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The Control of Reactivity
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The activation energies for olefin epoxidation with Mimoun-
type n2-peroxo complexes have been calculated using den-
sity functional methods. Six degrees of freedom of the com-
plex [MOL(O,)(OER3)] and the olefin CH,CHR’ have been
systematically modified. The calculations were based on the
assumptions that the reaction follows a concerted oxygen-
transfer mechanism suggested by Sharpless and that a per-
oxo oxygen atom trans to the phosphane oxide ligand is
transferred. This was recently proved for the epoxidation of
ethylene with the parent complex [MoO(O,),{OP(CHs)3}]. It
has been found that the diperoxotungsten complexes (M =
W; L = O,) are more reactive than the diperoxomolybdenum
complexes (M = Mo; L = O,). The activation barriers for the
monoperoxomolybdenum complexes (M = Mo; L = O) are

significantly higher than the barriers for the corresponding
diperoxo complexes (M = Mo; L = O,), whereas equal activa-
tion energies have been predicted for both tungsten com-
pounds (M =W; L = O, and O). The influence of the pnicogen
oxide OERj; on epoxidation activity is comparably small,
while electron-releasing substituents R’ at the C=C bond re-
duce the activation barrier. The transition states for the epox-
idation of alkenes with conjugated double bonds show a
large extent of asymmetry, with the C-O bond at the terminal
carbon atom being formed first. Additional ligands L' coordi-
nating to the metal center inhibit oxygen transfer. The results
are in agreement with an electrophilic attack of the oxidant
on the C=C double bond.

Introduction

Tremendous research efforts have focused on the epoxid-
ation of olefins mediated by transition metal complexes,!! ~7!
in order to replace the chlorohydrin process which is still
utilized on a million-ton-per-year scale despite its ineffici-
ency and environmental impact.’®] Beside Herrmann-type
diperoxorhenium compounds,® Mimoun-type diperoxo
complexes of group 6 metals have been utilized as oxidants
for olefins. As a promising method based on the stoichi-
ometric epoxidation with Mimoun-type diperoxomolyb-
denum complexes [MoO(0,),(OPR3)] (R = NMe,),) a bi-
phasic catalytic system (R = n-dodecyl) has recently been
developed!'%! and patented by BASF.[''l Furthermore, cata-
Iytic methods in one homogeneous phase involving oxo- and
diperoxomolybdenum compounds with the hmpa ligand
(R = NMe,)!"?! and the 3-pyrazolylpyridine-N,N’ ligand!'¥!
were reported.

In the last decade, modern computational chemistry has
become an important tool in clarifying mechanisms of
metal-complex-mediated epoxidations.'4~211 The long-
standing controversy!??! about the mechanism of olefin
epoxidation with Mimoun-type m2-diperoxomolybdenum
complexes [M0oO(O,),(OPR3)] (I) has recently been settled
with the help of density functional methods (Scheme 1).[1¢
The reaction does not follow a step-wise pathway!®>’! invol-
ving olefin coordination at the metal center (II), subsequent
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cycloinsertion yielding a 2,3-metalladioxolane (III), and
cycloextrusion of the oxirane (IV) from the metallacycle.
Although olefins coordinate with the d° metal center of the
diperoxomolybdenum complexes (I—II),”* subsequent
formation of the metalladioxolane (II—III) does not occur;
nor is a direct reaction pathway (I—III) from the reactants
to the metallacycle energetically feasible.l'®l Even if the
metallacycle was formed, its decomposition would yield the
carbonyl compound (VI) via hydrogen-migration-supported
cycloreversion, rather than the epoxide (IV) via cycloextru-
sion (Scheme 2).1'1 As suggested by Sharpless,[>] the oxy-
gen atom is directly transferred from the metal peroxide to
the olefin (TS V). Preferentially, the peroxo oxygen atom
trans®® to the phosphane oxide ligand is transferred and it
has a spiro configuration in the TS geometry.['®l The trans-
ition state shows an anomeric effect, i.e. the O—P bond of
the phosphane oxide is synperiplanar to the metal—oxygen
bond being cleaved.['®24 The concerted mechanism was
also proved for olefin epoxidation with the methyloxodi-
peroxorhenium(VII) compound.['¥ The electronic character
of the oxygen transfer was clarified by Charge Decomposi-
tion Analysis (CDA)P?7 of TS V.2 The analysis identified
donation d from the ethylene HOMO into the 6* orbital of
the O—O bond as the predominant interaction (Figure 1).
Backdonation b, from the oxygen lone pairs into the ethyl-
ene LUMO is significantly less important. This indicates an
electrophilic attack of the metal peroxide on the olefin.?%

