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Manganese-Salen Complexes as Oxygen-Transfer Agents in Catalytic
Epoxidations � A Density Functional Study of Mechanistic Aspects

Luigi Cavallo[a] and Heiko Jacobsen*[b]

Keywords: Density functional calculations / Epoxidation / Manganese / N,O ligands / Radicals

The mechanism of the Jacobsen−Katsuki epoxidation has
been investigated by application of density functional theory;
the results of a series of calculations for simplified model sys-
tems of different spin states are presented. In the chosen
computational approach, the epoxidation of ethylene with a
cationic five-coordinate model catalyst is predicted to occur
through a radical intermediate, similarly to the reaction
mechanism calculated for the corresponding neutral six-co-
ordinate species. Although the radical intermediate shows a
small energetic preference for the quintet state over the trip-
let state, the computed reaction profile does not suggest that
two-state reactivity involving spin change plays a major role
during the oxygen-transfer step. Comparative orbital ana-

Introduction

Transition metal-catalyzed oxidations play a vital role not
only in preparative organic chemistry, but also in biochem-
ical transformations.[1] We mention as one prominent ex-
ample that manganese is part of the active site in photosys-
tem II,[2] and that the role of metal oxo species in water
oxidation and O2-formation has been convincingly demon-
strated.[3,4] For synthetic purposes, cationic MnIII-salen
complexes were introduced as effective catalysts for the
epoxidation of olefins by Kochi in 1986.[5] Katsuki[6] and
Jacobsen[7] designed chiral manganese catalysts, which also
allowed for enantioselective epoxidations, by modifying the
backbone of the salen ligand. The Jacobsen�Katsuki reac-
tion is currently recognized as one of the most practical
methods for the epoxidation of alkenes.[8,9] Jacobsen’s cata-
lyst 1 is effective for virtually every class of conjugated ol-
efins, and industrial production of the catalyst on a ton
scale has become possible.[10] New developments in catalytic
epoxidation with MnIII-salen complexes include the use of
ionic liquids, which allow the homogenous chiral catalyst
to be immobilized, recovered, and recycled and so enhance
the activity of the system.[11]
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lysis of the cationic and the neutral complexes elucidates the
role of a ligand trans to the oxo group. A π-donor trans to
the forming OR− ligand in the radical intermediate causes a
relative destabilization of a possible quintet occupation, thus
conferring spin rigidity to the six-coordinate species derived
from the neutral catalyst. A reaction pathway resulting in ro-
tational collapse might involve a spin-crossing process. The
ligand framework of the tetra-chelating N,O ligand in the
radical intermediate exhibits a considerable amount of li-
gand folding.

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

The mechanistic scheme commonly proposed for this
oxygen-transfer reaction consists of a two-step catalytic
cycle (Scheme 1).[8,9,12] Oxygen is transferred from a ter-
minal oxidant to the MnIII-salen catalyst, generating an in-
termediate MnV oxo complex, which in the second step car-
ries the activated oxygen to the olefinic double bond.

The existence of a MnV oxo intermediate, first postulated
by Kochi and co-workers,[5] was confirmed by electrospray
tandem mass spectrometry by Feichtinger and Plattner.[13]

In a recent study, these authors used the same technique to
elucidate the mechanism of oxygen transfer to the MnIII-
salen complex in great detail,[14] identifying a dimeric µ-

Scheme 1
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oxo-bridged species acting as reservoir species, and for the
first time investigating the coordination chemistry of the
terminal oxidant iodosylbenzene with regard to the
Mn(salen) system. It should be mentioned that related
MnV-oxo complexes have also been detected in solution by
Groves and co-workers, who applied rapid-mixing stopped-
flow spectrophotometry.[15]

Keenly debated is the second step in the epoxidation reac-
tion, over which a controversy has erupted in the literat-
ure (Scheme 2).[16]

Scheme 2

Since the stereochemistry is determined by the way in
which oxygen is delivered to the olefin, detailed knowledge
of this step provides the basis for understanding and tuning
of the enantioselectivity of the reaction. Both pathway I, in
which the first attack of the olefin occurs at the oxo center
only, and pathway II, which proceeds via a manganoxetane,
are subjects of discussion. Experimental evidence has been
put forward both for the existence of radical interme-
diates[17] and for the formation of metallacycles.[18] In con-
trast to direct routes, which should give rise to cis epoxides,
rotational collapse from the radical intermediate would af-
ford the trans product (Scheme 2). This mechanism pro-
vides an explanation for the experimentally observed cis/
trans isomerization in the epoxidation of conjugated al-
kenes.

With regard to the origin of the enantioselectivity, it is
generally assumed that it is dominated by steric interactions
between the chiral Mn(salen) complex and the two pro-
chiral faces of the olefin. However, it has to be borne in
mind that electronic effects, in particular the nature of the
substituents in positions 5,5�, also have a strong influence.

