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Abstract: Quantum chemical calculations using gradient-corrected (B3LYP) density functional theory have
been carried out to investigate the mechanism of the oxidative cleavage of alkenes by ruthenium tetraoxide.
The initial reaction of the tetraoxide with the olefin occurs via a [3+2] cycloaddition as in the case of osmium
tetraoxide. The results clearly show that the bond cleavage does not take place at the primary adduct, but
much later in the reaction path. After the formation of the ruthenium(VI)dioxo-2,5-dioxolane, the reaction
proceeds with the addition of a second olefin to yield ruthenium(IV)-bis(2,5-dioxolane), which in turn becomes
oxidized first to rutheniumoxo(VI)-bis(2,5-dioxolane) 6(Ru) and then to ruthenium(VIII)-dioxo-bis(2,5-
dioxolane) 7(Ru). Only in complexes containing the metal center in the formal oxidation state +VIII are low
activation barriers for C-C bond cleavage and exothermic formation of carbonyl compounds as products
calculated. The lowest activation barrier, ∆Hq ) 2.5 kcal/mol, is calculated for the C-C bond breaking
reaction of 7(Ru) which is predicted as the pivotal intermediate of the oxidation reaction. The calculations
of the oxidation reaction with OsO4 show that those reactions where the oxidation state of the metal increases
have larger activation barriers for M ) Ru than for M ) Os, while reactions which reduce the oxidation
state have a lower activation barrier for ruthenium compounds. Also, reactions which increase the oxidation
state of the metal are in the case of M ) Os more exothermic than for M ) Ru. In this work, all important
points of the potential energy surface (PES) are reported, and the complete catalytic cycle for the oxidative
cleavage of olefins by ruthenium tetraoxide is presented.

Introduction

The oxidation of olefins with osmium tetraoxide yieldingcis-
diols as oxidation products has been known since 1908 when it
was first reported by Makowka.1 The synthetic utility of the
reaction was greatly extended by the systematic work of
Sharpless who showed that, in the presence of chiral and
sterically demanding amines such as chincinoa alkaloids, the
reaction can proceed with high enantioselectivity.2 Sharpless
developed a catalytic variant of the OsO4 addition to olefins
which contributed further to the usefulness of the reaction. The
mechanism of the asymmetry dihydroxylation was a topic of
controversy for some time. It was initially thought that the
reaction proceeds via a concerted [3+2] cycloaddition of
osmium tetraoxide yielding a metalladioxo-2,5-dioxolane as the
primary oxidation product.3 Sharpless suggested in 1977 that
the reaction may take place via a [2+2] addition of the olefin
across a OsdO double bond yielding a metallatrioxo-2-oxetane
as the intermediate which then rearranges with little activation
energy to the metalladioxo-2,5-dioxolane.4 Several quantum

chemical studies showed that the latter two-step reaction has
very high activation barriers whereas the [3+2] addition
proceeds with a low energy barrier.5 It is now generally accepted
that the dihydroxylation of olefins with OsO4 takes place via a
concerted [3+2] cycloaddition.6

Ruthenium tetraoxide has long been known for being a much
more vigorous oxidant than its osmium analogue, capable of
readily cleaving carbon-carbon double bonds.7 The reaction
can be carried out with catalytic amounts of RuO4, which is
neither explosive nor poisonous and therefore has advantages
over the ozonolysis reaction and the carbon-carbon bond
cleavage with chromium oxide. Although the reaction conditions
can be tuned in such a way thatcis-diols become the main
product while the carbon-carbon bond cleavage is disfavored,8

the latter reaction which eventually yields carbonyl compounds
as final products is usually observed. Because the reaction
proceeds in most cases rapidly and under mild conditions, the
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activation barriers for the reaction steps yielding the final product
must be low.