Since the activation energy for the epoxidation of ethyl-
ene with [MoO(0,),{OP(CH3);s}] was calculated to be com-
parably high (18 kcal/mol),l'¥] the objective of this DFT
study was to investigate the control of reactivity. A general-
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Scheme 1. The long-standing controversy about the mechanism of
olefin epoxidation with Mimoun-type diperoxo complexes; the re-
action follows a concerted pathway via TS V

Scheme 2. Fragmentation of the metallacycle; hydrogen-migration-
supported cycloreversion (III-VI) is favored over the cycloextru-
sion of oxirane (III—-1V)

ized model consisting of the metal complex [MO-
L(O),(OER3)L'] and a terminal olefin CH,CHR', contains
six reactivity-determining degrees of freedom (Scheme 3)
which are systematically modified in this study: (i) the metal
center M, (ii) the oxo or peroxo ligand L, (iii) pnicogen E,
(iv) the substituents R at the pnicogen atom, (v) the sub-
stituent R’ at the olefin, and (vi) additional ligands L' at
the metal center. The calculations were based on the as-
sumption that the reaction follows the same concerted path-
way as ethylene epoxidation with the parent complex
[MoO(0,),{OP(CH;);}].["% Note that, in the catalytic sys-
tems, the coordination of the oxidant such as hydrogen per-
oxide, silyl peroxides, or fert-butyl hydroperoxide to the
metal center and subsequent proton transfer can yield dif-
ferent species which are potentially more reactive than the
parent m2-peroxo complex.['%13:17.211 Unless otherwise
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Figure 1. Predominant orbital interactions in the transition state
for the epoxidation of ethylene with [M0oO(O,),(OPH3)]; donation
d is significantly more important than backdonation b
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Scheme 3. Concepts for the control of reactivity of olefin oxidation
with Mimoun-type peroxo complexes

stated, transfer of the peroxo oxygen atom, which is located
trans to the phosphane oxide, has been considered.?"!

Methods

The geometries of the molecules and transition states
(TS) were optimized using the 3-parameter fit of the ex-
change potentials introduced by Becke (B3LYP).[?8] Relativ-
istic small-core ECPs*! with a valence basis set splitting
(441/2111/N1) were used for Cr (N = 4), Mo (N = 3), and
W (N = 2), while 6—31G(d) all-electron basis sets were em-
ployed for the other atoms.*” This is our standard basis set
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I1.BY Vibrational frequencies and zero-point energy contri-
butions (ZPE) were also calculated at B3LYP/II. All struc-
tures reported here are either minima (NIMAG = 0) or
transition states (NIMAG = 1, TS) on the potential energy
surface. The ZPE corrections are unscaled. Improved total
energies were calculated at the B3LYP level using the same
ECP and valence basis set for the metal atom, but totally
uncontracted and augmented with one set of f-type polar-
ization functions,?? together with 6—31+G(d) basis sets
for the other atoms.[®3] This basis set combination is de-
noted III+.B4 Unless otherwise stated, the energies re-
ported refer to the B3LYP/III+//B3LYP/II level of theory.
For selected molecules, NPA atomic partial charges were
calculated.[*> The computations were carried out with the
program package Gaussian 98.13¢

Donor—acceptor interactions in selected transition states
were examined using Charge Decomposition Analysis
(CDA),P™l which is a quantitative interpretation of the
Dewar—Chatt—Duncanson model.®”1 The Kohn—Sham
orbitals of the TS are expressed as a linear combination of
the orbitals of the olefin and the remaining metal fragment
[M] in the TS geometry. The orbital contributions are di-
vided into the mixing of the occupied MOs of the olefin
and the vacant orbitals of [M] (donation d C,H;R'—[M)]),
the mixing of the vacant MOs of the olefin and the occu-
pied orbitals of [M] (backdonation » CoH3;R'«<[M]), and
the mixing of the occupied MOs of the olefin and the occu-
pied orbitals of [M] (repulsive polarization r C,H;R'2[M]).
A fourth term denoted as the rest term A gives the mixing
of the unoccupied MOs of the olefin and the unoccupied
MOs of [M]. The A term will be approximately zero if a
discussion of the TS in terms of donor—acceptor interac-
tions is permissible. The CDA calculations were performed
using the program CDA 2.1.81