Jacobsen developed a mechanistic basis for the electronic
effects on enantioselectivity,[19] which assumes the forma-
tion of a radical intermediate as the first step in oxygen
transfer. Enantioselectivity is tied to the position of the
transition state along the reaction coordinate, which can in
turn be tuned by electronic variation of the salen ligand
system. In connection with the synthesis of optically active
α-hydroxy carbonyl compounds, Fell and Adam also
showed that the preferentially reacting enantiomer is deter-
mined by electronic effects, whereas steric interactions are
responsible for the observed stereochemical preference in
the double bond epoxidation.[20] When hydroxy group dir-
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ectivity is utilized during the course of the diastereoselective
epoxidation,[21] Adam and co-workers conclude that reac-
tions through a metallacycle intermediate and through a
direct three-centered transition state both constitute viable
reaction mechanisms.[22] Metallacycles have also been dis-
cussed by Katsuki and co-workers.[23]

Recently, various density functional (DF) calculations fo-
cusing on MnV-oxo species and their role in olefin epoxid-
ation have appeared. Most of these studies deal with sys-
tems 3 or 3�, derived from the MnIII-salen model com-
plexes 2 or 2�, respectively.

Strassner and Houk[24] have reported the results of hy-
brid-DF[25] calculations with the B3LYP functional[26] on
the geometries and multiplicities of the systems described
above, and discuss their implications for stereoselectivity.
By the same methodology, Svensson and co-workers[27]

studied the epoxidation of ethylene with catalyst 3�. They
suggest that the reaction begins with alkene attack on the
triplet surface, followed by a spin change to the quintet sur-
face, which affords the quintet epoxide product without a
barrier. On the triplet surface it was possible to localize a
radical intermediate, whereas on the quintet surface the re-
action proceeds from the first, very early, transition state
directly to the final products without any other interme-
diates or transition states. The point at which the spin-
crossing occurs determines the stereochemistry of the reac-
tion; only if the spin change takes place after the formation
of the radical intermediate does cis-trans isomerization be-
come possible. The mechanism of the Jacobsen�Katsuki
epoxidation is thus explained in terms of two-state reactiv-
ity,[28] which has evolved as a new concept in organometal-
lic chemistry.[29] Although reactions that undergo spin in-
version have recently been observed in the gas phase,[30]

two-state reactivity in the condensed phase has not yet been
shown to occur, but ‘‘offers a conceptually attractive ex-
planation for these experimental findings that are difficult
to understand by any other existing concepts.’’[29]

We have investigated a similar reaction profile for olefin
epoxidation with catalyst 3,[31] by applying BP86 DF calcu-
lations.[32] Contrary to the results obtained by Svensson and
co-workers, our calculations for the reaction profile for
ethylene epoxidation with 3 indicate that the reaction oc-
curs on the triplet surface, and is likely to involve radical
intermediates. The reaction profile on the quintet surface,
for which both a radical intermediate and transition states
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for C�O bond formation could be localized, is generally
higher in energy than that of the triplet surface, and spin
inversion does not seem to be a likely process. Both studies
on system 3 and 3�, however, concur on the fact that
formation of a metallacycle during the epoxidation is not
likely to occur.

One of the differences between the two mechanistic
models described above is the presence of a free coordina-
tion site versus an occupied one trans to the oxo group. The
coordination chemistry of Mn salen complexes and effects
of axial ligation have recently been investigated by elec-
trospray tandem mass spectrometry in combination with
hybrid DF calculations.[33] This study shows that the pres-
ence of a trans ligand has a significant influence not only
on the coordination geometry of the salen framework, but
also on the relative energies of different spin states. Similar
observations have also been made by Strassner and
Houk.[24]

A further difference between our previous study and the
contribution by Svensson and co-workers is the choice of
computational methodology. Although it has been convin-
cingly demonstrated that DF theory in general constitutes
a powerful tool for the prediction of structures and ener-
getics in transition metal chemistry[34] with an accuracy of
the gradient corrected method similar to, or better than,
standard correlated methods,[35] systematic studies investi-
gating the performance of different functionals for certain
problems in transition metal chemistry have only recently
begun to appear.[36,37] When it comes to manganese com-
plexes related to the problem at hand, successful applica-
tions both of the B3LYP[38] and of the BP86[39] functionals
have been demonstrated in the literature. However, it was
recently shown by high-level ab initio calculations [coupled
cluster CCSD(T)] that a computational procedure based on
the BP86 density functional generates numerical results sig-
nificantly more reliable than those obtained by a B3LYP
approach for the Mn-catalyzed epoxidation reactions.[40]

Given the importance of the Jacobsen�Katsuki epoxid-
ation, we decided to reinvestigate the oxidation of ethylene
with catalyst 2� by means of BP86-DF calculations. This
study complements our previous investigations on the cor-
responding neutral system 2.[31] Comparison between the
energy profiles for the neutral and cationic active species
should allow insights on the role of the axial ligand to be
obtained. Questions to be addressed include the existence
of possible oxametallacyclic intermediates, as well as a pos-
sible precoordination of the olefinic double bond. Further-
more, the coordination geometry of the tetra-chelating N,O
ligand is investigated, and the possibility of spin inversion
is discussed in connection with the geometries of radical
intermediates and of transition states. Moreover, since there
are some discrepancies between the chemical pictures ob-
tained by the different DF approaches, we believe it is also
worthwhile to investigate the energy profile for the cationic
system 2� with the BP86 functional. We believe that a crit-
ical comparison between different computational ap-
proaches should allow further details on the mechanism of
this relevant reaction to be gained.
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Results and Discussion

