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Abstract

The origin of enantioselectivity in the epoxidation reaction of cis- and trans-methylstyrene, catalyzed by anchored oxo-Mn"-salen into MCM-41
channels, is investigated by applying density functional calculations in combination with molecular mechanics methodologies. The calculations
provide new insights on the importance of electronic and steric effects of the salen ligand, substrate, immobilizing linker and MCM-41 confinement.
Based on the assumption that the formation of a radical intermediate is the key step along the reaction path, the calculations are performed on
a catalytic surface with triplet spin-state, comprising no Mn-salen spin-crossing. We rationalize the effect of immobilization and show how
that correlates with the linker and substrate choices. We show that although a frans-substrate has a higher level of asymmetric induction to the
immobilized Mn-salen complex than that to a homogeneous catalyst, the reaction path is more in favor of the cis-substrate. The MCM-41 channel
reduces the energy barriers and enhances the enantioselectivity by influencing geometrical distortions of the Mn-salen complex.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Chiral Mn-salen complexes are elegant epoxidation catalysts
with excellent activity and enantioselectivity for the homo-
geneous asymmetric epoxidation of unfunctionalized olefins
[1-3]. Recently, various methods have been employed in order
to heterogenize Mn-salen complexes in nanoporous materials
[4-8]. These strategies include grafting of Mn-salen complexes
on mesoporous materials [4], ion-exchange of Mn-salen into
AI-MCM-41 [5,6], encapsulating in zeolite frameworks [7]
and immobilizig onto inorganic mesoporous materials [8].
Immobilization of enantioselective catalysts into insoluble
porous carriers has advanced features of product separation and
catalyst recovery [2]. Such an attractive strategy, however, may
affect the catalytic performance of epoxidation reaction due
to a lack of cooperative interaction between the nanoporous
solid and transition metal complex. Fundamental studies of the
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origin of communications between the organometallic complex,
immobilizing agent and the nanoporous support, help not only
understand the un-known chiral recognition of the epoxidation
catalytic process by Mn-salen complexes, but investigating the
effect on enantioselectivity of nanoporosity in general. Despite
of a large number of experimental and theoretical studies
employed to investigate the origin of the enantioselectivity
of homogeneous Mn-salen based catalysts [1], less efforts
have focused on heterogeneous asymmetric epoxidation. More
systematic theoretical and computational studies are necessary
in order to understand the effect of nanoporosity and linkers on
the catalytic activity of the immobilized Mn-salen complexes.
Because of their hydrothermal stability and tuneable nanopo-
rosity, MCM-41 materials are the most applicable supports for
the immobilization of Mn-salen complexes [5,6,8,9]. Recently,
Mn salen complexes have been successfully immobilized into
MCM-41 nanopores, using a phenoxyl or phenylsulfide group
as the immobilization linker [8,9], Fig. 1. It has been recently
demonstrated that when Mn-salen complex is immobilized
through phenoxyl group, excess enantioselectivity (ee) for the
epoxidation of cis-B-methylstyrene is three times more than that
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(b) OMn(salen) SO,Mn(salen)

Fig. 1. (a) Visualized Mn-salen complexes anchored inside a MCM-41 chan-
nel using phenoxyl group as the immobilizing linker. (b) The model for the
immobilized Mn-salen complexes using different axial linkages.

for its homogeneous counterpart. Replacement of the linker
by a phenylsulfonic group improves this ratio upto 3.6 for
the similar epoxidation reaction [10,11]. In both cases, cis-
epoxide is the major product, in contrast to the homogeneous
catalyst in which the frans-epoxide is the dominant product.
Accordingly, immobilized Mn-salen catalyst shows different
enanioselectivity than the homogeneous catalyst for the asym-
metric epoxidation of cis-B-methylstyrene. It was also noted
that ee values increase with the length of the immobilizing
linker [11]. The nanopore and linkage length were found to be
the most significant factors that influence the stereoselectivity
of the immobilized Mn-salen catalysts. It was suggested that
a longer linker highlights the confinement effects and subse-
quently enhances the enantioselectivity [10]. The mesoporous
environment influences the structure of the ligand, however, it
may not necessarily change the epoxidation mechanism. Apart
from stereochemistry of linker and mesopore, it is of vital impor-
tance to understand the effect of cis- or trans-(Z or E) olefin
as the substrate. Two main approach trajectories (side-on ver-
sus top-on) have been proposed to explain the degree and type
of enantioselective communications between olefin and Mn-
salen catalyst [12]. When the side-on mechanism is involved,
trans-alkenes are generally believed to be poor substrates with
homogeneous Mn-salen catalysts. It is questionable, however, if
this argumentation holds for the case of the Mn-salen catalyst
immobilized into a confined environment such as MCM-41.
The first principle calculations described here, expatiate on
the stereo-chemical effects of the substrate (cis- and trans-
B-methylstyrene), mesoporous framework and immobilizing
linker into catalytic cycle and mechanism of epoxidation
reaction. The enantioselectivity of immobilized Mn-salen