Unlike the oxidation of olefins with OsO4, the mechanism
of the reaction with RuO4 has not been studied with quantum

chemical methods in detail until now. The only theoretical study
which is known to us has been published by Norrby et al.9 These
workers reported the structures and relative energies of the
products of [3+2] and [2+2] addition of RuO4 to ethylene. The

Figure 1. Calculated reaction profiles at B3LYP/II for the concerted [3+2] addition (reaction 1) of ethylene to the metal tetraoxide yielding1(M ) and the
two-step reaction with formation of2(M ) as the intermediate. The energy values are given in kcal/mol, and the ZPE-corrected values are given in parentheses.
The calculated interatomic distances are given in angstroms. (a) Reaction of RuO4. (b) Reaction of OsO4.
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transition states of the reactions have not been calculated in
this study, which did not investigate the carbon-carbon bond
cleavage step. Systematic experimental studies of the reaction
of RuO4 with olefins have been reported by Sica and co-
workers.8,10 The Sica group succeeded in isolating and charac-
terizing by NMR spectroscopy for the first time a cyclic
ruthenium(VI)diester which is formed during the oxidation
reaction.10aKinetic studies had suggested earlier that the scission

of the carbon-carbon double bond could proceed via formation
of a cyclic ruthenium(VI)diester,11 but the mechanism which
leads to the formation of the intermediate is not known. In
particular, there is no evidence of the species which is the direct
precursor for the C-C cleavage reaction. The very scarce
knowledge about the mechanism of the oxidation of olefins with
RuO4 becomes obvious from the recent review of Strassner
about computational studies of alkene oxidation reactions by
metal-oxo compounds.12

In this paper, we report a systematic quantum chemical
investigation of the oxidation of ethylene with RuO4 which leads
to the scission of the C-C bond. Two questions are addressed
in this work. The first question concerns the reaction mechanism
of the oxidation. The pivotal aspect in the calculations of viable
intermediates and transition states was the search for the
precursor species which has a low barrier for the carbon-carbon
bond cleavage. The second question concerns the difference
between the oxidation reactions of OsO4 and RuO4 with olefins.
Why is it that the C-C bond is cleaved by RuO4 but not by
OsO4? To this end, we calculated the reaction steps for both
metal tetraoxides. It will be seen below that it took much
perseverance before a satisfactory answer to both questions was
found.

Methods

The geometries have been optimized at the gradient-corrected DFT
level using the B3LYP functionals.13 A quasi-relativistic small-core
ECP with a (441/2111/N1) valence basis set for Ru (N ) 3) and Os (N
) 2) and 6-31G(d) basis sets for all other atoms have been employed
in the geometry optimizations.14 This is our standard basis set II.15 The
nature of the stationary points was examined by calculating the Hessian
matrix at B3LYP/II. All transition states were connected to their
corresponding minima by calculation of the intrinsic reaction coordinate
(IRC). The calculations have been carried out with the program package
Gaussian 98.16
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Scheme 1. Schematic Representation of the Formation of the Calculated Intermediates Which Have Been Considered as Precursors for
the C-C Cleavage Reaction

Figure 2. Calculated reaction profiles at B3LYP/II for the C-C bond
cleavage reaction of1(Ru) (top) and1(Os) (bottom). The energy values
are given in kcal/mol, and the ZPE-corrected values are given in parentheses.
The calculated interatomic distances are given in angstroms.
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Results

We first investigated the concerted [3+2] addition of RuO4

to ethylene and the two-step reaction with initial [2+2] addition
and subsequent rearrangement to the metalladioxo-2,5-dioxo-
lane1(Ru). Figure 1 shows the calculated reaction profiles for
both reactions and a comparison to the OsO4 reaction which
has previously been reported.5a We want to point out that, in
our previous investigation, we carried out CCSD(T) calcula-
tions which showed that the B3LYP results are in good
agreement with the ab initio data.5a The results which are