Electronic Structures of Mn(salen) Model Compounds:
(Supporting information including optimized geometries
and final bonding energies available, see also footnote on
the first page of this article).The qualitative molecular or-
bital diagram for a d4-ML4 complex[41] suggests that, for
the square planar compound 2�, triplet and quintet config-
urations � corresponding to total spin density values of 2α,
S2, and 4α, S4, respectively � have to be considered. Our
nomenclature was chosen to reflect the spin density, and
should not be mistaken with spin states or �S2� values.
We calculated an energetic difference of 67 kJ/mol, in favor
of the quintet state, between the S2 and S4 geometries in
2�. A singlet ground state can be achieved if the metal d
orbitals adopt the familiar two-below-three pattern of a tet-
rahedral ligand field. The S0�2� molecule, however, which
is consequently strongly distorted toward a tetrahedral geo-
metry, is 147 kJ/mol higher in energy than S4�2�. This co-
ordination mode of the core ligand is not considered any
further. Complex 2� thus possesses an electronic structure
similar to that of 2, for which the energetic difference be-
tween the S4 and S2 geometries amounts to 38 kJ/mol,[31]

S4�2 again being more stable. These results are in agree-
ment with EPR spectroscopic studies of the Mn(salen) com-
plex 1 in CH2Cl2 at 77 K performed by Talsi and co-
workers,[42] which reveal the presence of manganese species
with spin states S � 2. Recent EPR studies by Campbell
and co-workers[43] confirm these findings.

For the active species involved in oxygen transfer, the cat-
ionic MnV complex 3�, we calculate the S0 state to be most
stable, with a triplet S2�3� 27 kJ/mol higher in energy, and
a quintet S4�3� 101 kJ/mol less stable than the ground
state. For the corresponding hexacoordinate compound 3,
on the other hand, the two states S0 and S2 are at virtually
the same energy level, with a marginal preference for the
singlet. In addition, the quintet state S4�3 is only 45 kJ/
mol higher in energy than the S0 local minimum geometry.
The molecular orbital diagram for the MnV-oxo species 3
and 3�, presented in Figure 1, offers an explanation for
this observation.

The energy level schemes are derived from the corres-
ponding singlet geometries. For 3�, the HOMO is domin-
ated by contributions from a Mn-dx2�y2 orbital, whereas the
LUMO and LUMO�1 are metal-based, derived from the
orbitals dxz and dyz. However, the last two orbitals are
strongly antibonding with respect to the p orbitals of the
oxo ligand. They are therefore raised in energy relative to
the HOMO, and the resulting rather large HOMO/LUMO
gap energetically stabilizes the singlet state. The degeneracy
of the LUMO and LUMO�1 is lifted, due to orbital contri-
butions from the tetra-chelating ligand. For the HOMO of
3, we have substantial antibonding interaction between the
Mn-dx2�y2 orbital and occupied p orbitals of the Cl� li-
gand. This interaction causes an energetic destabilization of
the HOMO. As a consequence, the HOMO/LUMO gap is
lowered, in favor of a triplet configuration. This orbital in-
teraction provides a first hint as to how an additional π-



Manganese-Salen Complexes as Oxygen-Transfer Agents in Catalytic Epoxidations FULL PAPER

Figure 1. Frontier orbital diagram for MnV oxo complexes 3� and 3

donor trans to the oxo ligand might exert an influence on
the oxygen-transfer process.

Table 1 compares the relative energies of different spin
state geometries of 2�, 2, 3�, and 3 with the results of the
two B3LYP studies by Strassner and Houk[24] and by Svens-
son and co-workers,[27] as well as with the recent study of
Abashkin and co-workers.[40] This comparison focuses on
technical aspects of the calculations, and the results in
Table 1 are organized according to basis set quality into
three groups. Group I refers to calculation utilizing a triple-
ζ basis for Mn, and a double-ζ basis plus polarization for
the remaining atoms. In group II, a double-ζ basis is used
and polarization functions are added for Mn, Cl, O, and N,
whereas group III essentially refers to double-ζ basis set cal-
culations.

