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bstract

Density functional theory (DFT) and hybrid quantum mechanics/molecular mechanics (QM/MM) calculations were used to study stable inter-
ediates for alkene epoxidation using Mn-porphyrin catalysts. For the reaction intermediate involving complexation of the alkene with the oxidized
n-porphyrin, four intermediates have been proposed in the literature. A concerted mechanism with no intermediate has also been proposed, and

hese five mechanisms could all involve the formation of a product complex. Our calculations show that the product complex has the lowest energy,

ollowed by the radical intermediate. The metallaoxetane intermediate is much higher in energy, and the calculations do not support carbocation
r pi-radical cation intermediates. A polarizable continuum model was used to account for solvent effects, and the calculated energies of solvation
re comparable for all minima along the reaction path.

2008 Elsevier B.V. All rights reserved.

ensit

v
a
p
H
a
a
T
i
t
c

a
p
o
o
t

eywords: Metalloporphyrin; Epoxide; Propene; Styrene; Reaction pathway; D

. Introduction

There is a strong interest in Mn-porphyrins as catalysts
or epoxidation reactions due to the similarity of these cata-
ysts to cytochrome P-450 enzymes, which perform oxidation
eactions in living systems. Mn-porphyrins, such as 5,10,15,20-
etraphenyl porphyrinato manganese (III) chloride (MnTPP-Cl),
ave been extensively used to mimic this enzyme. Although
hese porphyrins can catalyze epoxidation reactions, two major
imitations have arisen. First, Mn-porphyrins are easily deac-
ivated due to �-oxo dimer formation. Second, they do not
rovide good reactant selectivity. In the past few decades efforts
ave been made to improve the stability of these catalysts,
nd reviews by Jacobsen and Meunier provide comprehen-
ive summaries of Mn-porphyrin catalysts and modifications
hat have been made to induce stability and selectivity [1,2].

n general, there have been two common approaches to
mprove Mn-porphyrin catalysts. In the first approach, bulky
ide groups are attached to the sides of the porphyrin to pre-
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ent the formation of �-oxo dimmers [3–5]. In the second
pproach, porphyrins have been immobilized on solid sup-
orts, such as silica, to improve their stability [6–8]. Recently,
upp, Nguyen and co-workers have demonstrated a third

pproach, in which Mn-porphyrins are encapsulated in self-
ssembling nanocavities known as molecular squares [9–11].
his encapsulation was shown to prevent deactivation and

nduce reactant selectivity for 2,8,12,18-tetrabutyl-3,7,13,17-
etramethyl-5,15-bis(4-pyridyl)porphyrinato manganese (III)
hloride (MnDPyP).

The catalytic cycle shown in Fig. 1 is commonly accepted
s the basic mechanism for epoxidation reactions with Mn-
orphyrins. However, despite extensive research, some details
f the mechanism are still not known, particularly the nature
f the intermediates. The catalytic cycle in Fig. 1 involves
wo important intermediates: the oxidized Mn-porphyrin and
he intermediate that is formed when the alkene binds to the
xidized porphyrin. Metal-oxo species (Mn O) have been sug-
ested most frequently as the form of the oxidized porphyrin
nvolved in epoxidation [2,12], and recent experimental work

upports this idea. Groves and co-workers generated a water-
oluble oxidized Mn-porphyrin with m-chloroperoxybenzoic
cid (m-CPBA), HSO5

− (oxone) and OCl− at room temperature
nd in aqueous solution, and they were able to obtain a 1H NMR

mailto:broadbelt@northwestern.edu
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ig. 1. Schematic diagram of the catalytic cycle for the epoxidation of an alkene
sing a Mn-porphyrin. Oxygen is transferred first from the oxidant to the metal
nd then to the alkene to form the epoxide.

pectrum that supports the Mn-oxo species [13–15]. However,
his oxidized Mn-porphyrin created by Groves and co-workers is
nreactive with alkenes. Studies on the closely related Mn(salen)
ystem, which catalyzes epoxidation reactions with high enan-
ioselectivity, have shown that the Mn-oxo species exists and is
eactive with olefins and sulfides [16]. In particular, Feichtinger
nd Plattner used electrospray mass spectrometry (ESMS) to
etect the Mn-oxo species formed when iodosylbenzene (PhIO)
nd bleach were used as oxidants. They also detected these com-
lexes in the presence of N-oxide axial ligands [17]. Recent
nvestigations performed by Goldberg and co-workers suggest
different form for the active epoxidation catalyst [18]. They