given in Figure 1 make it obvious that, for both metals, the
[3+2] addition is clearly favored over the two-step reaction.
The formation of the metalladioxo-2,5-dioxolanes1(Ru) and
1(Os) is in the case of ruthenium significantly more exothermic
(∆H° ) -60.2 kcal/mol) than that in the case of osmium (∆H°
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) -27.6 kcal/mol). The activation barrier of the former reaction
is also slightly lower (∆Hq ) 5.0 kcal/mol) than that for the
latter (∆Hq ) 6.9 kcal/mol). The activation energies of the [2+2]
addition yielding the metallatrioxo-2-oxetanes2(Ru) and2(Os)
are much higher for RuO4 (∆Hq ) 43.4 kcal/mol) and for OsO4
(∆Hq ) 45.6 kcal/mol). We conclude that the initial reaction
of RuO4 and OsO4 to olefins is the concerted [3+2] addition
(reaction 1).

The metalladioxo-2,5-dioxolane1(M ) has been considered
as the first intermediate for the C-C bond cleavage yielding
two formaldehyde molecules which may be coordinated to the
metal dioxide. Figure 2 shows the calculated reaction profile
for the direct carbon-carbon cleavage of the metalladioxo-2,5-
dioxolanes1(Ru) and1(Os). The C-C bond and one metal-
oxygen bond are significantly stretched in the transition state
structures, yielding a hydrogen-bridged formaldehyde dimer
which is coordinated with one oxygen atom to the metal. The
reactions for both metals are endothermic. The rather large
activation barriers of 46.1 kcal/mol (Ru) and 55.1 kcal/mol (Os)
leave no doubt that the direct C-C bond cleavage of1(Ru)
can be ruled out as the pathway for the oxidation reaction.

Further reactions of the metalladioxo-2,5-dioxolane1(Ru) must
be considered in searching for a low-energy C-C bond breaking
reaction.

We investigated three possible routes for the further reaction
of the metalladioxo-2,5-dioxolane1(M ) (Scheme 1). The three
reaction pathways are the oxidation of the metalladioxo-2,5-
dioxolane1(M ) to the metallatrioxo-2,5-dioxolane3(M ) (reac-
tion 2), oxidation of1(M) to the metallaoxoperoxo-2,5-dioxolane
4(M ) (reaction 3), and the addition of a second ethylene
molecule to1(M ) yielding the metalla-bis(2,5-dioxolane)5(M )
(reaction 4).

Table 1 gives the calculated reaction energies for reactions
2-4. The oxidation reactions are assumed to proceed with lower
activation barriers than the carbon-carbon cleavage and have
therefore been neglected in this work. The choice of H2O2 as
oxidative agent was made for computational reasons. The cal-
culated values of the oxidation reactions are useful for compar-
ing different reactions and particularly for the comparison of
ruthenium with osmium. Stronger oxidants will yield more exo-
thermic (less endothermic) reaction enthalpies. We also ne-
glected a possible activation barrier for the addition reactions
of ethylene to the metal oxide species. Calculations of the ad-
dition of ethylene to1(M ) showed that the reaction has a small
or even no barrier at all. We think that it is justified for the
purpose of this work to consider only the reaction enthalpies
of the latter reactions.

Figure 3. Calculated reaction profiles at B3LYP/II for the C-C bond
cleavage reaction of3(Ru) (top) and3(Os) (bottom). The energy values
are given in kcal/mol, and the ZPE-corrected values are given in parentheses.
The calculated interatomic distances are given in angstroms.

