate
whether the reaction takes place as a two-step pathway via initial
[2+2] addition followed by ring expansiéhor via a concerted
[3+2] additiorf® was finally ended by quantum-chemical
calculations which showed that the concerted reaction has a
much lower activation barrier than the two-step mecharfism.

metallacyclic compounds could later become isolated, but only The calculated result was later supported by experimental and

for late transition metal® The third step of the Mimoun
mechanism is the cycloextrusion of the olefin which gives the
TM oxide that further reacts with 4, yielding the peroxo
complex in a catalytic cycl& We want to point out that the
first step of the Mimoun mechanism may proceed via two
different paths. Mimoun favored substitution of the phosphine
oxide by the olefint* while Arakawa suggested the addition of
the olefin1®

An alternative mechanism for the epoxidation reaction with

theoretical studies of kinetic isotope effects which are in
agreement with a concerted pathvwy.

Recently we calculated the reaction energies of the reaction
of MoO; with H,0, yielding the peroxo compounds Me@2)3-n
and the energies of the epoxidation reaction of ethylene with
[M0O(Oy)3-nLL"] with and without the ligands & OPH; and
L' = H,02 The results of this work clearly show that the
molybdenum diperoxo complexes are thermodynamically fa-
vored over the monoperoxo and triperoxo complexes. This

molybdenum peroxo complexes has later been introduced byexplains the peculiar stability of neutfaimolybdenum com-
Sharplesé? The author suggested that the reaction takes place p|exes with two peroxo groups relative to MOoNoperoxo and

in a concerted way via transition stdégScheme 1) where the
olefin attacks an oxygen atom of a peroxo group. The

controversy whether the epoxidation reaction takes place as a

three-step reaction viB andC (Mimoun mechanism) or as a
concerted reaction via transition st&€Sharpless mechanism)

has not been solved until now, although numerous experimen-

tal'” and theoreticaf efforts were made which address the
question. A recent kinetic study of the catalytic epoxidation
reaction with alkylhydroperoxide by Thiel et ¥l.revealed

interesting information about the mechanism. However, the
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been characterized by X-ray structure anaffsighile experi-
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(20) Gisdakis, P.; Antonczak, S.; Ktmeier, S.; Herrmann, W. A.;
Rasch, N.Angew. Chem1998 110, 2333; Angew. Chem., Int. Ed. Engl.
1998 37, 2211.

(21) Yudanov, I. V.; Gisdakis, P.; Di Valentin, C.;"Rch, N.Eur. J.
Inorg. Chem.1999 5, 3603.

(22) Wu, Y. D.; Sun, JJ. Org. Chem1998 63, 1752.

(23) (a) Al-Aljouni, A. M.; Espenson, J. Hl. Am. Chem. Sod 995
117, 9243. (b) Al-Aljouni, A. M.; Espenson, J. H. Org. Chem1996 61,
3969. (c) Tan, H.; Espenson, J. korg. Chem.1998 37, 467.
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mental geometries of complexes with one or three peroxo groupsMethods
are not known. The mechanism of the epoxidation was not  the calculations have been carried out at the B3R¥ével of theory

investigated in our previous work. Here we report the first with two different basis sets. For the geometry optimizations and
quantitative theoretical study on the mechanism of the Mo- frequency calculations we used our standard basis¥atlich has a
catalyzed epoxidation reaction. Previous theoretical studies usedjuasi-relativistic small-core ECGPwith a (441/2111/31) valence basis
EHT calculations which can only be considered as qualitative set at Mo and 6-31G(d) basis sets at the other atoms. Optimized
work 11b48\\e give the first quantum chemical investigation of structures have been identified as energy minima or transition states
the complete reaction pathways which were postulated by by calculation of the eigenvalues of the Hessian matrices. The zero-
Mimouni® and by Sharpled& using [MoO(Q)-(OPH)] and point yibratiopal energies (ZPE) are .not scaled. Calculatiqns of the
[MoO(02),(OPMe)] as model catalysts. We also calculated intrinsic reaction path (IRCG) were carried out at B3LYP/II using the

h iol fi t f th idati hi hoptimized transition states as starting points to find out the respective
other possible reaction Steps or the epoxidation process WhiChgyqtg ang products. Single-point energy calculations were carried out