ropose that the active catalyst is formed when a second oxidant
olecule (XO) is bound to the oxidized porphyrin (Mn O). A

hird epoxidizing intermediate has also been postulated for both
n(salen) and Fe-porphyrin systems. The cis/trans ratios of the

poxidation products formed using either of these two catalyst
ystems were found to be dependent on the oxidant used [19–21],
nd this dependence was explained by proposing that the oxidant
orms an adduct with the metal center and directly epoxidizes
he substrate. Only the Mn-oxo species was investigated in the
resent study because it is commonly accepted to be the active
ntermediate. Since the main cause of deactivation is formation
f �-oxo dimers,

O + M ↔ M O M (1)

he identity and nature of the active catalytic species can have sig-
ificant implications on deactivation, as well as reaction kinetics.
For the complexation of the alkene with the oxidized por-
hyrin, four intermediates have been proposed in the literature,
s well as a concerted mechanism that leads directly to a prod-
ct complex [22–27]. These intermediates, shown in Fig. 2,

ig. 2. Proposed intermediates for the alkene complexed with the oxidized
orphyrin.
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ave been proposed based on reaction kinetics and selectivities,
nd there is no direct evidence for which of these intermedi-
tes participates in the reaction mechanism. As a complement
o experimental studies, quantum mechanical (QM) calculations
an be used to analyze the stability and reactivity of these inter-
ediates. In particular, density functional theory (DFT) and

ybrid QM/molecular mechanics (MM) methods are tractable,
epending on the size of the porphyrin and alkene of interest. In
M/MM, DFT is used only for a central region where the impor-

ant chemistry occurs, and the surrounding atoms are treated with
classical force field. These combined QM/MM approaches

hus have the potential to provide DFT-level predictions for very
arge systems, for example porphyrins encapsulated in molecular
quares or other environments.

In contrast to iron porphyrins, a small number of papers
nvolving QM calculations of Mn-porphyrins have been pub-
ished. For example, Liao et al. recently reported DFT
alculations on unligated and ligated Mn-porphyrins with pyri-
ine as the ligand [28]. In some studies of Mn-porphyrins a
lanar conformation of the porphyrin ring has been assumed.
uantum mechanical calculations of the oxidized manganese
orphyrin have been carried out as well. One of the first mod-
ling studies to elucidate the electronic structure of an oxidized
anganese porphyrin was by Zwaans et al. [29]. The level

f theory for their calculations was based on a closed-shell
artree Fock method with a fairly low-level STO3G basis set.
ore recently, Ghosh et al. reported molecular structures for

he oxidized forms of manganese and iron porphyrins using
FT calculations [30,31]. The work of Ghosh and Gonzalez

31] focused on high-valent manganese-oxo species of the form
(P)Mn(O)Y]0,−1, where P = tetramesityl porphyrin and Y = F,
F6, and [(P)Mn(O)(Py)]+1,0, where Py = pyridine, and compre-
ensively mapped the energetics and electronic distributions. De
ngelis et al. [32] also studied oxomanganese (V) porphyrins
f the form dioxo, oxo-hydroxy or oxo-aqua and characterized
he relative energetics of the singlet, triplet and quintet spin
tates, and de Visser et al. [33] compared Mn-porphyrin and

n-corrole complexes using DFT to understand differences in
heir reactivity.

A large number of computational studies on the similar
n(salen) system has been performed, offering insight into the
echanism of Mn-porphyrin systems. Most of the studies use
model representation of the Mn(salen) complex although a

ew studies of the full Mn(salen) complex have shown that the
maller model gives reasonable results [34–36]. Strassner and
ouk [37] examined model neutral and cationic Mn(salen) and
xo-Mn(salen) species using DFT methods in an effort to order
he spin states. More extensive studies have investigated the
ntire reaction path. Several post-Hartree Fock methods have
een used to try to elucidate the spin state ordering of the
n(salen), oxo-Mn(salen), and various intermediate species and

o determine the appropriate functional to use for DFT studies
38–40]. Generally, pure DFT functionals gave better qualita-

ive agreement with the post-Hartree Fock calculations than the
ybrid functionals. Cavallo and Jacobsen demonstrated that the
hoice of functional gives qualitatively different reaction paths
41]. Several studies showed spin conservation along the triplet
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Fig. 3. The porphyrin studied in this work (left). The left hand structure shows
the atoms included in the inner layer ONIOM partitioning with their atomic
symbols and atoms in the outer layer with a stick representation. As shown on
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urface is possible when the BP86 functional is used while
3LYP results support spin crossing to the quintet surface when
radical intermediate is formed [41,42]. Cavallo and Jacobsen