Results and Discussion

Tables 1—7 list the calculated activation energies for 21
systematically selected combinations (i—vi). In the tables
and figures, reactants are denoted R and transition states
are denoted TS. For the coordination of additional ligands
L’ at the metal center (vi), stabilization energies were also
calculated. The stabilized complexes are denoted C. The ac-
tivation energies given in Table 7 refer to the stabilized com-
plexes C.

(i) Influence of the Metal M

Since the patents of BASFI'!l include the Mimoun-type
diperoxotungsten complexes in addition to the molyb-
denum compounds, we are extending our study to all the
group 6 metals. The reactivity of the diperoxo complexes
[MO(0O,),(OPR3)], with M = Cr, Mo, W, with respect to
ethylene epoxidation can easily be predicted. Since the oxid-
ant attacks the olefin in an electrophilic manner,['®! the par-
tial charges at the peroxy oxygen atoms of the free oxidants
should be a measure of epoxidation activity. NPA partial
charges of the three metal diperoxides are shown in Fig-
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ure 2.351 At the metal center, the charges increase from
chromium to tungsten. Negative charges at the peroxo oxy-
gen atoms of [MO(0O,),(OPR3)] increase in the same order;
the highly negatively charged oxygen atoms of the tungsten
complex are less electrophilic, and this complex should
therefore be less reactive. This conclusion is supported by
the reaction energies; according to the Bell—Evans—Polanyi
principle,*”! a lower barrier for the chromium complex is
expected due to the more exothermic reaction (Table 1).
These results suggest that the activation energies increase in
the order Cr < Mo < W.
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Figure 2. Calculated NPA partial charges of [MO(O,),{OP-
(CH3)3}]; M = Cr (R 1, bold), Mo (R 2, plain), W (R 3, italics)

Table 1. O—O distances [A] in diperoxo complexes [MO(O,),-
{OP(CHj3)3}]; M = Cr (1), Mo (2), W (3), d/b ratio in CDA of the
transition states of ethylene epoxidation, reaction energies E, [kcal/
mol] and activation energies E, [kcal/mol]; energies at the B3LYP/
II1+//B3LYP/II level; ZPE-corrected (B3LYP/II) values in paren-
theses

Noll M  0-0  db E, E,
1 Cr 1404 16301  —42.5(—40.1) 21.8 (23.1)
2 Mo 1452 1761 —372(=354) 16.9 (17.9)
3 W 1478 1869 —36.9(—35.0) 14.5 (15.4)

[l For geometry optimizations and frequency calculations, basis set
STO-3G was used at the methyl groups. — 1 d = 0.237, b = 0.145,
r=—0.318, A = —0.005. — 14 = 0.237, b = 0.135, r = —0.312,
A= —-0.004. — 9 ¢d =0.233,b=0.125r = —0.301, A = —0.005.

However, the calculated activation barriers show the op-
posite trend. Activation energies for ethylene epoxidation
with [MO(0O,),{OP(CHj3)3}] decrease from chromium (23.1
kcal/mol), molybdenum (17.9 kcal/mol) to tungsten (15.4
kcal/mol, Table 1). Résch and co-workers!'] have recently
studied the epoxidation of ethylene with simpler model
complexes [MO(O,),(NH3)] using DFT methods. They
found a similar trend for the activation energies with M =
Cr, Mo, W.FT A correlation between the c*-orbital energy
level and the activation barrier was given as an explana-
tion."8! This is plausible because donation from the olefin
HOMO into the o* orbital of the O—O bond being cleaved
is the dominant interaction in the TS.2Y Furthermore,
Roésch and co-workerst!'®! pointed out a stronger involve-
ment of the metal d orbitals in the n* orbital of the O—O
bond in the chromium compound, which increases the
strength of the O—O bond and lowers the epoxidation ac-
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tivity. This is also reflected by the O—O distances in the
free oxidants (Table 1).