will be discussed below. The results of this work give a clear 4 the B3LYP level by using the larger basis set combination Ht
answer to the question whether the Mimoun mechanism or the B3LYP/Il optimized geometries. Basis set-Hlhas the same ECP
Sharpless mechanism should be considered as the correcfor Mo as basis set Il but the basis functions are completely uncontracted
description of the epoxidation of olefins with molybdenum and augmented by a set of f-type polarization functibrgth the
diperoxo complexes. coefficient¢ = 1.043, while 6-3%G(d) basis sets were employed for
the other atoms. Recent calculations of metatide additions to olefins
(31) The X-ray structure analysis of [MoOgfahmpa)(HO)] has been have shown that calculated energies at B3LYR/IHre in very good
E%F;Cgtggénilé-;agcafpentieh J.-M.; Schlupp, R.; WeissABta Crystallogr agreement with experimental values and with theoretical energies which
: ) are obtained at the CCSD(T) lev@IThe calculations have been carried
L0, A D3 Crem, Phytssa s s64e (D15, Ve, it with th program packages Gaussian 94 and Gaussioe
J.; Chablowski, C. F.: Frisch, M. J. Phys. Chem1994 98, 11623. interactions between the molybdenum diperoxide complex and ethylene
(33) Frenking, G.; Antes, |.; Boehme, M.; Dapprich, S.; Ehlers, A. W.; were investigated with the charge decomposition analysis (EDA)
Jonas, V.; Neuhaus, A.; Otto, M.; Stegmann, R.; Veldkamp, A.; Vyboish- which has proven to be very helpful for gaining insight into transition

chikov, S. FReviews in Computational Chemistriipkowitz, K. B., Boyd, metal-ligand interaction4? The CDA calculations were performed with

D. B., Eds.; VCH: New York1996 Vol. 8, pp 63-144. the program CDA 2.1!
(34) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299. -
(35) Fukui, K.Acc. Chem. Red.981, 14, 363. ; ;
(36) Ehlers, A. W.; Bame, M.; Dapprich, S.; Gobbi, A.; Hievarth, Results and Discussion

A.; Jonas, V.; Kaler, K. F.; Stegmann, R.; Veldkamp, A.; Frenking, G. The reaction courses given in Scheme 1 show the two

Chén;j ggﬁz-e'l-eg%?_?‘ Fzr%iklirfé- &0, Am. Chem. S0d999 121 2021. mechanisms that were suggested by Mini8tand by Sharp-

(38) (a) Gaussian 94: Frisch, M. J.; Trucks, G. W. Schlegel, H. B.: lesst® In the course of our investigations we also considered
Gill, P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. two alternative pathways which are related to the Mimoun

ﬁ.ge&erssoi,_%g; “(gotntgg@eryﬁ J.A; Ra%hgvag_harli, K'LASL%H&P’ M. mechanism. They are shown in Scheme 2, which also gives
., LaKrzewskl, V. G.; Ortiz, J. V.; Foresman, J. b.; CIOSIOWSKI, J.; Stetanov, . . .
B.B.. Nanayakkara, A Challacombe, M.; Peng, C. Y. Ayala, P. Y.; Chen, the numbers that are used in our work for the intermediates

W.: Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomberts, R.; Martin, and the transition states. One alternative pathway of the Mimoun

E- La: EOX,dD- J'-\;/IBinleey, i] S-;CDe;reeIS. Ig. }'k; (B;aker,_l-; Sltewag,_tf-t;l- F’H mechanism is the direct formation of the metalla-2,3-dioxolane
eaa-Goraon, ., Gonzalez, C.; Pople, J. A. Gaussian IncC.: Ittsburgn,

PA. 1995, (b) Galissian 98 (Revision A.1): Frisch, M. J.: Trucks, G, w.. S.1om the model catalyst [MoO(9(OPH)] (1) and ethylene

V. G.; Montgomery, J. A;; Stratmann, R. E.; Burant, J. C.; Dapprich. S.; formation of the epoxide from the olefin diperoxo comp&x

Milliam, J. M.; Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.;  yja TS6. Both reaction steps, which have not been considered
Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; . .
Adamo, C.: Clifford, S. Ochterski. J.; Petersson, G. A.; Ayala, P. Y.: cui, Pefore, may be regarded as shortcuts of the Mimoun mechanism.