34] calculated the activation barrier for the concerted pathway to
e higher than that for the radical pathway and therefore showed
radical intermediate to be likely. Morokuma and co-workers

43] have investigated the mechanism of epoxidation with per-
cetic acid as the oxidant with a variety of axial ligands. Their
esults indicated that the reaction along the quintet surface can
ccur in a concerted fashion with imidazole as the axial ligand
hile a stepwise mechanism proceeding through a radical inter-
ediate is likely for other complexes and spin states. Another

tudy illustrated that the axial ligands CH3CN and ON(CH3)3
ecrease the triplet-quintet gap and may explain the experimen-
ally observed increase in rate in the presence of the ligands
44]. This study also found that the ligands induced folding of
he salen ligand into a stepped or cupped configuration. Cavallo
nd Jacobsen [35] also correlated geometrical parameters and
n O bond strengths to electronic effects of substituents on

he Mn(salen).
To the best of our knowledge, there have been no previous

FT studies of alkene complexes with oxidized Mn-porphyrins.
o fill this void, we used DFT and QM/MM calculations to inves-

igate proposed intermediates for the epoxidation of alkenes with
Mn-porphyrin catalyst. The main focus of the calculations
as the stability and reactivity of the proposed alkene/oxidized
orphyrin intermediates. The transition states (TS) and the full
eaction path for various intermediates are discussed in a sepa-
ate study [45]. Different spin multiplicities were examined, as
ell as the effect of a surrounding solvent. The results obtained
ere along with the TS results presented elsewhere support two
f the proposed intermediates for the alkene/oxidized porphyrin
omplex but not the other three proposed intermediates. In addi-
ion, we carried out our own study of the oxidized Mn-porphyrin
o calculate the energetic requirements to form the different
lkene/oxidized porphyrin intermediates. To complete the cat-
lytic cycle shown in Fig. 1, we also calculated the geometry
nd energetics of the bare Mn-porphyrin.

. Methodology

Spin-unrestricted DFT calculations were performed to obtain
ptimized geometries for the manganese porphyrin and sta-
le intermediates along the reaction coordinate for epoxidation
f propene and styrene. The specific Mn-porphyrin analyzed
s shown in Fig. 3 (left). It is a mimic of MnTPP that has
een studied in previous experiments for epoxidation reactions
46,47]. All calculations were carried out with the Gaussian
8 program package unless otherwise noted [48]. Unrestricted
W91 GGA was used as the exchange-correlation functional
49,50]. Although CCSD(T) calculations on the Mn(salen) sys-
em have shown that both pure and hybrid functionals fail to
redict spin-state ordering reliably [38], the choice of PW91

ere was validated because it has been shown to correctly repro-
uce the singlet ground state of Mn(V)O porphyrins [30–32,51].
he effective core potential LANL2DZ was used as the basis set.
his is a double-� quality Dunning basis set that replaces core

w
c
m
f

he right, the inner layer was capped with hydrogen link atoms for the high-level
FT calculations in the ONIOM approach.

lectrons with a potential field to save computational cost. Addi-
ional test calculations using a larger basis set provided similar
esults (See Supporting Information).

An integrated QM/MM method was also used in parallel
ith the full DFT calculations. The QM/MM calculations were

arried out using the ONIOM approach with mechanical embed-
ing as implemented in Gaussian 98 [52–55]. For the ONIOM
alculations the system was divided into two layers: the inner
ayer, which was analyzed with DFT as described above, and
he outer layer, which was analyzed with the UFF force field
56]. Fig. 3 shows the inner and outer layers that were used
or the Mn-porphyrin, as well as the hydrogen link atoms that
ere used when a bond was cut for the partitioning between

he inner and outer layers. Mohr et al. [57] showed that this
artitioning scheme was better able to reproduce the relative
nergies of the different spin states for Fe porphyrins than one
hat included the two additional carbon atoms in the central
egion. The energies of iodosylbenzene and phenyl iodide were
alculated using full DFT, and they were included in the inner
ayer of the ONIOM calculations. For the oxidized porphyrin, the
xygen atom was also included in the inner layer. The propene
ystem was analyzed using both full DFT and ONIOM; for the
eaction of styrene, only ONIOM calculations were performed.
n the ONIOM calculations, the entire propene molecule was
ncluded in the inner layer. For the styrene complexes, the phenyl
ing was treated with the low level, and the other styrene atoms
ere assigned to the high level. Single-point energy calculations

n which the entire styrene molecule was included in the high
evel were performed on the optimized styrene complexes with
he Gaussian 03 program package [58]. These calculations gave
he same qualitative results as those where the phenyl ring was
ssigned to the low level, validating the partitioning scheme used
or the calculations involving styrene.