Table 1. Relative energies (kJ/mol)[a] of complexes 2�, 2, 3�, 3 for
different spin densities

[a] 2� 2 3� 3
S2 S4 S2 S4 S0 S2 S4 S0 S2 S4

I
BP86[b] 67 0 38 0 0 27 101 0 1 45
B3LYP[c] 113 0 82 0 0 15 47 43 0 8

II
BP86d. � � � � 0 53 141 0 25 72
B3LYP[d] � � � � � � � 39 5 0

III
B3LYP[e] � � � � 7 0 21 � � �
B3LYP[f] � � � � 6 0 11 � � �

[a] Literature values have been converted. [b] Values for 2 and 3 from
ref.[31] [c] 6�31G* (HCNOCl)/TZ(Mn) basis, ref.[24] [d] DZVP basis
for Mn, Cl, N O, DZ basis for C, H; ref.[40] [e] DZ basis, ref.[40]

[f] (14s,11p,6d) primitive basis augmented by two p and one diffuse
d function contracted to [6s,5p,3d] for Mn, DZ basis for ligands,
ref.[27]

Referring to group I, for the two cationic species and for
2, our calculations are in qualitative agreement with the
data reported by Strassner and Houk.[24] In particular, both
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sets of calculations predict the same energetic ranking for
the MnIII and MnV species, and indicate that the addition
of the π-donating Cl� ligand reduces the energy gap be-
tween the S2 and S4 states by about 30 kJ/mol. The reason
is again to be found in the antibonding contributions from
p orbitals of the Cl� ligand, which destabilize only three of
the four singly occupied metal d orbitals, rendering triplet
occupation more stable for 2 than for 2�. One difference
between the BP86 and B3LYP functionals is the fact that
the hybrid method, which contains an admixture of pure
Hartree�Fock exchange, energetically favors the S4 spin
states. Thus, in cases in which S4 is the ground state, such
as 2 and 2�, the energy difference between the S4 and S2
geometries is higher, by about 45 kJ/mol, for the B3LYP
calculation than for BP86 results. On the other hand and
for the same reason, S4�3� is energetically more disfavored
in the BP86 calculation, by 54 kJ/mol.

A major discrepancy is found for compound 3. As discus-
sed above, the BP86 calculations predict a singlet and a trip-
let geometry at almost the same energy. In contrast, the
B3LYP method results in a triplet ground state, with the
quintet close by in energy, and the singlet significantly
higher.

A reason for this discrepancy may be found if group II
data are included in the discussion. For 3� and 3 we find
that the results of the BP86 calculations of Abashkin and
co-workers[40] follow the same qualitative trend as our cur-
rent and previous results. However, the energy differences
between different spin states are significantly different. For
3 in particular, Abashkin and co-workers predict a singlet
state, clearly favored over a triplet state, as ground state,
whereas our calculations indicated that a singlet and a trip-
let state are essentially at the same energy level, well separ-
ated from a quintet state. This might be a first indication
of the importance of an extended basis set for calculations
on the type of molecules under investigation, describing the
metal center on a triple-ζ basis, and including polarization
functions for all atoms. Comparing B3LYP calculations of
group I and II, we again find qualitative agreement. Triplet
and quintet states are close in energy, whereas the singlet
state is significantly higher in energy. However, Strassner
and Houk find a triplet state at lowest energy, the quintet
being 8 kJ/mol higher, whereas Abashkin and co-workers
find the triplet to be 5 kJ/mol higher than the quintet, the
latter now being the ground state. This again might be an
indication for significant basis set influences.

Abashkin and co-workers have also addressed the com-
parison between the BP86 and the B3LYP approaches.[40]

We recall that for 3 the two approaches provide qualitatively
different results, the relative energy rankings being S0 � S2
� S4 for BP86 and S0 � S2 � S4 for B3LYP. In addition
to DFT calculations, Abashkin and co-workers performed
high level ab initio calculations, and the results for 3, ob-
tained from coupled cluster CCSD(T) calculations, are in
line with BP86, but not with B3LYP. This study suggests
that for this type of molecules the pure BP86 functional
provides a more appropriate and a more suitable approach
than the popular B3LYP hybrid functional.
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Figure 2. Energy profile for the epoxidation reaction

Finally, turning to group III, we find that the two sets
of B3LYP calculations are in good qualitative agreement.
However, B3LYP calculations without inclusion of polar-
ization functions are significantly different from the B3LYP
result for group I. This comparison again underlines the
importance of an extended basis set for calculations on the
type of molecules under investigation.

The importance of basis sets is further evident when the
DZVP-BP86 results of Abashkin and co-workers for com-
plex 2 are considered. The authors find a triplet state at
lowest energy, a quintet state being 5 kJ/mol higher, whereas
our previous BP86 results report the triplet as 38 kJ/mol
above the quintet.

The Reaction Profile for Oxygen Transfer: The calculated
energy profile for epoxide formation with the model catalyst
3� is displayed in Figure 2.

Relative energies for reactants, intermediates, transition
states, and final products are reported for the S0, S2, and
S4 energy hypersurfaces. We comment on each of the single
steps in more detail below.

The Reference System 4�: In our reference system, the
incoming olefin approaches the manganese catalyst from
the site of the oxo ligand, and forms a weakly bonded ad-
duct. In this complex, the distances between the olefinic C
atoms and the Mn�O function amount to 300 and 320 pm,
respectively. The system S2�4� is set at 0 kJ/mol on the
energy scale, and the energies of all other species are then
given relative to S2�4�. It is worth mentioning that the
relative energies of the different spin states S0, S2, and S4
are in essence identical to those obtained for the free oxo
cation 3� (compare Table 1). We chose this aggregate as
reference state over the completely separated molecules
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(C2H4 � 3�), since some of the computational errors in-
volved in determining the energetics of bond-forming reac-
tions, especially those stemming from basis set superposi-
tion effects,[44] are reduced in such a combined approach.