Q.; Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K; Thermodynamic Reaction Profile. We first calculated the
EPreﬁmin' i BF-)?_ i'05|0\F'>VSk}'<' J.; Ortiz, IJ- 25/ Sgef?nol\?/, BM Bi'; '—'g{' |C_; reaction energies of the reaction steps according to the Mimoun
lasnenko, A.; PiIskorz, P.; Komaromi, |.; Gombperts, R.; artin, R. L.; . T, T P

Fox, D. J.; Keith, T. A.: Al-Laham, M. A.; Peng, C. Y. Nanayakkara, A. mechanism (Scheme 2)y+ CoHs —~2— 3 —4 + C;H,O0. We
Gonzalez, C.: Challacombe, M.: Gill, P. M. W.: Johnson, B. G.: Chen, W.: also calculated the energies of the related species which do not

Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.; Pople, J. have a OPHlligand. This gives the thermodynamic reaction

% (39) Dapprich. S. Frenking, Gl Phys. Chem1995 99, 9352. profile for the reactiorl” + CoH, — 2% = 3+ — 4% + CHO,

(40) (a) Pidun, U.: Frenking, GOrganometallics1995 14, 5325. (b) where t_he_ asterisk ind_icates that the_ QF_rigand is missing.
Frenking, G.; Pidun, UJ. Chem. Soc., Dalton Trand997 1653. (c) The optimized geometries are shown in Figure 1. The calculated

wgg::p\gmtgx g FF;ZF'r:éﬁmBQ'G: Gfehrﬁméufuﬁ'légéia 1‘233428- (@) energies are given in the Supporting Information. Figure 2 shows
(41) CDA 2.1, Dapprich, S.. Frenking, G. Marburg, 1994. The program the theoretically predicted thermodynamic reaction profile of

is available via anonymous ftp server: ftp.chemie.uni-marburg.de/pub/cda. the Mimoun mechanism.

Ch(42) '\S/Iimfg% T&Qszgé-Machiram, M. M.; Seree de RochJ.lAm. The calculations predict that the overall reactibr- C;H,

em. Soc! . . ; ; inhoindi

(43) (a) Herges, RAngew. Chem1994 106 261: Angew. Chem., Int. 4+ C2H4.O is exothermlc. by—35.2 kcal/mol, Wh!Ch |nd|catgs

Ed. Engl.1994 33, 255. (b) Herges, RJ. Chem. Inf. Comput. ScL994 that th_e Mimoun _mechanlsm is thgrmodynamlcally feasible.
34, 91. There is no experimental value available that can be compared

(44) (a) Bach, R. D.; Owensby, A. L.; Andres, J. L.; Schlegel, HIB. g the calculated result. The formation of the olefin comex
Am. Chem. S0d.991 113 7031. (b) Bach, R. D.; Andres, J. L.; Owensby, is slightly endothermic. This has been discussed b&fbiids
A. L.; Schlegel, H. B.; McDouall, J. J. WI. Am. Chem. S0d.992 114, gntly :

7207. (c) Houk, K. N.; Liu, J.; DeMello, N. C.; Condroski, K. B. Am. noteworthy that the ethylene compl2xs a true minimum, while

JChem. SOC.\}\?% 1A1a %%47. S(d)agggsi)lné %:9 8Li2u.(J)-:LH03k,HK- L\l diperoxo complexes of Re(VIl) with ethylene ligands are not
orgensen, . . AM. em. S0 A ) . (€) Llu, J.; AOUK, o :
K. N. J. Org. Chem1998 63 8565. () Adam, W. Curdl, R.. D'Accolti minima on the potential energy surfateThe subsequent

L.; Dinoi, A.; Fusco, C.; Gasparrini, F.; Kluge, R.; Paredes, R.; Schulz, formation of the metalla-2,3-dioxolane isom@a is slightly
M.; Smerz, A. K.; Veloza, L. A.; Weinkiz, S.; Winde, RChem. Eur. J. exothermic with regard tt + ethylene by—2.5 kcal/mol 7.9

1997 3, 105. ; ;
(45) Herrmann, W. A;; Fischer, R. W.; Scherer, W.; Rauch, MAbgew. KcallmOI with regard t@). The Co_mp!e)e_'a_, which has the OPH
Chem.1993 105 1209:Angew. Chem., Int. Ed. Engl993 32, 1157. ligand trans to the MeC bond, is significantly more stable by

(46) Purcell, K. F.Organometallics1985 4, 509. 10.8 kcal/mol than the isomeric for8b.
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Figure 1. Optimized energy minima at B3LYP/II. Distances are given in A.