Originally, a three-membered ring transition state shown
in Figure 3a was suggested.[>’] If this had been true, the
partial charges of the metal complexes would have led to
the correct prediction of the epoxidation activity. We want
to point out that the transition state is coarctate,*!! i.e. the
metalladioxirane moiety is significantly involved, as schem-
atically shown in Figure 3b. Therefore, the sum of partial
charges ¢(M) + ¢(O) + ¢(O) at the metalladioxirane moiety
(Figure 2) predicts the trend of the activation barriers in
relation to an electrophilic attack. A fragment-based popu-
lation analysis, such as Charge Decomposition Analysis
(CDA),?" should also reflect the trend; the CDA results of
the transition states are given in Table 1. The ratio dona-
tion/backdonation (d/b) is a measure of the electronic char-
acter of the oxidants. The analysis reveals that the d/b
values, and therefore the electrophilicity of the oxidants in-
crease in the order Cr < Mo < W. Since the oxidant attacks
the olefin in an electrophilic manner, the reactivity of com-
parable oxygen-transfer agents correlates with their electro-
philicity.
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Figure 3. The nature of the transition state for olefin epoxidation
with transition metal peroxo complexes: a) TS involving only the
olefin and the oxygen atom that is transferred, b) coarctate TS

(ii) Reactivity of Monoperoxo Complexes

Olefin epoxidation with a diperoxo complex yields the
oxirane2 and the monoperoxo complex, which might then
oxidize an olefin. To highlight the reactivity of the mono-
peroxomolybdenum compounds, we calculated the activation
energies for the epoxidation of ethylene with [MoO(O,)L-

Table 2. Calculated (B3LYP/II1+//B3LYP/II) activation energies E,
[kcal/mol] and CDA results of transition states of ethylene epoxid-
ation with the diperoxo and monoperoxo complex [MoOL(O,)-
(OPH3); L = O, (R 10), O (R 12)

TSl d b dlb r A E,
CHy—[M] CHyM] GH,y - [M]

TS10 0.223 0.116 192 —0.275 —0.00514.2 (15.2)

TS 10c  0.230 0.144  1.60 —0.332 —0.005 23.8 (24.7)

TS 12  0.230 0.115 2.00 —0.288 —0.00417.0 (17.8)

TS 12¢  0.208 0.124  1.68 —0.283 —0.00517.0 (18.0)

[a1 TS for an olefin attack on the peroxo oxygen atom cis to the
phosphane oxide ligand are denoted ¢. Otherwise, the trans peroxo
atom is attacked.
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(OPR5)] (L = O,, O; Table 2). CDA results are also given
in Table 2. In contrast to the transition states presented in
the other sections, both isomers of the TSs, i.e. for an olefin
attack at the peroxo oxygen atom cis and trans to the phos-
phane oxide, have been considered since the preferential at-
tack has not yet been clarified for the monoperoxo com-
plexes. The TSs for a cis attack are denoted c¢. Figure 4
shows the optimized structures for the transition states of
ethylene epoxidation with the molybdenum diperoxides
[MoO(0,),(OPH3)] (TS 10 and TS 10c¢, respectively) and
monoperoxides [MoO,(0,)(OPH3)] (TS 12 and TS 12¢, re-
spectively). CDA of the diperoxo compounds indicates that
the transfer of the cis oxygen atom is less electrophilic (TS
10c: d/b = 1.60), and therefore less reactive (E, = 24.7 kcal/
mol) than the transfer of the rrans oxygen atom (TS 10:
dlb = 1.92, E, = 15.2 kcal/mol). The corresponding results
for the monoperoxo complexes are surprising. Although the
peroxo oxygen atom situated trans is also more electrophilic
(dlb = 2.00 for TS 12 versus 1.68 for TS 12c¢), the activation
barriers are almost equal (17.8 and 18.0 kcal/mol, respect-
ively). Does our simple model fail to explain the reactivity
of the monoperoxo complexes? Note the optimized struc-
tures of the reactants given in Figure5. While
[MoO(0,),(OPR3)] (R 10) has Mo—O(peroxo) bonds of
equal length, the Mo—O(peroxo) bonds situated cis to the
phosphane oxide in [MoO,(0,)(OPR3)] (R 12) are elong-
ated. The cleavage of these bonds is already reflected by the
reactant geometry, which is the reason for a moderate bar-
rier despite its lower electrophilicity. CDA apparently de-
scribes the nature of the O—O bond rather than the
metal—O(peroxo) bond. Bach and co-workers*?pointed
out for other oxidants that a prediction of activation ener-
gies based only on parameters of the O—O bond being
cleaved is not always successful. In metal peroxides, the
strength of the M—O bonds, reflected by their length, also
has to be taken into account.