The First Transition State 5�‡: On the S2 energy hyper-
surface, the energy of the 5�‡ structure lies 16 kJ/mol above
the reference state S2�4�, indicating that the first C�O
bond formation does not represent much of an energetic
barrier. The distance dC�O amounts to 189 pm, similar to
that calculated for the corresponding structure S2�5‡.[31]

The Mn�O bond is 169 pm, significantly elongated com-
pared to that in S2�3� (dMn�O � 161 pm). The values of
spin density at the Mn center and the terminal C atom of
the olefinic substrate amount to 2.4 α and 0.5 β, respect-
ively, indicating that the epoxidation reaction is initialized
by a one-electron reduction process. From both the elec-
tronic and the geometric structures of S2�5�‡ it can be
concluded that S2�5�‡ has to be classified as a late, or
product-like, transition state on the triplet surface. This ob-
servation, together with an orbital analysis for the radical
intermediate presented in the next section, also rules out the
existence of an energetically low-lying S0�5�‡ geometry. A
different situation is found when the process is assumed to
take place on the quintet surface. The S4�5�‡ state is al-
ready reached when the bond-forming C-atom is about 240
pm away from the oxo center, and is only marginally higher
in energy than S4�4�. Also, the electronic situation more
closely resembles that of the reactant system, with spin den-
sity mostly located at the metal center and at the oxo li-
gand. In this case the reaction occurs through an early
transition state, as already noted by Svensson and co-
workers.[27]
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Figure 3. Optimized structures and relative energies for S2 and S4 geometries of 6� and 6

The Radical Intermediate 6�: Figure 3 compares the geo-
metries and relative energies of the radical intermediates
S2�6� and S4�6� with those of the corresponding neutral
systems S2�6 and S4�6.

A few important differences deserve more detailed dis-
cussion. Firstly, we note that the Mn�O distances in the
cationic systems are between 8 and 2 pm shorter than those
found for the system with the Cl ligand trans to the oxo
group, pointing to a trans influence of the additional π-
donor ligand. We also see that both chloro species S2�6
and S4�6 have the same Mn�O separation, whereas the
triplet geometry shows significantly shorter Mn�O dis-
tances for the cationic complexes 6�. Secondly, we observe
that the coordination geometry of the quintet species is sub-
stantially different from that of the triplet systems. In the
latter, the original orientation of the olefin is preserved,
whereas in the former we see that the terminal CH2 group
is rotated by 90°. Thirdly, for the cationic system 6� we
calculate a small energetic preference for the S4 state (of
4 kJ/mol), whereas for the neutral system 6 the S2 state is
more stable by 9 kJ/mol.

A qualitative analysis of the frontier Kohn-Sham orbitals
corresponding to the α spin density for the S2 geometries
provides a rationale for the above observations. The highest
occupied orbital 1a and the lowest unoccupied orbitals 2a
for system 6� and 6 are presented in Figure 4.

For the formal MnIV species, these orbitals are mainly
Mn-based d orbitals, undergoing antibonding interaction
with the �OC2H5 ligand. For 6, we see that the interplay
of the p-Cl and d-Mn orbitals adds additional antibonding
character. A promotion of one electron into orbital 2a, re-
sulting in an electronic quintet state, is thus disfavored for
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Figure 4. Frontier orbitals for the MnIV complexes 6� and 6

6 by an increase in the repulsive Mn�Cl interaction. This
argument suggests that the role of the π-donor in the trans
position is a relative destabilization of a possible quintet
occupation, thus conferring spin rigidity to the six-coordin-
ate species derived from the neutral catalyst 2. In our previ-
ous study we calculated that S2�6 is energetically favored
over S4�6 by 9 kJ/mol. We also see that the orbital 2a has
large contributions from the p orbitals of the terminal CH2

group, which interact with the formerly oxo ligand in an
antibonding fashion. As a consequence, when this molecu-
lar orbital becomes occupied, the terminal CH2 group
twists to relieve this destabilizing interaction. As mentioned
before, the S4 geometries both for 6 and for 6� do indeed
exhibit this structural characteristic.

Another important feature observed in Figure 3 is the
folded geometry of the tetra-chelating N,O ligand. This ar-
rangement has been identified as one of the key points in
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the mechanism of enantioselectivity[45] and we return to a
more detailed analysis of this structural feature at a later
point.

The Second Transition State 7�‡: On the S2 surface, the
transition state 7�‡ for the formation of the second C�O
bond is only 9 kJ/mol higher in energy than the triplet inter-
mediate (Figure 2). The long length of the newly forming
C�O bond classifies S2�7�‡ as an early transition state.
Product formation from the radical intermediate thus oc-
curs without much of an energetic barrier. In comparison
with S2�7�‡, the transition state S4�7�‡ is 10 kJ/mol
higher in energy. The characteristic mode receives a strong
contribution from the CH2-twist required for ring closure
to form the epoxide.