Scheme 2. Schematic Representation of the Energy Minima
and Transition States of the Epoxidation Reaction Which

Have Been Investigated in Our Work
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Figure 2 shows that the epoxidation reaction with the
molybdenum compleg which has a phosphine oxide ligand is

3b*
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1* + C,H, 2b* 3a*
38.3 (36.7) 19.0 (19.2) 21.6 (23.7)
- 2a*
18.5 (18.8)

* o
- OPH, 4* + cyc-C,H,O

2

1+GCH, 3.4(52)
0.0 (0.0) _ OPIL,
___4
4+ cye-C,HO
37.2(-35.2)

Figure 2. Thermodynamic reaction profile of the Mimoun mechanism
with (bottom) and without (top) the ORHigand. An asterisk denotes
the complex without the PHigand. Calculated energies at B3LYP/
II+//B3LYP/II in kcal/mol. ZPE-corrected values are given in
parentheses.

exothermic by—35.2 kcal/mol. The reaction without the OPH
ligand1* + C,Hs — 4* + C;H40 is exothermic by-29.4 kcal/
mol. The main difference between the two pathways is the
reaction energies for the formation of the olefin complexes. The
first step of the reaction in the presence of Qtndothermic,
while the first step of the reaction without ORl$ strongly
exothermic by—17.9 kcal/mol. This is because ethylene binds
much stronger to the “naked” peroxo compl&k than tol
where OPHis already bound to the metal. Although the overall
reaction course of the reaction without the QHigand is also
thermodynamically feasable, we do not think that it plays a role
in the reaction course. Figure 2 shows that all intermediates
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Figure 3. Optimized transiton states at B3LYP/Il. Distances are given in A.

Table 1. Calculated Relative Energidse (B3LYP/III+//B3LYP/II) [kcal/mol] for Ethylene Epoxidation with Mimoun-Type Diperoxo
Complexes [MNO(®2(OPRy)] (R = H (1), CH; (1Me)) with ZPE-Corrected Values (B3LYP/Il) Given in Parentheses

Erel
molecule/transition state RH R=CH;s;
[MoO(0,)2(OPRs)] + CoH, 1+ CoHy 0.0 (0.0) 1Me + CoH, 0.0 (0.0)
[M0O(02)2(OPR)(C2Ha)] 2 3.4(5.2) 2Me 9.1(10.7)
MoO(0,)-2,3-dioxolane 3a —6.7 (—2.5) 3aMe —2.4(1.3)
3b 4.8 (8.3)
[M00O,(0,)(OPRs)] + C:H4O 4+ C,H.O —37.2(35.2) 4Me + C;H,O —38.0 (-36.0)
TS GH, addition TS5 5.6 (6.9) TS5Me 10.9 (11.7)
TS subsequent oxirane formation BS a
TS subsequent cycloinsertion s a
TS direct cycloinsertion T8a 23.7 (25.7)
TS8b 29.6 (32.1)
TS8c 21.5(23.7) TSBcMe 26.8 (28.4)
TS8d 23.0 (24.9)
TS8e 32.3(34.4)
TS 8f 35.9 (38.0)
TS cycloextrusion of oxirane TS a
TS direct oxirane formation T$0a 14.2 (15.2) TSL0aMe 16.6 (17.5)
TS10b 23.8(24.7)
TS aldehyde formation T$la 16.3 (16.9) TSl1aMe 18.9 (19.3)
TS11b 35.1(35.8)
[M0O2(0,)(OPRs)] + CH,CHO 4+ CH;CHO —65.1 (—64.2) 4Me + CH;CHO —65.9 (-65.0)