complexes on MCM-41 channels is the result of a complex
reaction—diffusion process. Different diffusion limitations influ-
ence the selective adsorption of one of the stereoisomers of
substrates or products on the salen complex [2]. The mecha-
nism of enentioselective induction for this catalytic system is
not well known from microscopic point. This implies that a deep
understanding of the mechanism of the epoxidation reaction,
involves a careful description of the system from micro- to meso-
and upto macro-scales. Here we focus on first-principle calcula-
tions, whereas more mesoscopic descriptions will be appeared
in a future paper. Based on density functional theory (DFT)
and quantum-mechanic/molecular-mechanic (QM/MM) calcu-
lations, we wish to rationalize the effect of applicable linkers and
substrates in terms of their geometry and electronic properties,
and evaluate the enantioselectivity of the catalyst with respect
to the energy surfaces along the epoxidation reaction pathway.

2. Computational methodology

Oxo-MnVY (salen)-L species, as the reaction intermediate
responsible for the epoxidation, is assumed as the main reactant
throughout this paper, Scheme 1. Some experimental evidence
has recently been provided for this catalytically active species
[13]. L is an axial ligand connected to Mn, which refers to
ClI and phenoxyl for homogeneous and heterogeneous catalyst,
respectively. Before we describe our method, a few remarkable
concerns from previously used methodologies in the literature
should be addressed. Recently, efforts in developing DFT-based
computational techniques have explored ways to improve the
utilization of the epoxidation reaction using Mn-salen com-
plexes [1,14-20]. The central theme for most of those recent
studies was to evaluate the accuracy of the computational meth-
ods used for epoxidation reactions catalyzed by homogeneous
Mn(salen) complexes. The effect of oxo-Mn" multiplicity, spin
crossing dilemma and its effect on reaction intermediates have
been demonstrated accordingly. Up to the present, however,
no clear description of either the spin of Mn¥=0 or the reac-
tion intermediates has been provided [21]. Some calculations
suggest that triplet state is the lowest in energy and that met-
allocyclic intermediate is not involved in the reaction, while
presence of a radical intermediate is evident [20]. It was gener-
ally accepted that the choice of calculation method (DFT versus
HF), inadequate basis sets for geometry optimization (hybrid
B3LYP versus pure BP86) as well as the choice of model sys-
tem for salen ligand (truncated versus full ligand, Scheme 1)
are responsible for many of the contradictions reported in the
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Scheme 1. The full (I) and truncated (II) models of the Mn-salen complex.
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Scheme 2. General mechanism scheme for asymmetric epoxidation of olefins
using Mn-salen complexes, L = axial linker.

literature [20,21]. Here, we limited ourselves to a generally
accepted reaction mechanism (Scheme 2) on a triplet surface.
Pure QM calculations use a reduced model system II
(Scheme 1) that mimics the full Mn(salen) complex I, along
with the Cl or phenoxyl group as the axial linker L. Den-
sity functional calculations were performed with the B3LYP
hybrid functional [22] in combination with 6-31G* [23] using
GAUSSIAN 03 [24]. For all DFT calculations, a convergence
criterion of 1.0 x 107 au was adopted for changes in energy
and density matrix elements. Local minima on the potential
energy surface were characterized by real frequencies, while
transition states were characterized by an imaginary frequency,
corresponding to a displacement along the reaction coordinate.
All of the stationary structures on the potential energy surface
and along the reaction pathway were employed to our calcu-
lations. The structures contain the isolated oxo-Mn" (salen)-L
intermediate and cis- or trans-B3-methylstyrene (as substrates,
which for the sake of convenience are referred to as CBMS and
TBMS, respectively) (1), reaction intermediate complex of cat-
alyst and substrate (2), radical intermediate of catalyst-substrate
complex (3), complex of reacted catalyst and product (4), de-
oxygenated Mn" (salen)-L catalyst, cis- or trans-epoxide (as
products) (5) and the corresponding transition states (TS1 and
TS2). Transition state geometries were obtained by bimolecular
QTS3 method [24]. A transition state was characterized by the
frequency calculations, which yielded only one imaginary fre-
quency and independent monitoring of the imaginary frequency
vibrational mode was established by using GaussView [25]. A
two-layer ONIOM protocol was used to couple the QM and
MM parts in the full Mn-salen-L (Scheme 1, L = pheoxyl) cal-
culations as well as for the immobilized Mn-salen catalyst into
MCM-41 channel. MCM-41 silica channel was modelled based
on a straight, three-dimensional channel, Fig. 1 a. The structure
was represented by the pseudo cell, SigOj7, consists of hexagon
arrangements of Si—O-Si units. Oxygen atoms saturate all sil-
icon atoms at the pore surface. Oxygen atoms with fewer than
two silicon atoms attached to them (at the inlet, outlet and outer