Olefin epoxidation with several (monoperoxo)MoV! com-
plexes of the type [X,MoO(O,)(H,O)(NH;)] was recently
studied by Rosch and co-workers using density functional
methods.['® These monoperoxo complexes exhibit higher
barriers for direct oxygen transfer to ethylene than those for
the reference diperoxo complex [MoO(O,),(H,O)(NHj3)].['#!
The most electronegative ligands X induce the lowest bar-
riers, which is in agreement with the concept of an elec-
trophilic attack of the molybdenum peroxide on the olefin.

Our calculations reveal that the monoperoxomolyb-
denum complexes (R 12: E, = 17.8 kcal/mol) are less react-
ive than the diperoxo complexes (R 10: £, = 15.2 kcal/mol).
The small reactivity of monoperoxomolybdenum com-
pounds was supported by experiments!'®#3] and a recent
theoretical'® study. However, the data provided in Table 3
reveal that the reactivities of the tungsten compounds are
different. The calculated activation barriers for ethylene
epoxidation with the monoperoxo- (R 13: E, = 13.5 kcal/
mol) and diperoxotungsten compounds (R 11: E, = 12.7
kcal/mol) are almost equal, indicating that both tungsten
species are active oxidants.

Eur. J. Inorg. Chem. 2001, 1819—1827
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Figure 4. Optimized geometry of TS 10, TS 10c, TS 12, and TS 12¢ (B3LYP/II)
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Figure 5. Optimized geometry of R 10 and R 12 (B3LYP/II)
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(iii) Influence of the Pnicogen E

Besides amphiphilic phosphane oxide ligands, the corres-
ponding amine and arsane oxides are used in the metal-
catalyzed epoxidation under biphasic conditions.['%!'!1 Thus,
we have investigated the reactivity of the diperoxo com-
plexes [MO(0,),{OE(CH3)3}] with M = Cr, Mo, W and
with E = N, P, As. The results given in Table 4 are similar
for the three metals; we focus on the molybdenum com-
pounds for which the largest differences in the activation
barriers are found. The calculations show that the com-
plexes with the phosphane oxide ligands tend to be slightly
more reactive than the amine and arsane oxide complexes.
Phosphane oxides are weaker donors than their N and As
analogues. Therefore, the OPR; complexes are more elec-
trophilic at the metalladioxirane moieties and more reactive.
This is in agreement with the experimental results for stoi-
chiometric olefin epoxidation.!'® Surprisingly, the opposite
trend is found for the reaction performed under biphasic
conditions. In this system, the phosphane oxide complexes
are less efficient.'l Note that the turnover frequencies de-
pend both on the intrinsic reactivity of the oxidants and on
their Nernst distribution in the two phases. Amine and ar-
sane oxides are comparably strong donors and they can ex-
tract the catalyst more efficiently into the organic phase,
where epoxidation occurs. Despite higher activation bar-
riers, the E = N, As systems are better oxidants under bi-
phasic conditions due to their better extracting abilities,
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which leads to a larger concentration of catalyst in the or-
ganic phase.l'% Although one should not over-interpret the
small calculated differences in activation energies, the theor-
etically predicted activation barriers reflect the experi-
mental trends.

Table 3. Calculated (B3LYP/II1+//B3LYP/II) activation energies E,
[kcal/mol] for ethylene epoxidation with mono- and diperoxo com-
plexes [MOL(O,){OE(CH3)3}]; M = Mo, W; L = O,, O; ZPE-
corrected (B3LYP/II) values are given in parentheses

Noll ()M ()L (i)E (vR (VR (vi)L' E,
0 Mo O, P H H O 142 (15.2)
0c Mo O, P H H O 23.8(24.7)
nm W o0, P H H O 119 (12.7)
12 Mo O P H H O 17.0 (17.8)
122 Mo O P H H O 17.0 (18.0)
3 W O P H H O 12.7(13.5)
B¢ W O P H H O 134 (14.4)

[al TS for an olefin attack on the peroxo oxygen atom cis to the
phosphane oxide ligand are denoted ¢. Otherwise, the trans peroxo
oxygen is attacked. — [®! [J = free coordination site.