2 No transition state found.

without an OPH ligand remain much higher in energy than numerous starting geometries and optimization procedures we
the OPH complexed species. Therefore, we restricted our were unable to locat€S7 on the potential energy surface. We
kinetic investigations on the species which are shown in Schemealso could not find a transition stafeS6 that directly leads
2. from the olefin complex to the epoxide (Scheme 2). The
Kinetic Reaction Profile. The optimized geometries of the  optimization always led to reaction channels where the ethylene
transition states are shown in Figure 3. The calculated energiedigand dissociates. This is not surprising considering the small
are given in Table 1. activation barrier for the dissociation reactign—~ 1 + CyHa.
We begin the discussion with the kinetic energy profile of The calculations indicate that the olefin compRis a dead-
the Mimoun mechanism. The first step of the reaction pathway end street in the reaction cycle and not an intermediate which
is the formation of the olefin compleX There is only a small leads to the epoxide. Even if it is formed it should not play a
barrier that separates the edutts C,H, from 2. The activation role in the reaction mechanism.
energy for the forward reaction is 6.9 kcal/mol and the barrier ~ We succeeded, however, in finding a transition ste88 for
for loss of ethylene is only 1.7 kcal/mol. The calculated energies the direct formation o8 from the starting material + CyHa.
indicate that there might be an equilibrium betweleand 2, In fact we foundsix different transition state§S8a—TS8f for
from which the metalla-2,3-dioxolan® could be formed as  the reaction. This comes from the fact that the attack of the
suggested by Mimoun. We searched for a transition St&@ olefin toward a Me-peroxo bond can occur from different sides.
for the rearrangmen2 — 3. Despite intensive efforts using  This is schematically shown in Scheme 3. The attack can occur
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Scheme 3.Schematic Representation of the Six Pathways TS 8
for the Insertion Reaction of Ethylene into the M& Bond £ TS 11b
of the Peroxo Ligands Leading {0S8a—TS8f 2
d
f
LN €
S TE M oPRy 3p [ 1la
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Scheme 4. Theoretically Predicted Pathway of the 4o CHO
Decomposition Reaction of the Metalla-2,3-dioxolehe Yeat

o}
Al ‘
X O\/\Mo> o \

b 4+ CH,CHO
N
o 1 P! 1% i Figure 4. Theoretically predicted reaction profile of the epoxidation
& o\|| 3 0\\,\|/||0_ OFR reaction showing the activation barri€F$5, TS8, andTS11, which
O:MQ—OPRs 07 N H N are relevant for the Mimoun mechanism, ahfi10, which refers to
D "O‘_\/eH the Sharpless mechanism.
O@/ “H---H
TMs have been isolatétland their thermic reactivity has been
TS 9 TS 11

studied. It was found that they either react under sigmatropic
cycloreversion yielding the carbonyl compodfdr that C-C

* l bond breaking of the olefin is observ&#®.0Our results suggest

thatthe thermal reactions of molybdenum-2,3-dioxolanes also

o}
o ?PESO O/\o I do not give epoxides but carbonyl compounds as products
\ M Mo OPRs Now we discuss the Sharpless mechanism. Searching for the
oo ° o * transition state of the reactiadh+ C,Hs — 4 + ¢c-CH,CH,0
A §_ led to two transition structure§S10a and TS10b IRC
H calculations proved thalTS10a and TS10b are indeed the
4+ C,H,0 4+ CH;CHO transition states of the Sharpless mechanism. The geometry of

TS10a(Figure 3) reveals an attack of the olefin to the oxygen

from a direction that is trans to the Ma&D bond @& andb) or atom O3 which is pointing away from the ORHKgand, while
it can take place from a cis position. This leads to four transition in TS10b (Figure Supl) the attack occurs toward the oxygen
statec—f. The transition statdS8c shown in Figure 3 is the  atom O2.TS10ais 9.5 kcal/mol lower in energy thahS10b
energetically lowest lying form. The geometries of the other (Table 1). A comparison of the geometriesT@10aand the
transition statesTS8a TS8b, and TS8d—f are given as educt complext (Figure 1) shows that the olefin attacks the
Supporting Information. The transition stafES8b—d lead to longest and presumably weakest geroxo bond. The carben
the energetically lower lying isomé&ag, while the other transition ~ oxygen distances iiS10areveal that the €0 bond formation
states lead t8b. Thus, the calculations predict that the starting of the epoxide takes place in an asynchroneous fashion (Figure
materiall + C,H,4 can directly yield the metalla-2,3-dioxolane  3). The value for C+QO3 is clearly shorter (2.078 A) than the
3avia TS8cwith an activation barrier of 23.7 kcal/mol. C2—-03 interatomic distance (2.186 A). The ©@3 bond of