surface) were then saturated by hydrogen atoms. This model
places the silicon and oxygen atoms in a simple geometrical
arrangement and does not reproduce the real amorphous struc-
ture of MCM-41. In our MCM-41 model, all hydroxyl groups
were located at the outer surface. The pore length is 3.4nm
and the pore diameter is 2.3 nm. Immobilization was performed
by attaching the Si atom of the linker to oxygen atoms con-
nected to two Si atoms on the wall (Sif jnker—O—Simvcm). The UFF
force field was used for the MM potentials [24]. To avoid the
deformation by the attractive part of the Lennard—Jones poten-
tial, MCM-41 atoms in our QM/MM calculations were position
restrained by a force of 1000 kJ mol~! nm~—2.

3. Results and discussions

Different sets of DFT calculations are performed on all
species along the reaction pathway (Scheme 2). For most of
the calculations, the truncated salen ligand II is used as the
model ligand, attaching to CI or phenoxyl group. The complex
Mn-salen-Cl refers to the homogeneous catalyst. The Mn-salen-
phenoxyl implies the heterogeneous catalyst, where phenoxyl
group is used as an immobilization linker [8,10,11]. Besides, the
effect of MCM-41 mesopore attached to the phenoxyl linker,
as well as the effect of r-butyl substituent ligands in the full
salen ligand I is examined by independent QM/MM calcula-
tions based on two-layer ONIOM methodology. The QM/MM
calculations are carried out on full ligand I, isolated or attached
to the MCM-41 framework. The QM/MM results are presented
for all the species along the reaction mechanism. By means of
those calculations and in comparison with homogeneous cat-
alyst, we intend to predict how the transition states TS1 and
TS2 and intermediates 2 and 3 are stable along the epoxidation
reaction pathway (Scheme 2). Particularly, we wish to describe
and qualify the entioselectivity of the immobilized Mn-salen
complexes for the epoxidation of CBMS and TBMS. The anal-
ysis will be performed in terms of the geometry (cis- versus
trans-) of the reactants and products, effect of substituents r-butyl
and equatorial ligands and the effect of immobilizing linker and
mesoporous framework.

We have compared the optimized structure of the intermedi-
ate oxo-Mn-salen II with Cl at the trans-position to those where
this position is occupied by phenoxyl linker. Table 1 shows the
effect of the linker on the relative energies of the different spin
states, calculated by the Mn triple-§ basis using B3LYP/6-31G*
functional. In the presence of both CI and phenoxyl linkers, the
triplet state is found to be the ground state [16,17]. Consequently,
we assume that epoxidation reaction for both homogeneous cat-
alyst (i.e., Cl is the axial ligand) and heterogeneous catalysts

Table 1
Relative energies of spin states for oxo-Mn-salen II complex vs. axial linkage

Method Spin state Mn-salen-Cl Mn-salen-phenoxyl
(truncated) (truncated)

B3LYP Singlet 10 50

B3LYP Triplet 0 0

B3LYP Quintet 2 10
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Fig. 2. DFT-calculated optimized structures for the truncated oxo-Mn-salen II
with (a) C1™ and (b) phenoxyl, located trans- to the oxo group.

(i.e., phenoxyl group is the axial ligand) occurs on a triplet sur-
face. Nevertheless, the reader is referred to the literature for a
detailed account of spin-crossing along the reaction pathway
[1,20,21]. The reaction was suggested to proceed on at least
two different spin surfaces, although recent studies showed that
density functional method would affect such a spin-crossing
[20,21]. A definite answer as to what DFT method is appropri-
ate to accurately describe the mechanism of Mn-salen catalyzed
epoxidation reaction, is as yet unanswered [21].