Figure 4. Calculated reaction profiles at B3LYP/II for the C-C bond
cleavage reaction of4(Ru) (top) and4(Os) (bottom). The energy values
are given in kcal/mol, and the ZPE-corrected values are given in parentheses.
The calculated interatomic distances are given in angstroms.
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The oxidation reaction 2 is rather exothermic for1(Os) (∆H°
) -28.6 kcal/mol) but slightly endothermic for1(Ru) (∆H° )
4.8 kcal/mol). The opposite order is calculated for the addition
reaction 4, which is nearly thermoneutral for1(Os) (∆H° )
3.5 kcal/mol) but clearly exothermic for1(Ru) (∆H° ) -18.3
kcal/mol). Note that reaction 2 is an oxidation reaction where
the formal oxidation state of the metal changes from+6 to +8,
while reaction 4 is a reduction where the oxidation state changes
from +6 to+4. The oxidation reaction 3 which leaves the metal
in the formal oxidation state+6 is slightly exothermic for both
metals (-10.5 kcal/mol for Ru and-3.3 kcal/mol for Os). The
importance of the formal oxidation state will be discussed below.
We want to point out that the addition of ethylene to MO4

(oxidation state+8) is much more exothermic than the addition
reaction to1(M ) (oxidation state+6; see reactions 1 and 4 in
Table 1).

Reactions 2-4 give three intermediates3(M ), 4(M ), and
5(M ), which are possible candidates for the low barrier C-C
bond breaking reaction. The calculated reaction profiles are
shown in Figures 3-5. The theoretically predicted activation
barriers of all reactions are too high to make them likely
candidates for the actual C-C cleavage reaction except for the
bond breaking reaction of3(Ru) which has an activation barrier
of ∆Hq ) 13.7 kcal/mol. Note that the oxidation reaction1(Ru)
f 3(Ru) is slightly endothermic (Table 1), but a stronger
oxidation agent than H2O2 could give an exothermic reaction.
However, there is a striking argument against a possible role
of 3(Ru) as direct precursor of the carbon-carbon cleavage
reaction. Table 1 gives the calculated reaction energies for the
formation of the metallaoxo-bis(2,5-dioxolane)6(M ) which can

be formed either through addition of ethylene to3(M ) (reaction
5) or through oxidation of5(M ) (reaction 6). Both reactions
are very exothermic between-56.9 and-91.5 kcal/mol, which
makes it unlikely that the intermediates3(M ) and5(M ) will be
stable in the presence of olefin and oxidizing agent. The
calculated reaction energies suggest that metallaoxo-bis(2,5-
dioxolane)6(M ) should rapidly be formed in the oxidation
reaction of olefins with RuO4 and OsO4. The difference between
the metals is that1(Ru) should first add ethylene yielding5(Ru)
which is then oxidized to6(Ru), while 1(Os) is first oxidized
to 3(Os) which then adds another ethylene molecule yielding
6(Os). Note that the addition of ethylene to the metal(VIII)
species3(M ) (reaction 5) is much more exothermic than the
addition to MO4 (reaction 1, Table 1).

There is another argument which speaks against the role of
3(Ru) as a precursor for the C-C cleavage reaction. Table 1
shows that the oxidation of1(Ru) would preferably yield the
oxoperoxo complex4(Ru) (reaction 3) instead of the trioxo
species3(Ru) (reaction 2). The C-C cleavage reaction of4(Ru)
has a large activation barrier, however (38.4 kcal/mol, Figure
4).

The conclusion which can be made from the above discussion
is that none of the intermediates3(M )-5(M ) is a likely
candidate for the low activation energy C-C cleavage reaction
which leaves6(M ) as the next option. Figure 6 shows the
calculated reaction profile for the carbon-carbon bond breaking
reactions of6(Ru) and6(Os). The activation barrier of6(Ru)
(∆Hq ) 36.0 kcal/mol) is much lower than that for6(Os) (∆Hq

) 60.6 kcal/mol), but the absolute value of the activation

Figure 5. Calculated reaction profiles at B3LYP/II for the C-C bond
cleavage reaction of5(Ru) (top) and5(Os) (bottom). The energy values
are given in kcal/mol, and the ZPE-corrected values are given in parentheses.
The calculated interatomic distances are given in angstroms.