The final step of the Mimoun mechanism is the extrusion of the reacting peroxo group is significantly stretchedr'ts10a
the epoxide fron8 (Scheme 2). The search for a transition state (1.789 A) compared with that in the diperoxo compled.451
TS9 led to a structure with one imaginary frequency which is A), while the C-C distance of ethylene is only slightly longer
only 16.9 kcal/mol above the starting compourids- CoH,. (1.360 A) in TS10athan in the free species (1.331 A). The
Calculation of the IRC showed, however, that the transition state calculated energy offS10a gives a theoretically predicted
does not lead to ethylene epoxide but rather to acetaldehyde activation barrier for the epoxidation reaction of the parent
This is schematically shown in Scheme 4. Since this is a systeml + C;H, of 15.2 kcal/mol. We want to point out that
different reaction channel we numbered the transition state asTS10aandTS10bhave a spiro structure where the two planes
11a Figure 3 shows that the geometryfaclearly indicates Mo1—-02—-03 and C+C2—02/3 are orthogonal to each other.
a synchronous process where one hydrogen atom migrates fromThus, the molybdenum-catalyzed epoxidation Vi&10 can
C2 to C1 while the CEMo1 and particularly the 0203 bonds topologically be classified as a §21+2] coarctate reaction
are much longer than i8a, which shows the extrusion of the  following the notation of Herge® which can therefore be
ligand. TS1la is the transition state for the extrusion of considered as the metalla analogue to the epoxidation of olefins

acetaldehyde fronBa. A second transition stat&lb which with dioxiranest

connects the higher lying isom8b with acetaldehye and is Figure 4 shows the calculated reaction profile of the epoxi-
much higher in energy (Table 1). The geometryT&11bis dation reaction according to the Sharpless and the Mimoun
given in the Supporting Information. mechanism. The latter pathway Vi&5 to the olefin complex

The calculations suggest that the mechanism suggested by2 has a dead-end. The energetically lowest lying pathway to
Mimoun for the reaction of olefins witd doesnot give an the more stable isomer of the metalla-2,3-dioxol8aédas an
epoxide but instead an aldehyde. Metalla-2,3-dioxolanes of lateractivation barrier of 23.7 kcal/mol foFS8c. The extrusion of
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Scheme 5. Schematic Represenation of the Calculated
Transition States of the Epoxidation of Ethylene with the

Monoperoxo Complex
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Table 2. Calculated Relative Energidse (B3LYP/III+//B3LYP/

II) [kcal/mol] for the Transition States of Ethylene Epoxidation with
the Monoperoxo Complex [Mof0O,)(OPH)] (4) with

ZPE-Corrected Values (B3LYP/Il) Given in Parentheses

molecule/transition state Erel
[M0O»(O,)(OPH)] + CoHa 4+ CH, 0.0 (0.0)
TS direct cycloinsertion T32a 24.1 (26.3)
TS12b 25.6 (27.4)
TS12c 27.0(29.2)
TS direct oxirane formation TH3a 17.0 (17.8)
TS13b 17.0 (18.0)

acetaldehyde fron3a has an activation barrier viaS11a of
19.4 kcal/mol relative t8a (16.9 kcal/mol relative td + CyHa).
The Sharpless mechanism ViES10a leads to the correct

product, i.e., the epoxide, with a barrier of only 15.2 kcal/mol.
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LUMO

HOMO

Figure 5. Plot of the dominant orbital interactions of the donation
ethylene(HOMO)— [Mo](LUMO +1) and back-donation ethylene-
(LUMO) < [Mo](HOMO).

using the monoperoxo complek (17.8 kcal/mol) is higher,
however, than the barrier for epoxidation using the diperoxo
complex (15.2 kcal/mol). The higher activation barrier of the
former reaction is in agreement with experimental studies which
showed that the diperoxo complexes but not the monoperoxo
complexes of rheniuf and molybdenuthare active oxidants