Table 4. Calculated (B3LYP/III+//B3LYP/II) activation energies E,
[kcal/mol] for ethylene epoxidation with diperoxo complexes
[MO(0,),{OE(CH3)3}]; M = Cr, Mo, W; E = N, P, As; ZPE-cor-
rected (B3LYP/II) values are given in parentheses

No. )M (L @i)E (v)R® (v)R’ (vi)L' E,
1 C O, P CH, H 21.8 (23.1)
2 Mo O, P CH;, H 16.9 (17.9)
3 W 0, P CH;, H 14.5 (15.4)
4 C 0, N CH;, H 22.3 (23.3)
5 Mo O, N CH; H 17.8 (18.7)
6 W 0, N CH; H 15.1 (16.0)
7 C 0, As CH, H 22.0 (22.9)
8 Mo O, As CH, H 18.6 (19.6)
9 W 0, As CH, H 14.4 (15.3)

[al For geometry optimizations and frequency calculations, basis set
STO-3G was used at the methyl groups. — [ [J = free coordina-
tion site.

(iv) Influence of Substituents R at the Pnicogen Oxide

Amphiphilic pnicogen oxides with long alkyl chains »n-
CiH,; . are used as ligands in the biphasic system. The
turnover frequencies strongly depend on the chain length k;
after increasing with increasing k, they remain constant
from about k = 8.132 The crucial question is whether the
chain length has an influence on the reactivity of the com-
plex, or only on its Nernst distribution equilibrium. Thus,
we calculated activation energies for the epoxidation of
ethylene by [MoO(0O,),(OPR;3)] with R = H, CH3, C,H;
(Table 5). The decreasing reactivity from the phosphane ox-
ide complexes (R = H, E, = 15.2 kcal/mol) to the trime-
thylphosphane oxide complexes (R = CH3, E, = 17.5 kcal/
mol) arises from a larger electron density at the metal center
and at the peroxo oxygen atoms in the latter compound.
The important result for the complex with R = C,H;
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Table 5. Calculated (B3LYP/III+//B3LYP/II) activation energies E,
[kcal/mol] for ethylene epoxidation with [MoO(0O,),(OPR3)]; R =
H, CH;, C,Hs; ZPE-corrected (B3LYP/II) values are given in par-
entheses

No. M ()L Gii)E @GR (WR' (vi)L’' E,
10 Mo O, P H H O 14.2(15.2)
2 Mo O, P CH;® H O 169(17.9)
4 Mo O, P CH, H O 16.6(17.5)
15 Mo O, P GCHs H O 17.1(17.9)

[l For geometry optimizations and frequency calculations, basis set
STO-3G was used at the methyl groups.

should be noted. The activation barrier increases by only
0.4 kcal/mol compared with that for the complex with R =
CH;. Alkyl chains longer than & = 1 influence the concen-
tration of the catalyst [M0O(O,),{OP(n-C;H,;,)3}] in the
organic phase rather than the reactivity. Therefore, trime-
thylphosphane oxide is an excellent model for the amphi-
philic ligand in computational studies on the control of re-
activity.[*3]