Figure 6. Calculated reaction profiles at B3LYP/II for the C-C bond
cleavage reaction of6(Ru) (top) and6(Os) (bottom). The energy values
are given in kcal/mol, and the ZPE-corrected values are given in parentheses.
The calculated interatomic distances are given in angstroms.
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enthalpy is too high to explain the rapid C-C cleavage reaction
with RuO4. The search for a possible candidate goes on.

Table 1 gives calculated reaction energies for further oxidation
reactions of6(M ) yielding the metalladioxo-bis(2,5-dioxolane)
7(M) (reaction 7) and the metallaperoxo-bis(2,5-dioxolane)8(M)
(reaction 8). The reactions are endothermic except for the
reaction6(Os) f 7(Os) which is -10.2 kcal/mol exothermic.
Note, however, that more strongly oxidizing agents than H2O2

would make the formation of7(M ) and 8(M ) more likely.
Because the intermediate7(M ) was found to be particularly
important for the C-C bond cleavage reaction (see below), we
calculated the reaction energy for the addition of a free oxygen
atom in the3P electronic ground state to7(M ) yielding 8(M )
(reaction 9). Table 1 shows that the formation of the Ru(VIII)
complex 8(Ru) is -11.2 kcal/mol exothermic, while the
oxidation 7(Os) f 8(Os) is thermodynamically favored by
-46.7 kcal/mol. We want to point out that the calculated
energies indicate the thermodynamic potentials of the free
molecules which will be influenced in the condensed phase,
for example, by coordination of solvent molecules. It has been
found experimentally that the oxidation of olefins with RuO4

in a water/acetone mixture can be tuned toward formation of
the cis-diol by variation of the temperature.8 This may be

explained by the different coordination modes of the complexes
at low and high temperatures.

We calculated the C-C cleavage reactions of7(M ) and8(M ).
The results are given in Figures 7 and 8.

Figure 7 shows that the metalladioxo-bis(2,5-dioxolane)
7(Ru) is the first compound in this work which has a very low
barrier for the carbon-carbon bond breaking reaction. The
theoretically predicted value∆Hq ) 2.5 kcal/mol is compatible
with the experimental observation that the oxidation reaction
of olefins at mild conditions proceeds under rupture of the C-C
bond.7,18 The same reaction of the analogous osmium species
7(Os) has a significantly higher barrier∆Hq ) 18.9 kcal/mol
which would explain why OsO4 usually does not break the
carbon-carbon bond while RuO4 does. However, the activation
barrier is not prohibitively high to declare a bond cleavage
reaction impossible. It is known that under appropriate reaction

(17) (a) Pappo, R.; Allen, D. S., Jr.; Lemieux, R. U.; Johnson, W. S.J. Org.
Chem. 1956, 21, 478. (b) Vorbru¨ggen, H.; Djerassi, C.J. Am. Chem. Soc.
1962, 84, 2990.

Figure 7. Calculated reaction profiles at B3LYP/II for the C-C bond
cleavage reaction of7(Ru) (top) and7(Os) (bottom). The energy values
are given in kcal/mol, and the ZPE-corrected values are given in parentheses.
The calculated interatomic distances are given in angstroms.

Figure 8. Calculated reaction profiles at B3LYP/II for the C-C bond
cleavage reaction of8(Ru) (top) and8(Os) (bottom). The energy values
are given in kcal/mol, and the ZPE-corrected values are given in parentheses.
The calculated interatomic distances are given in angstroms.

Table 2. Relative Energies [kcal/mol] of the Singlet, Triplet, and
Quintet States of Metallabisdioxolane 5(M), Calculated with
B3LYP/II (with Zero-Point Corrections)

configuration of 5(M) M ) Ru M ) Os

singlet 0.0 0.0
triplet -7.5 -1.8

(-7.6) (-2.2)
quintet -5.6 +9.9

(-6.1) (+9.2)

A R T I C L E S Frunzke et al.