The calculated structures of the model complex II attached to
each axial ligand and for the triplet ground state are illustrated in
Fig. 2 and the structural parameters are summarized in Table 2.
It has already been suggested that any coordination in the trans-
position causes the Mn atom to move into the plane of the ligand
[26]. In addition, the Mn= O bond becomes lengthened. As part
of a side-on mechanism, the movement of the Mn atom can
enhance the enantioselectivity by affecting the shielding of the
oxygen by the equatorial ligands. The effect of axial donor lig-
and on the downward motion of the Mn atom is more remarkable
than the lengthening of the Mn= O bond. The latter indicates that
the axial ligand weakens the Mn= O bond and facilitates oxy-
gen transfer to the olefin. Table 2 shows that phenoxyl group
has more effect on the Mn= O bond length than Cl. An elec-
trophilic linkage, lengthened through introduction of aliphatic
chains [10], affects the geometry of the salen ligand in terms of
Mn=0 bond length and Mn atom motion. This may explain the
higher ee observed in the recent experimental studies by a long
phenylsulfonic linker [9-11]. The longer axial linker, however,
may decrease the degree of electronic communication between
the mesoporous support material and salen ligand, which will

Table 2
Effect of axial linkage on the geometry of oxo-Mn-salen II for the triplet spin
sate using B3LYP method: distances in A, angles in degrees

Bond/angle Mn-salen-Cl Mn-salen-phenoxyl
(truncated) (truncated)

Mn= O(ox0) 1.82 2.11

Mn— O(phenoxyl) 2.34 1.85

Ligand plan ... Mn 0.184 0.555

ZMn-O(oxo0)-L 56.94 124.93

(a)

HOMO

‘S

LUMO

(b) HOMO LUMO

Fig. 3. DFT-calculated LUMO and HOMO states for the truncated oxo-Mn-
salen II with (a) C1~ and (b) phenoxyl, located trans- to the oxo group.

have a negative effect on enatioselectivity enhancement by axial
linker. It is also important to notice that these local geometrical
effects are accompanied by large scale conformational changes
in the ligand. The latter would further increase the enantiose-
lectivity of the catalyst by improving the chirality content of
the Mn-salen ligand [27,28]. In order to provide a more orbital-
based explanations and in analogy with [26], we consider the
higher occupied molecular orbital (HOMO) and lower unoccu-
pied molecular orbital (LUMO) of the Mn-salen structure II in
the presence of Cl and phenoxyl axial linkages. Fig. 3 shows the
HOMO and LUMO configurations for the homogeneous and
heterogeneous catalyst of truncated ligand II. In the triplet state,
the HOMO of the intermediate II is usually localized in dyy
type orbital (Mn= O is directed along z-axis). The LUMO, on
the other hand, is the Mn= O w* orbital [26]. It appears that
the addition of Cl and phenoxyl axial ligands does not affect
the configuration of HOMO and LUMO. When the CBMS or
TBMS approaches the Mn= O by means of a side-on trajectory,
a good overlap of the olefin’s HOMO with complex’s LUMO
determines the reactivity and enantioselectivity of the complex.
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Fig. 4. Reaction profiles for the oxygen transfer reaction on the triplet surface
for (a) homogeneous and (b) heterogeneous Mn-salen catalyst. The species are
defined as in Scheme 2. The (black) full line refers to the energy profile for the
attack of CBMS, while the (red) dotted line is the profile of TBMS attack. The
relative energies are shown in parentheses. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of the
article.)

The nature of axial linkage (electrodonor versus electroacceptor)
will affect this type of interactions between cis- or trans-olefin
and the Mn=O0 catalytic center.

The energetics of reaction sequence for the transformation of
CBMS and TBMS into cis/trans-epoxide is illustrated in Fig. 4 a
and b. In principle, there are four possible trajectories for olefin
attack at the Mn= O center and in the framework of a side-on
approach [19]. An skew angle, Z¢ = (Mn-O-C(CHj3)-C(Ph)),
was introduced to measure the deviations from the idealized
parallel side-on approach. The olefin attacks at ¢ = —90° is a
suitable angle as the attacks from ¢ = 0°, 90° and 180° angles
are 10-20kJ/mol higher in energy [19]. First, we consider
the energy profile for the homogeneous epoxidation reaction
of cis-B-methylstyren (CBMS) along the reaction pathway
(Scheme 2). The reference state at 0 kJ/mol is the epoxide com-
plex 4, in which both of the carbon atoms of the olefin are
connected to the oxygen. System 1 is the mixture of CBMS
and the catalyst in gas phase without any interaction in between.
The state 2 refers to the system in which olefin enters the coordi-
nation sphere of complex from the Mn=O center, accounting for