The Epoxide Adduct 8�: Characteristic bond lengths and
bonding energies for epoxide complexes 8� are compiled
in Table 2.

Table 2. Bond lengths (pm) and bond energies (kJ/mol) for MnIII

epoxide complexes 8�

dMn�O BE

S0�8� 198 123
S2�8� 199 85
S4�8� 223 85

We see that the forming epoxide is only loosely bound to
the metal centers, the coordination geometries and relative
energies of which resemble those of the MnIII precursor
models 2�. Only the S0 complex is somewhat more strongly
stabilized, relative to the S2 and S4 systems. The most
stable complex is therefore S4�8�, followed by S2�8�,
67 kJ/mol higher in energy. If the cationic complexes con-
sidered here are the true catalytically active species, a spin
change during the course of the epoxidation reaction might
indeed occur in the reaction sequence. On the other hand,
it is worth mentioning that the energetic difference between
the corresponding chloro complexes S4�8 and S2�8 only
amounts to 4 kJ/mol, in favor of the quintet state.[31] As we
have already argued in this context, catalytic cycles based
on Mn complexes derived from the hexacoordinate model
system 3 are likely to take place as spin-conserving reac-
tions.

As mentioned before, the resulting epoxides are only
loosely bonded to the metal center. Furthermore, we should
keep in mind that our calculations are performed on isol-
ated systems in the gas phase, and we can expect that solv-
ent effects should substantially stabilize the coordinatively
unsaturated cation 2�, thus further reducing the bond en-
ergy of the epoxide ligand. If in addition we take into ac-
count unfavorable coordination entropy, for which at room
temperature a T∆S contribution between 40 and 50 kJ/mol
can be estimated,[46] we conclude that product liberation is
not a critical step in the catalytic cycle.

The Transition State 9�‡ for Synchronous Attack: So far,
we have considered the epoxidation reaction as a sequence
of two consecutive C�O bond-formation steps. Alternat-
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ively, one might think of a concerted mechanism that in-
volves an epoxide-like transition state 9�‡ (Scheme 3).

Scheme 3

Such a mechanism, however, although consistent with
certain experimental findings,[22] does not offer a simple ex-
planation for the observed cis/trans isomerization that fre-
quently occurs in the epoxidation reaction. For our model
reaction we have localized the corresponding structures
both on the triplet and on the quintet surfaces. Compared
to the reference system, structures S2�9�‡ and S4�9�‡ are
32 and 74 kJ/mol higher in energy, respectively. This implies
that, on the S2 surface, the concerted mechanism is kin-
etically disfavored relative to the stepwise reaction by 16 kJ/
mol. Even in the S4 case the stepwise reaction is favored by
4 kJ/mol.

Ligand Folding: As noted above in the context of the rad-
ical intermediate 6�, the tetra-chelating N,O model ligand
shows significant deviations from a planar structure, and
has a folded geometry, as shown in Figure 3. We now dis-
cuss ligand folding for the representative geometries of the
oxomanganese species 3� and 3, as well as of the radical
intermediates 6� and 6, including the corresponding struc-
tures 3s and 6s of a Mn(salen) complex.[31]

Ligand folding is discussed in connection with the bent
angles ϕup and ϕdown, and the distance of pyramidaliza-
tion, dP. A bent angle ϕ is defined as ϕ � 180° �
�(Mn�XNO�XR), the angle �(Mn�XNO�XR) being that
measured between the metal center, the midpoint of adja-
cent N,O heteroatoms (XNO), and the midpoint of the six-
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membered ring containing the metal and the N,O het-
eroatoms (XR, Scheme 4).

Scheme 4

The angle ϕup indicates the part of the tetra-chelating
N,O ligand being bent towards the oxo or towards the
ethoxy ligand, whereas ϕdown characterizes the part of the
tetra-chelating N,O ligand bent towards the free coordina-
tion site or towards the chlorine ligand. Furthermore, the
distance of pyramidalization dP is defined as the separation
between the metal atom and the O�XNN�O plane, XNN

being the midpoint between the two N atoms. A value of
dP close to zero indicates that the metal essentially lies
within the O,N,N,O coordination plane. The values for the
folding angles and for the distance dP are collected in
Table 3.