Geometries and energies were obtained by performing full
eometry optimization with no symmetry constraints. The
ptimization of stable species was verified with frequency
alculations for both the DFT and ONIOM methods, and
avefunction stability was confirmed [59,60]. Energies were
orrected for basis set superposition error with the counterpoise
ethod [61]. Natural bond order (NBO) analysis was performed

or all intermediates. Standard statistical mechanics was used
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Table 1
Relative energies in kJ mol−1 of Mn-porphyrin intermediates

Molecule Method Singlet Triplet Quintet

Mn-porphyrin DFT 80 51 0
ONIOM 102 47 0

Oxidized Mn-porphyrin DFT 0 1 29
ONIOM 0 4 24

Propene product complex DFT 65 13 0
Propene product complex ONIOM – 13 0
Styrene product complex ONIOM 84 0 9

Propene radical intermediate DFT N/A 8 0
Propene radical intermediate ONIOM N/A 50 0
Styrene radical intermediate ONIOM N/A 1 0
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ach row is referenced to its own lowest spin state. N/A, not applicable; −,
alculation was not performed.

o calculate the translational, vibrational, rotational, and elec-
ronic contributions to the partition function. The rigid-rotor,
armonic-oscillator approximation was used to obtain the vibra-
ional frequencies. A polarizable continuum model (PCM) was
sed to study solvent effects on the energies of the stable inter-
ediates. For these calculations, dichloromethane was used as

he solvent, which has a dielectric constant of 8.93.

. Results

This section first presents an analysis of the Mn-porphyrin
nd the oxidized Mn-porphyrin. These analyses provide the
pportunity to compare calculated quantities to experimental
nd other theoretical values reported in the literature. We also
resent a detailed comparison of results from QM/MM versus
ull DFT. Next, results for the four proposed alkene/oxidized
orphyrin intermediates and the product complex are presented.
ropene and styrene were chosen as the alkenes. With the excep-

ion of species involving styrene, all species were analyzed with
oth ONIOM and DFT to test the QM/MM method. Based on
ood agreement of the ONIOM and full DFT results for propene,
he styrene calculations were performed only with ONIOM. Var-
ous possible spin multiplicities were considered in all cases.
eaction participants were considered first in vacuum, and sol-
ent effects are described at the end of the section.

.1. Mn-porphyrin

Minimum-energy structures of the Mn-porphyrin were deter-
ined for singlet, triplet and quintet spin states. Both ONIOM

nd DFT predict that the quintet is the lowest energy state.
s shown in Table 1, the triplet state is about 50 kJ/mol
igher in energy, and the singlet state is more than 80 kJ/mol
igher in energy than the quintet state. Krzystek et al. analyzed
n-porphyrins using high-frequency and high-field electron

aramagnetic resonance and also found that the quintet state

s the lowest energy state [62].

The optimized structure for the quintet Mn-porphyrin is
hown in Fig. 4. The predicted bond lengths are in very good
greement with those from the crystal structure of MnTPP-Cl

t
b
t
1

ig. 4. Comparison of bond lengths (Å) for the optimized quintet Mn-porphyrin
nd the crystal structure of MnTPP-Cl. Crystal structure lengths are shown in
arenthesis [63].

63], as indicated in the figure. A non-planar conformation is
bserved both in experiment and in the calculated structure.
ulinsky and Chen [63] report that the Mn atom is displaced
.27 Å with respect to the plane formed by the nitrogen atoms.
oth ONIOM and DFT results are in good agreement with this
bservation, with predicted displacements of 0.25 and 0.26 Å,
espectively.

Spin densities, charges, and the electronic configuration of
he Mn atom were calculated for the triplet and quintet states.
ll quantities agree well between ONIOM and full DFT. (See
upporting Information). For both the triplet and quintet states,

he 4s orbital of Mn is mostly unoccupied, and the unpaired
lectrons are mainly localized on the 3d orbitals of Mn. This
s in agreement with the electron spin distribution published by
urner and Gunter from 13C NMR spectroscopy [64].