the side-on approach. The distance between olefin and oxygen in
Mn=0 was found to be 0.28 nm [18]. This system passes through
the transition state TS1 and converts to the radical intermedi-
ate 3. The activation energy for this step is around 22 kJ/mol.
The radical intermediate 3 is 90 kJ/mol more stable than sys-
tem 2. The radical 3 can further collapses to yield the epoxide
complex through a relatively high activation barrier (35 kJ/mol).
Similar calculations was performed for the side-on attack of
TBMS onto Mn=O center. Calculations show that the attack
of TBMS is overall about 7 kJ/mol less in favor compared to
that in CBMS. Moreover, Fig. 4 a illustrates that the epoxide
complex 4 formed by TBMS lies 2.5 kJ/mol below the epox-
ide complex formed by CBMS. These findings are in agreement
with a general assumption in homogeneous Mn-salen catalyst
that TBMS is a less suitable substrate than CBMS. The more
stable ¢ rans-epoxide complex 4 is in qualitative agreement with
the experimental observation that epoxidation of CBMS leads
to a thermodynamically more stable trans-epoxide [29]. When
the axial linkage is replaced by phenoxyl group, the potential
energy surface changes considerably. Fig. 4 b shows the energy
profile for the epoxidation reaction of CBMS and TBMS cat-
alyzed by immobilized Mn-salen complex. Similar to Fig. 4 a,
the epoxide complex is the reference state at 0 kJ/mol. On the
triplet energy surface, the calculations suggest that epoxide for-
mation is clearly more preferred by the immobilized catalyst
compared to the homogeneous catalyst. The activation barrier
for the formation of adsorbed CBMS radical is overall 8 kJ/mol
less than that for the homogeneous salen catalyst. When compar-
ing the epoxide complex 4 for homogeneous and immobilized
catalyst, the activation energy for epoxide complex formation is
about 5 kJ/mol lowered for the immobilized Mn-salen complex.
These observations provide an explanation for the effectiveness
and importance of additional ligand as the immobilizing linker.
When Mn-salen complex is immobilized by a neutral donor lig-
and such as phenoxyl group, the energy barrier of the final step
of product formation is significantly reduced.

DFT calculations for the attack of TBMS provide a differ-
ent reaction profile than that for the homogeneous catalyst.
In contrast to the homogeneous epoxidation reaction, a trans-
olefin can be a suitable substrate for epoxidation by immobilized
Mn-salen catalysts. Fig. 4 b shows that the epoxide complex
4 formed of CBMS is slightly (3 kJ/mol) more stable than its
trans-epoxide counterpart, despite of the fact that there is a
lower barrier (5 kJ/mol) towards epoxide formation starting from
TBMS radical adsorbed on Mn=0O center. The energy profile
strongly depends on electron donot/acceptor properties of the
axial linker. A different linker such as phenylsulfonic group
may convert the reaction pathway towards trans-epoxide for-
mation. The energy barrier is still in favor for cis-substrate.
These features can be better explained by the geometry of the
transition states. Fig. 5 a and b show the geometry of the tran-
sition states TS1 and TS2 corresponding to the attack of TBMS
at the Mn= O center. There are puckered and step-like distor-
tions compared to the flat geometry of the isolated salen ligand.
These conformational changes, due to the interaction of olefin
molecules and axial linkage are believed to be the source of
enantioselectivity for this relatively flat complex [27,28]. Fig. 5
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T81 TS2

Fig. 5. Optimized geometry of TS1 and TS2 for (a) homogeneous and (b)
heterogeneous Mn-salen catalyst.

shows that compared to the homogeneous case, TBMS induces
more deformation on the salen ligand in the form of step-like
geometry. The step-like is less pronounced in case of TBMS
radical adsorbed on homogeneous salen ligand. Our calcula-
tions show that a different spin state (singlet and quintet) induces
more cup-like geometry to the radical intermediate, leading to
less enantioselectivity of the salen ligand. Recent experimen-
tal evidence showed that for an immobilized Mn-salen catalyst,
cis-epoxide is the major product, compared to the homogeneous
catalyst in which the trans-epoxide is the main product. The
present calculations support this observation. However, more
detailed DFT studies are essential in order to trace all of the pos-
sible intermediates. Accordingly, the capability of ¢ rans-olefin
as potential substrate in epoxidation reaction can not be simply
inferred from the homogenous catalyst. More experimental and
theoretical efforts should be focused on different enantiomeric
forms of the intermediates and products along different reaction
pathways, starting from trans- or cis-substrates.