3648 J. AM. CHEM. SOC. 9 VOL. 126, NO. 11, 2004



conditions and in the presence of a cooxidant, OsO4 may oxidize
olefins under cleavage of the C-C bond.17 The activation
barriers of the C-C cleavage reactions of the metallaperoxo-
bis(2,5-dioxolanes)8(M ) (Figure 8) are too high to be relevant
for the reaction course.

The calculated compounds which have been considered until
now have a singlet spin state. It is possible that some transition
metal compounds which have a d2 or d4 configuration of the
metal have energetically low-lying triplet or quintet states. We
calculated several molecules as open-shell species and found
that the metalla-bis(2,5-dioxolane)5(M ) has energetically low-
lying triplet and quintet states which might also be involved in
the C-C cleavage reaction. Table 2 gives the relative energies
of the lowest lying triplet and quintet state of5(Ru) and5(Os).
The calculations predict that both molecules have a triplet
ground state and that the quintet state of5(Ru) is still 6.1 kcal/
mol more stable than the singlet state. Figures 9 and 10 display

the reaction profiles for the carbon-carbon bond breaking
reaction of the singlet, triplet, and quintet states of5(M ). The
calculations predict that the triplet states have the lowest
activation barriers for the C-C bond rupture. The calculated
activation barriers with respect to the triplet states of5(M ) are
∆Hq ) 14.6 kcal/mol for5(Ru) and∆Hq ) 31.1 kcal/mol for
5(Os). Although the activation barrier for the triplet state of
5(Ru) is not very high, it is significantly higher than the
activation energy of the singlet state of7(Ru). Therefore, we
think that the C-C bond breaking step of the olefin oxidation
with RuO4 takes place after7(Ru) is formed which is the direct
precursor of the carbonyl compounds. A possible alternative
would be that the singlet-triplet conversion of5(Ru) is very
fast, conserving the internal energy of singlet5(Ru) which
would then require an activation energy of only 7.0 kcal/mol
(Figure 9). We think that the latter reaction pathway is less likely
(but cannot be ruled out) because the reaction takes place in a
condensed phase where the internal energy of singlet5(Ru) is
quickly released, and because the oxidation reaction5(Ru) f
6(Ru) is a highly exothermic process (Table 1) which will occur
very fast.

Figures 11 and 12 display the calculated reaction steps for
the oxidation of ethylene with RuO4 and OsO4. The calculations
suggest that the multiple-step oxidation with ruthenium tetraox-
ide (Figure 11) takes place with the sequential formation of the
intermediates1(Ru) f 5(Ru) f 6(Ru) f 7(Ru) f C-C bond
cleavage. The oxidation with osmium tetraoxide (Figure 12)
exhibits the intermediates1(Os) f 3(Os) f 6(Os) f 7(Os),
but the cleavage of the carbon-carbon bond of7(Os) is clearly

(18) (a) Haines, A. H.Methods for the Oxidation of Organic Compounds;
Academic Press: London, 1985. (b) Courtney, J. L. InOrganic Syntheses
by Oxidation with Metal Compounds; Mijs, W. J., de Jonge, C. R. H. I.,
Eds.; Plenum Press: New York, 1986; Chapter 8. (c) Lee, D. G.; Chen, T.
In CleaVage Reactions in ComprehensiVe Organic Synthesis; Trost, B. M.,
Fleming, I., Eds.; Pergamon Press: Oxford, 1991; Vol. 7, p 541.

Figure 9. Calculated reaction profiles at B3LYP/II for the C-C bond
cleavage reaction of5(Ru) in the lowest lying singlet, triplet, and quintet
electronic states. The energy values are given in kcal/mol, and the ZPE-
corrected values are given in parentheses.