(v) Influence of Substituents R’ at the Olefin

In our quantum-chemical calculations, ethylene has been
used as a model for the olefin, although the homogeneously
catalytic activation of hydrogen peroxide is probably unne-
cessary for the industrial production of ethylene oxide.
Heterogeneously catalytic epoxidation on silver surfaces
with O, as the oxidant works perfectly for ethylene, but fails
for alkyl-substituted olefins due to a chemoselectivity prob-
lem. Allylic C—H bonds of the latter substrates are prefer-
entially oxidized.[*®! Thus, we are expanding our study of
epoxidation with [MoO(O,),(OPH3)] to olefins of the type
C,H;R’, with a variety of substituents R’ = H, CH;, CF3,
CH=CH,, C¢Hs. Since attempts to induce an enantioface
selectivity of olefin epoxidation by the employment of chiral
phosphane oxide ligands failed,[** only one of four diaster-
eomeric transition states was arbitrarily selected for the at-
tack at the peroxo oxygen atom trans to the OPRj3 ligand,
and was optimized with all substituents R’ (Scheme 3).
Electron-donating substituents might lower the barrier and
vice versa, because donation from the olefin HOMO into
the 6*(O—0) orbital is the predominant interaction in the
transition state. The data given in Table 6 confirm this hy-
pothesis. The calculated barrier for 3,3,3-trifluoropropene
(17.2 kcal/mol) is higher than for ethylene (15.2 kcal/mol),
whereas propylene is oxidized faster (E, = 12.9 kcal/mol).
Additional alkyl substituents at the olefin should further
accelerate the reaction.?’! n-Conjugation in fransoid-buta-
diene and styrene also leads to slightly smaller activation
barriers. While the orbital coefficients at the carbon atoms
in the olefin HOMO decrease, the energy of this orbital
increases due to conjugation.*’”! The geometry of TS 18 for
transoid-butadiene given in Figure 6 reveals a strongly asyn-
chronous but still concerted epoxidation of conjugated
double bonds. The C—O bond at the terminal carbon atom
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Table 6. Calculated (B3LYP/II1+//B3LYP/II) activation energies E,
[kcal/mol] for epoxidation of olefins CH,=CHR, R’ = H, CF;,
CHj;, CH=CH,, C¢Hs with [M0O(O,),(OPH;)]; ZPE-corrected
(B3LYP/II) values are given in parentheses

No. M G)L G)E (R (MR ()L  E,
10 Mo 0, P H H O 14.2 (15.2)
16 Mo O, P H CF; O 16.9 (17.2)
17 Mo 0, P H CH; O 12.4 (12.9)
18 Mo 0, P H CH=CH, O 12.6 (7.4)
19 Mo 0, P H CeHs O 12.0 (12.5)
iy WA Ty ek romi ]
e e 1wl - '|-_——-IT.I
ELT 'Iﬁl ¥ -

I's 14

Figure 6. Optimized geometry of TS 18 (B3LYP/II)

C1 is formed first because of the larger coefficient at C1 in
the olefin HOMO.H7!

(vi) Influence of Additional Ligands L' at the Metal Center

Due to the solubility of hydrogen peroxide in the organic
phase (CHCls), epoxidation can occur in a different manner
than that has been discussed for homogeneous tBuOOH
activation:['3] Hydrogen peroxide can coordinate at the
metal center, and catalytically active species might be
formed in subsequent reactions.'3! In this section, we in-
vestigate the influence of an additional ligand L" = H,O,
H,0, on the stability and reactivity of diperoxo complexes
[MoO(0O,),(OPR3)L']. The results are collected in Table 7.
The coordination of an aqua and hydrogen peroxide ligand
to [MoO(0,),{OP(CH3);}] is exothermic by —8.6 and
—12.6 kcal/mol, respectively.[*34°1 However, in agreement
with the electrophilicity concept, the additional ligand in-
creases the electron density at the reactive site and should
therefore lower the reactivity. For the complex C 21 with

an additional H,O, ligand, a corresponding transition state
TS 21 has not been optimized, because olefin attack at O3
leads to the dissociation of the hydrogen peroxide ligand.
For the aqua complex C 20, the calculated activation energy
for epoxidation increases to the comparably high value of
24.2 kcal/mol.

The coordination of a strong donor ligand inhibits the
molybdenum-catalyzed epoxidation of olefins. This was al-
ready reported by Mimoun et al.?*} However, the reason
for the inhibition is a lower electrophilicity of the complex
rather than the blocking of a free coordination site for the
olefin by the strong donor ligands at the metal center. It is
interesting to note the slight influence that coordination of
an aqua ligand to methyloxodiperoxorhenium(VII) com-
pounds has on the reactivity of olefin epoxidation. More-
over, Kiihn, Rdsch, and co-workers®®! have recently found
that Re-catalyzed olefin epoxidation is accelerated in the
presence of N ligands. From the results of this section, an
important conclusion for Mo-catalyzed epoxidations can be
drawn. Due to the coordination of the oxidant, such as
H,0, or tBuOOH, to the metal center and due to the high
activation barriers for the stabilized complexes, these cata-
lytic processes must involve different species formed in sub-
sequent reaction steps. Thiel and co-workers recently gave
experimentall!’3l and theoretical'”! evidence for a potential
proton transfer from an alkyl hydroperoxide ligand ROOH
that is coordinated to the metal center, to an n?-peroxo
group of [MoO(1?-0,),(NH;3)(ROOH)]. During intramole-
cular proton transfer, the metalladioxirane moiety M(O,) is
opened and species of the type [MoO(n2-0,)(n'-
OOH)(NH;3)(n'-O0OR)] are formed. The proton-transfer
step also seems to be possible from hydroperoxide coordin-
ating to the metal center.’!l Hence, in the presence of hy-
drogen peroxide, additional reaction mechanisms have to be
taken into account, as suggested by Sheldon,!'*>!1 Sharp-
less®2 and Thiel,'* for metal-complex-catalyzed epoxida-
tions with alkyl hydroperoxides.