Table 3. Relevant angles (°) ϕup, ϕdown and distance of pyramidaliz-
ation (pm) dP for cationic (this work) and neutral (from data of
ref.[31]) Mn complexes

S2 S4
ϕup ϕdown dP ϕup ϕdown dP

3� 18 8 42 7 2 22
3 19 17 11 3 13 4
3s 10 16 0 10 17 1
6� 20 5 29 18 3 31
6 8 16 0 8 15 0
6s 8 15 0 8 15 0

The folded ligand geometries as shown in Figure 3 are
characterized by bent angles ϕ being 10° or larger, and by
dP being essentially zero. Inspection of the values reported
in Table 3 indicates that highly bent angles ϕ are found in
all cases, with the single exception of S4�3�. For the cat-
ionic molecules, however, the metal atom is considerably
shifted out of the O,N,N,O coordination plane with values
of dP of between 20 and 45 pm. The cationic molecules do
not display the folded geometry as shown in Figure 3, and
they probably also do not posses the ability to form a chiral
pocket, needed for transfer of enantioselectivity.[45] On the
other hand, the neutral systems under consideration display
ϕ and dP values indicative of a folded ligand geometry. In
particular, we note that similar structures are observed for
the salen ligand in the radical intermediate 6s and for the
model ligand in complex 6. It has recently been suggested
that the degree of ligand folding is determined by the nature
of the axial ligand in Mn(salen) complexes, which in turn
has implications for the reaction rate of epoxidation reac-
tions.[47]

Structural Alternatives: We briefly discuss two further
complex geometries that might be of importance: namely a
metallacycle 10� and an olefin complex of the MnV-oxo
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species, 11�. Representative structures are displayed in
Figure 5.

Figure 5. Representative S2 geometries for a possible manganaoxe-
tane 10� (above), and an MnV-oxo olefin adduct 11� (below)

Metallacyclic Intermediates: The possibility that metalla-
cycles might be viable intermediates in the epoxidation reac-
tion, and might play a key role in the mechanism of enanti-
oselectivity, has been the subject of a vivid debate in the
literature.[17] Indeed, one of the first models of the chirality
transfer deduced from calculations uses a manganoxetane
as a key intermediate.[48] We have already mentioned that
the orbital analysis for structures 6� points to the possible
existence of metallacyclic intermediates. We were able to
locate local minima corresponding to such a species on the
S0, S2, and S4 hypersurfaces, their relative energies being
given in Figure 2. Interestingly, the structure S2�10� is en-
ergetically even slightly more stable than the radical inter-
mediate. Its geometry is displayed in Figure 5. The Mn�O
distance of the four-membered ring is about 6 pm longer
than S2�6�, but still within the calculated range for other
Mn�O bonds. The Mn�C bond is 203 pm long, substan-
tially shorter than the Mn�C separations in the radical in-
termediates (around 230 pm). The Mn center possesses a
pseudo-octahedral coordination geometry, with a signific-
antly elongated Mn�N bond trans to the oxacycle. The
formation of the oxacycle is favored since the Mn center in
6� is coordinatively unsaturated. Indeed, a seven-coordin-



L. Cavallo, H. JacobsenFULL PAPER
ated manganaoxetane 10 is 104 kJ/mol higher in energy
than the radical intermediate 6.[31] Although structure 10�

might be an alternative for an intermediate local minimum
geometry, it is not likely to play a major role in product
formation. We calculated that formation of 8� starting from
10�, rather than 6�, is associated with an activation barrier
of about 35 kJ/mol. This result is in agreement with a recent
study that made use of electrospray ionization in combina-
tion with tandem mass spectrometric techniques.[49] It was
found that the presence of axial ligands decreases the
stability and thus enhances the reactivity of the Mn�O
moiety. In the cationic system, the manganaoxetane 10� is
an energetically favorable intermediate in comparison with
the radical intermediate 6�, but possesses a higher activa-
tion barrier towards product formation, and thus a reduced
reactivity. In contrast, systems with axial ligands do not
possess energetically favorable, metallacyclic resting inter-
mediates.[31]

Olefin Pre-Coordination: Since the catalytic model system
3� is coordinatively unsaturated, one might consider the
possibility that the olefinic substrate coordinates to the
metal center before the oxygen transfer occurs. We investig-
ated possible complexes of this type on the S0, S2, and S4
surfaces, and found in all cases that the olefin is only weakly
bound. A representative geometry S2�11� is shown in Fig-
ure 5. The distance between the olefin and the metal center
amounts to about 350 pm, and the relative energy is only 4
kJ/mol lower than the one calculated for the reference sys-
tem S2�4�. The pre-coordination of an olefin can thus be
excluded as a vital step in the epoxidation reaction. This
conclusion is in agreement with the results of the recent
electrospray tandem mass spectrometric study by Plattner
and co-workers, who, in a suitable experimental set-up, did
not find any indication of pre-coordination of the substrate
as prerequisite for oxidation.[33]