We investigated theoretically whether the above conclusions in epoxidation reactions. However, the energy difference of 2.6
will significantly change if the model ligand ORIli$ substituted
by the more realistic ligand OPMe Table 1 shows the
calculated energies of the relevant species. We only calculatedepoxidation agent under appropriate conditions.
those isomers and transition states which were found as the We analyzed the electronic structure of the transition state
energetically lowest-lying forms in the parent system. The for the epoxide formation 6f S10awith the CDA methoéP to
optimized geometries are shown as Supporting Information. The address the question whether the reaction is a nucleophilic attack
activation barrier for the Sharpless mechanism V&l0aMe
is 17.5 kcal/mol, which is slightly higher than that for the parent nucleophilic attack of the peroxo group to ethylene. The latter
compound. The activation barri@fS8cMe for the Mimoun
mechanism is raised even more. Table 1 shows that thesuggested in a theoretical work at the EHT le\&lThe CDA
formation of the metalla-2,3-dioxolane has an activation energy results ofTS10apredict that the charge donationt; — [Mo],
of 28.4 kcal/mol. The extrusion reaction 8aMe leads again
to acetaldehyde rather than ethylene oxide. It has a barrier oflargest contribution comes from the donation of the HOMO of
19.3 kcal/mol relative to the starting material (18.0 kcal/mol ethylene into the LUMG-1 of [Mo] (Figure 5). The back-
relative to3aMe). The calculations suggest that the epoxidation donation GH; — [Mo] is only 0.116 e, and the largest
of ethylene with [Mo(Q),OPR;] does not take place via the
Mimoun mechanism but via the Sharpless mechanism.

We investigated the question whether the monoperoxo was —0.005 e, which indicates that the interaction between
complex4 may also play a role in the epoxidation reaction. To ethylene and the diperoxo complex can be described in terms
this end we calculated the transition states which are relevantof donor-acceptor interaction®. The much larger charge
for the process shown in Scheme 5. The reaction step for bindingdonation from ethylene to the metal diperoxo complex suggests
ethylene to4 needs not to be considered, because it was that the epoxidation reaction should be considered as a nucleo-
previously found tha# does not bind ethyler@.Table 2 shows
the calculated energies of the transition stat842andTS13
The optimized geometries are given as Supporting Information. by EHT calculationg8¢
Three transition state3§S12a-TS12c were found for the
reaction which leads to the metalla-2,3-dioxolane, and two in the transition state of the epoxidation reaction is not just a
transition state3 S13aandTS13bwere found for the pathway
which directly leads to the epoxide. The energetically lowest- which influence the height of the activation barrier. For example,
lying transition state for the latter proceES13agives a barrier

of 17.8 kcal/mol, which is significantly lower than that for

kcal/mol between the transition states is not very big and it is
conceivable that monoperoxo complexes might be used as the

of ethylene to the ©0O bond or whether it is rather a

mechanism of the electronic rearrangement has recently been

where [Mo] denotes the diperoxo complex, is 0.233 e. The

contribution comes from the HOMO of [Mo] and the LUMO
of ethylene shown in Figure 5b. The value for the rest term

philic attack of ethylene toward the*(O—0) bond, and not as
a nucleophilic attack of the peroxo group to ethylene as proposed

The understanding of the nature of the electronic interaction
topic of academic interest. It also gives a hint about the factors

the CDA result is in agreement with the theoretical finding that
the substitution of OPkby OPMe increases the activation

TS12a(26.3 kcal/mol). The barrier for the epoxidation reaction energy, because OPMenhances the electronic charge at the
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diperoxo complex. It also explains why additional ligands L dation reaction than the diperoxo complex, which is in agree-
such as HO in [MoO(0,)2(OPR)L] inhibit the transfer of an ment with experimental findings. Analysis of the electronic
oxygen atom to the olefin. Mimoun originally proposed that structure by Charge Decomposition Analysis T10a (the

the ligand L blocks the coordination of an olefin ligand and single transition state for the Sharpless mechanism) indicates
thus inhibits the epoxidation reactié?. The present results  that the epoxidation with metalla peroxides should be considered
support the interpretation of experimental findihgbat the  as a nucleophilic attack of ethylene toward #teorbital of
additional ligand L leads to a higher electronic charge at the the O-0 bond.

reaction center which weakens its electrophilic character.
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