Figure 10. Calculated reaction profiles at B3LYP/II for the C-C bond
cleavage reaction of5(Os) in the lowest lying singlet, triplet, and quintet
electronic states. The energy values are given in kcal/mol, and the ZPE-
corrected values are given in parentheses.
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higher than for7(Ru). The formation of the intermediates6(Os)
and7(Os) has been postulated by Sharpless who suggested that
two reaction cycles are competing in the catalytic dihydroxy-
lation of olefins.19 According to Sharpless, one reaction cycle
which proceeds with low enantioselectivity starts with the
formation of3(Os) which is stabilized with a chiral ligand L.
Substitution of L by an olefin yields6(Os) which is then
oxidized to7(Os). The latter species is partially hydrolyzed,
yielding acis-diol and3(Os) which becomes stabilized again
by L, closing the second reaction cycle. The calculated reaction
course shown in Figure 12 supports the postulated mechanism
of Sharpless. Our calculations predict that the ruthenium system
exhibits the same reaction cycle except that7(Ru) undergoes
C-C bond scission instead of hydrolysis.

We want to point out that compound6(Os) has been isolated
and an X-ray structure analysis of the molecule has been
published.20 The theoretically predicted bond lengths and angles
which are presented here and in a previous theoretical study
which reported Hartree-Fock geometries are in very good
agreement with the experimental data.21

Why is the activation barrier for the C-C cleavage reaction
of 7(Ru) so low whereas the activation energy of7(Os) is much
higher? The different behavior of the ruthenium and osmium
compounds can be explained by the propensity of the metals to
be in a high oxidation state. It is well known that osmium
compounds which have a high oxidation state of the metal are

more stable than the respective ruthenium compound. A
comparison of the calculated reaction energies which are given
in Table 1 shows that reactions 2, 6, 7, and 9 which increase
the oxidation state of the metal are in the case of M) Os much
more exothermic than for M) Ru. The opposite order is
calculated for reactions 1, 4, and 5 where the oxidation state of
the metal becomes less. The latter reaction for M) Ru is clearly
more exothermic than that for M) Os.

Examination of Figures 1-12 shows that the larger propensity
of Os for high oxidation states also becomes manifest in the
calculated activation barriers. Reactions where the oxidation
state of the metal increases have larger activation barriers for
M ) Ru than for M) Os, while reactions which reduce the
oxidation state have a lower activation barrier for ruthenium
compounds. Figure 6 gives a striking example. The C-C bond
breaking reaction of6(M ) changes the oxidation state from+6
to +4. The reaction of6(Os) is 54.0 kcal/mol endothermic and
has an activation barrier of∆Hq ) 60.6 kcal/mol, while the
reaction of6(Ru) is only 21.3 kcal/mol endothermic and has
an activation barrier of only∆Hq ) 36.0 kcal/mol. The very
low activation barrier∆Hq ) 2.5 kcal/mol for the C-C bond
cleavage reaction of7(Ru) can be explained with the driving
force which comes from lowering the oxidation state Ru(VIII)
to Ru(VI). The question of why olefins are oxidized by RuO4

under cleavage of the carbon-carbon bond whereas oxidation
by OsO4 yields cis-diols can thus be answered with the

(19) Wai, J. S. M.; Marko´, I.; Svendsen, J. S.; Finn, M. G.; Jacobsen, E. N.;
Sharpless, K. B.J. Am. Chem. Soc. 1989, 111, 1123.

(20) Phillips, F. L.; Skapski, A. C.Acta Crystallogr. 1975, B31, 1814.
(21) Veldkamp, A.; Frenking, G.J. Am. Chem. Soc. 1994, 116, 4937.

Figure 11. Calculated overall reaction profile at B3LYP/II for the reaction of RuO4 with ethylene. The energy values are given in kcal/mol, and the
ZPE-corrected values are given in parentheses.
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significantly lower stability of Ru(VIII) compounds as compared
to that of Os(VIII) compounds.