Comparison with d0 Metal Oxo and Peroxo Species: In
this final section we present a brief comparison with related
theoretical work on oxygen-transfer reactions involving
transition metal complexes. Olefin epoxidations mediated
by transition metal oxo complexes in high oxidation states,
especially those catalyzed by Herrmann-type complexes
[ReO(O2)2CH3] and Mimoun-type complexes
[MoO(O2)2(OPR3)], have recently generated much interest
among experimentalists and theoreticians alike, and
Rösch’s[50] and Deubel and Frenking’s[51] groups have pre-
sented detailed theoretical mechanistic studies. The interes-
ted reader will also find extensive references to the literature
in these computational contributions. Unlike in this work,
the olefin attacks an oxygen center in a concerted fashion.
The preferred site of initial attack is a peroxo ligand, giving
rise to spiro oxygen in the transition state. Using charge
decomposition analysis, Deubel and Frenking[51a] have
characterized the electronic nature of the initial attack in
terms of classical donor-acceptor interactions, in which the
d0 metal oxo and peroxo species attack the olefin in an elec-
trophilic manner. For the Mn(salen) systems, charge ana-
lysis based on Voronoi deformation densities suggests a
similar electronic picture. However, the characteristic fea-
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ture of the transition states 5� and 5 is a build-up of spin
density at the terminal carbon atom. This process is essen-
tially responsible for the locally asymmetric attack of the
olefin at the oxo center, which further determines the geo-
metric features of the transition state necessary for chirality
transfer.[45] Consistently with our findings, Deubel and
Frenking conclude that olefin precoordination at the metal
center does not apparently play a role in MoIV-catalyzed
epoxidation reactions,[51c] the reaction profile in both cases
being determined by direct oxygen attack of the olefin.

Conclusion

The main results of this study are summarized in the fol-
lowing points. By our computational approach, the epoxid-
ation of ethylene with the cationic five-coordinate model
catalyst 3� is predicted to occur through a radical interme-
diate, similarly to the reaction mechanism calculated for the
corresponding neutral six-coordinate species 3. In contrast
to the reaction profile for 3, we do not find a clear prefer-
ence for the S2 state throughout the whole process. The
radical intermediate 6� shows a small energetic preference
for the quintet state over the triplet state. However, contrary
to previous studies,[27] we were able to locate a radical inter-
mediate as a local minimum structure on the S4 hypersur-
face. On inspection of the computed reaction profile, it
seems unlikely that two-state reactivity involving spin
change might play a major role in the oxygen-transfer step.
Comparative orbital analysis of the cationic and the neutral
complexes provides an explanation as to how the ligand
trans to the oxo group confers spin rigidity to the catalytic
systems. However, the different coordination geometries of
models 6� and 6 on the S2 and S4 surfaces, respectively,
indicate that spin change might indeed be of importance to
epoxide formation. Whereas in the S2 species the two car-
bon centers of the olefinic substrate are still in π-conjuga-
tion, the terminal methylene group in the S4 complexes is
rotated by 90°. This points to the possibility that the path-
way of rotational collapse might involve a spin-crossing
process. Metallacyclic intermediates might occur during the
epoxidation reaction mediated by cationic complexes. How-
ever, these complexes constitute resting states, and are likely
to display a reduced reactivity towards epoxide formation,
in comparison with radical intermediates. Pre-coordination
of an olefin is likely to be excluded as a vital step in the
epoxidation reaction

This and our previous studies[31] strongly suggest that the
crucial step to enantioselectivity is the transition state of
the first carbon-oxygen formation. From this assumption,
and from the results obtained so far, we have already de-
veloped a model that explains the enantioselectivity in the
Mn(salen)-catalyzed epoxidation of olefins.[9,19,45] Never-
theless, one has to keep in mind the fact that solvent effects
as well as the presence of auxiliary ligands are likely to in-
fluence the course of the epoxidation reaction. In addition,
reaction profiles in which other MnIV species are involved
in the epoxidation reaction have recently been addressed in
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the literature,[52] and deserve further computational atten-
tion. Recent theoretical studies[53] have demonstrated a gen-
eral interest in mechanistic aspects of transition metal-me-
diated reactions resulting in the formation of three-mem-
bered ring systems, and recent experimental work[54,55] illus-
trates the ongoing discussion of the mechanistic aspects of
enantioselective epoxidation reactions. In particular, the
contribution by Adam and co-workers experimentally ad-
dresses the question of whether radical or cationic interme-
diates are present in the Mn(salen)-catalyzed epoxidation,
and attributes counterion effects to computationally as-
sessed ligand-dependent reaction profiles.[55] It is to be
hoped that this study will prove to be helpful in supporting
such studies, and will provide further impetus for future
work, experimentally as well as theoretically.

Computational Details

Spin-polarized calculations were performed with the
ADF program package, version 2.3.0.[56] The local ex-
change-correlation potential of Vosko and co-workers[57]

was augmented self-consistently by Becke’s exchange gradi-
ent-correction and Perdew’s correlation gradient-correction
(BP86).[32] The ADF basis set IV (triple-ζ STO plus one
additional 4p function) was used for Mn, whereas basis set
III (double-ζ STO plus one polarization function) was em-
ployed for the remaining atoms. These basis sets imply the
use of the frozen core approximation, in which only the n-
and (n � 1)-valence orbitals are treated explicitly in a self-
consistent manner.[58] The numerical integration scheme de-
veloped by te Velde[59] was used, and the grid was chosen
such that representative test integrals were evaluated with
an accuracy of at least four significant digits. Analytical
gradients were calculated by the method described by
Versluis.[60] Transition states were first traced by a syn-
chronous linear transit method, and then refined by estab-
lishing one negative frequency in the spectrum of the ap-
proximate Hessian used to construct geometry updates. The
validity of this approach has been demonstrated in the liter-
ature.[61]
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