Fig. 6 shows the set-up used for ONIOM-based QM/MM
calculations. The high-level model system includes Mn, N, O,
carbon atoms at the bridge and the full substrate and linker atoms.
The low level calculation includes the rest of salen ligand and the
atoms of MCM-41 channel. The energy profile for epoxidation
of CBMS in this catalytic system is shown in Fig. 6. Overall,
the reaction coordinates follows the same pathway as explained
earlier for the axially modified salen ligand. The energy bar-
riers are lower, most likely because of the confinement effects

(b)  TS1(100)
1001

80
TS2(65)

60

kJ/mol

40+

20r

4(0)

Reaction coordinate

Fig. 6. (a) Representation of QM/MM system. (b) Reaction profiles for the
oxygen transfer reaction on the triplet surface for Mn-salen immobilized into
MCM-41 channel using a phenoxyl linker. The species are defined as in
Scheme 2.

inside MCM-41 channel. The more restricted space inside the
mesopore in combination with the effect of immobilizing linker
hinders the free-movement of the attached olefin. The salen lig-
and has to be better adapted into a step-like geometry in order
to minimize all these geometrical hindrances. The minima in
the energy profile correspond to a constricted geometry and are
due to a favorable entropy in the MCM-41 channel. Besides,
a full-salen ligand with substituents at 5, 5'- and 3, 3’-positions
exhibits stronger steric influences compared to that for the model
complex II.

Our geometry optimizations based on DFT and QM/MM
calculations, along with those of others [17,18,20] show that
the intermediate 4 (Scheme 2) is the most stable species within
the reaction pathway, regardless the type of axial ligand, sub-
strate and the presence of MCM-41 confinement. We suggest
that in the intermediate state 4, the olefin strongly interacts with
the oxo-Mn center, with a specific high asymmetric induction
to the Mn-salen complex. Besides, in the radical intermediate
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3, the cis-configuration is more convenient because of the less
steric hindrances. Once the formation of this radical intermedi-
ate is the limiting step, the implication of cis- or frans-substrate
on enantioselectivity is less important. MCM-41 confinement
and/or selective adsorption of one of the (stereo)isomers of the
products or reactants cause a mass transfer limitation, which
is another limiting factor. Our independent, preliminary free
energy calculations based on grand canonical molecular dynam-
ics simulations (GCMD) and in the presence of many anchored
ligands into the MCM-41 channels, confirmed the importance
of the entropy production inside the channel. However, a
mesoscopic free energy calculation for the selective diffusion-
adsorption processes inside a modified MCM-41 channel can
address this issue further.

4. Conclusion

In order to understand the origin of enatioselectivity of
an immobilized Mn-salen catalyst onto an MCM-41 chan-
nel and based on a widely accepted reaction mechanism for
the epoxidation of cis- and frans-methylstyrene, we performed
extensive density functional theory (DFT) and quantum-
mechanics/molecular-mechanics (QM/MM) calculations. Our
calculations provide new insights on the importance of the
immobilized linker and the MCM-41 channel for stereoselec-
tive epoxidation of cis- and frans-methylstyrene. We analyze
the consequence of immobilization in detail and show how that
correlates with the electronic interactions with linker and sub-
strates. Our DFT calculations indicate that despite of high level
of asymmetric induction of trans-substrates to the immobilized
Mn-salen complexes, the reaction path is most likely in favor
for the cis-substrates. We have compared the optimized struc-
ture of the intermediate oxo-Mn-salen with the chloride at the
trans-position to those where this position was occupied by a
phenoxyl linker. It was suggested that any coordination in the
trans-position causes the Mn atom to move into the plane of
the ligand. In addition, the Mn= O bond becomes lengthened.
According to the side-on mechanism (Scheme 1), the movement
of the Mn atom can improve the enantioselectivity in view of the
shielding of the oxygen by the equatorial ligands. The main find-
ing is that immobilization by an electron-donor linker decreases
the overall reaction barriers. The effect of the MCM-41 channel
is important and is rather steric than electronic. The effect of
channel confinement, however, strongly depends on the chan-
nel size. The results are consistent with the recent experimental
studies of epoxidation reactions using heterogenized Mn-salen
complexes in nanoporous materials [10,11].
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