Summary

The results of this work can be summarized as follows. The
calculated reaction profiles for the addition of RuO4 and OsO4

to ethylene indicate that, for both metal tetraoxides, the
concerted [3+2] cycloaddition has much lower activation
barriers than the [2+2] addition and the following rearrangement
to the metalladioxo-2,5-dioxolane1(M ). The C-C bond cleav-
age reaction of1(M ) has high activation barriers for M) Ru
and M) Os and may not be considered as a precursor for the
oxidation of olefins with RuO4 yielding carbonyl compounds.
The calculations suggest that1(Ru) reacts exothermically with
another ethylene molecule in a second [3+2] addition yielding
the metalla-bis(2,5-dioxolane)5(Ru), while 1(Os) is further
oxidized to the metallatrioxo-2,5-dioxolane3(Os). The latter
species reacts strongly exothermically with ethylene toward
formation of the energetically very low-lying metallaoxo-bis-
(2,5-dioxolane)6(Os). The ruthenium compound6(Ru) should
be formed during the reaction course through oxidation of5(Ru).
The initial addition product1(M ) may also become oxidized to
the metallaoxoperoxo-2,5-dioxolane4(M ) in a weakly exother-
mic reaction. However, the activation barriers of the C-C bond
cleavage reactions of3(Ru), 4(Ru), 5(Ru), and6(Ru) are too
high to explain the rapid oxidation of olefins with RuO4 yielding
carbonyl compounds. The activation barriers of the respective
osmium compounds are higher than those for the ruthenium

species. Further oxidation of6(M ) toward formation of the
metalladioxo-bis(2,5-dioxolane)7(M ) or the metallaperoxo-bis-
(2,5-dioxolane)8(M ) is energetically less favorable than the
previous reactions. However, the ruthenium compound7(Ru)
has a very low activation barrier of∆Hq ) 2.5 kcal/mol which
is compatible with the experimental observation that the
oxidation reaction of olefins at mild conditions proceeds under
rupture of the C-C bond. The activation barrier of7(Os), ∆Hq

) 18.9 kcal/mol, is higher which explains why RuO4 but not
OsO4 cleaves the C-C bond of olefins. Calculations of the
intermediates in higher spin states show that the triplet and
quintet states of5(Ru) and the triplet state of5(Os) are lower
in energy than the singlet state. However, the activation barriers
for the C-C cleavage reactions of the triplet and quintet states
of 5(M ) are significantly higher than the activation barriers of
the singlet state. The theoretical results of this work suggest
that the oxidation of olefins with RuO4 which cleaves the C-C
bond takes place via formation of7(Ru) as the precursor
intermediate. The different reactivity between OsO4 and RuO4

is explained by the higher stability of Os(VIII) as compared to
that of Ru(VIII) compounds. The calculated energies show that
reactions where the oxidation state of the metal increases have
larger activation barriers for M) Ru than for M) Os, while
reactions which reduce the oxidation state have a lower
activation barrier for ruthenium compounds. Also, reactions
which increase the oxidation state of the metal are in the case
of M ) Os more exothermic than for M) Ru.

Figure 12. Calculated overall reaction profile at B3LYP/II for the reaction of OsO4 with ethylene. The energy values are given in kcal/mol, and the
ZPE-corrected values are given in parentheses.

Oxidation of Olefins A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 126, NO. 11, 2004 3651



Acknowledgment. This work was supported by the Deutsche
Forschungsgemeinschaft and by the Fonds der Chemischen
Industrie. We thank Dr. Nikolaus Fro¨hlich for excellent support
of the PC-Cluster “Hu¨ckel”. Helpful service by the Hochschul-
rechenzentrum of the Philipps-Universita¨t Marburg is grate-

fully acknowledged. Additional computer time was provided
by the HLR Frankfurt, HLRZ Stuttgart, and the HHLR
Darmstadt.

JA039921A

A R T I C L E S Frunzke et al.

3652 J. AM. CHEM. SOC. 9 VOL. 126, NO. 11, 2004