Conclusions

The reactivity of Mimoun-type peroxo complexes used
for the epoxidation of olefins depends on six degrees of
freedom of our extended model system [MO-
L(O,)(OER5)L’] and CH,CHR’ in the following way (see
Scheme 3):

Table 7. Calculated (B3LYP/III+//B3LYP/II) stabilization energies E; [kcal/mol] for the addition of L' = {0, H,O, H,0,} to
[MoO(0,)(0,)(OPR3)] and activation energies E, [kcal/mol] for ethylene epoxidation with [MoO(0O,)(O,)(OPR3)L']; ZPE-corrected
(B3LYP/II) values are given in parentheses

No. ()M (i) L (iii) E (iv) R V) R (vi) L’ E, E,

2 Mo 0, P CH, [ H O - 16.9 (17.9)
20 Mo 0, P CH, H H,O —11.6 (=8.6) 23.8 (24.2)
21 Mo 0, P CH, [ H H,0, ~15.0 (—12.6) —[b)

[al For geometry optimizations and frequency calculations, basis set STO-3G was used at the methyl groups. — ! The H,O, ligand is
removed from the metal center during olefin attack.
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(i) Metal M = Cr, Mo, W: In the complexes
[MO(0,),(OER3)], we find the trend in the epoxidation ac-
tivity to be W > Mo > Cr. While atomic partial charges
and thermodynamic considerations fail to predict activation
energies, Charge Decomposition Analysis (CDA) of the
transition states was employed as a powerful tool to reveal
the relationship between reactivity and the electrophilicity
at the metalladioxirane moieties.

(i1)) Diperoxo versus monoperoxo compounds; L = O,
O: Activity O, > O. The monoperoxotungsten complex ap-
parently is an active oxidant, whereas the corresponding
monoperoxomolybdenum species seems to be inactive.

(iii) Pnicogen E = N, P, As: Activity P > N, As. In agree-
ment with experimental data, complexes with the weaker
donor phosphane oxide are more electrophilic and, thus
more active under homogeneous conditions than their N
and As counterparts. However, the better extracting ability
of the latter compounds makes them superior in a bi-
phasic protocol.

(iv) Substituents at the pnicogen R = H, CH;, C,Hs:
Activity H > CH3, C,Hs. Long alkyl chains at the pnicogen
oxides used as ligands in the biphasic catalytic system
(BASF) have no influence on reactivity, but adjust the
Nernst equilibrium, thereby favoring quantitative extrac-
tion of the catalyst.

(v) Substituents at the olefin R" = H, CH;, CF;, CH=
CH,, C4Hs: Reactivity CH;, CH=CH,, CcHs > H > CF;.
Due to the electrophilic nature of oxygen transfer, more nu-
cleophilic olefins react faster. The epoxidation of m-conjug-
ated olefins is highly asynchronous; the C—O bond at the
terminal carbon atom is formed first.

(vi) Additional ligands at the metal center L” = [J (free
coordination site), H,O: Activity [0 > H,O. The reason
why donor ligands, such as H,O, inhibit oxygen transfer
from the molybdenum compounds is the lower electrophil-
icity at the peroxo functionalities, rather than blocking
the free coordination site for the activation of the olefin.
Complexes of the type [MoO(0O,),(OPR3)L’], with proton-
containing ligands L', such as H,O and H,O,, can be ex-
pected to form compounds with n!-OOH ligands via pro-
ton transfer. These species are probably more reactive than
n2-peroxo complexes.
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