.2. Oxidized Mn-porphyrin

For the oxidized Mn-porphyrin, both DFT and ONIOM pre-
ict that the singlet and triplet states are almost degenerate, with
slight preference for the singlet state as shown in Table 1. The
uintet state is approximately 25 kJ/mol higher in energy. Both
igh and low spin oxidized Mn-porphyrins have been detected
xperimentally [13–15,65]. While the Mn-porphyrins studied in
he experimental work are not exactly the same as the one used
n the calculations, they suggest that both singlet and triplet
tates are plausible states for oxidized Mn-porphyrins. This rel-
tive ranking is also consistent with the DFT calculations of De
ngelis et al. [32], who observed Esinglet < Etriplet < Equintet for

ll oxo-Mn-porphyrins that they studied, and with the CASSCF
alculations of Sears and Sherrill [40] performed on an oxo-
n(salen) complex.
The optimized geometry from the calculations is shown in

ig. 5. The oxidized porphyrin maintains its ruffled conforma-
ion, but the Mn atom is shifted up 0.4 Å in the z-direction
ompared to the Mn-porphyrin. The ONIOM and DFT struc-

ures are very similar (See Table S5). From DFT, the Mn O
ond length is 1.60 Å for the singlet spin state and 1.66 Å for the
riplet state, in good agreement with the experimental value of
.69 Å found by Ayougou et al. [65]. Czernuszewicz et al. mea-
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ig. 5. Optimized structure for the Mn-porphyrin (left) and the oxidized Mn-
orphyrin (right).

ured the stretching frequency of Mn O in high-spin oxidized
n-tetramesitylporphyrin using resonance Raman and infrared

pectroscopies [66]. Their value, 754 cm−1, is in reasonable
greement with the frequency of our high spin oxidized por-
hyrin as shown in Table 2. Similarly, Collins et al. detected
he stretching frequency of Mn–O for a low-spin Mn-oxo com-
lex [67]. The reported frequency, 979 cm−1, is comparable with
he Mn–O frequency of our calculations for the low-spin case
Table 2). An NBO analysis reveals that the Mn O bond has
ouble bond character. By performing a molecular orbital over-
ap population analysis, it was found that the Mn dxz–O px and

n dyz–O py orbitals have the highest overlap. The results indi-
ate that the Mn O bond has some triple bond character, and the
ouble bond can therefore be described as a resonance between
single and triple bond.

.3. Alkene/Mn-porphyrin intermediates

Calculations were performed to analyze the five structures
hown in Fig. 2, which are formed assuming that the Mn-oxo
pecies is the active catalyst (Fig. 1) as is most commonly
ccepted. Starting from different initial configurations, geom-
try optimizations yielded stable product complexes and radical
ntermediates for propene (both full DFT and ONIOM) and
tyrene (ONIOM). A high energy metallaoxetane structure was
lso found for styrene. Mulliken and NBO charges were calcu-
ated for all of the intermediates. None of the structures found
n our calculations showed a positive charge on the C2 atom,
s required for the proposed cation and pi-radical cation inter-
ediates. The calculations do not definitively rule out these

ntermediates, because, for example, they might be stabilized
y solvents which are neglected in these calculations. However,
ruice and co-workers [26] rule out a mechanism involving

ate-limiting formation of an alkene-derived �-radical cation
ased on substituent effect and electron transfer arguments. A

ationic intermediate was also ruled out for the Mn(salen) sys-
em by Adam et al. [19], who found no cationic ring-opening
roducts when using the probe molecule (1�,2�,3�)-(2-ethenyl-
-methoxycyclopropyl)benzene in an epoxidation reaction. The

able 2
tretching frequencies for the Mn O bond

DFT (cm−1) ONIOM (cm−1) Experimental
value (cm−1)

Mn O low spin 913 930 979a

Mn O high spin 796 783 754b

a From Collins et al. [67].
b From Czernuszewicz et al. [66].
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elative energies of the intermediates formed with styrene and
ropene and their geometries are shown in Fig. 6. For both
ropene and styrene, the product complex is the lowest energy
onfiguration. When the reactant is propene, the radical inter-
ediate is 40 kJ/mol higher in energy. ONIOM is in very good

greement with DFT. For styrene, the difference between the
adical intermediate and the product complex is 26 kJ/mol for
he quintet state, and the metallaoxetane intermediate with the
henyl ring in the proximal position (singlet) is about 150 kJ/mol
igher in energy than the radical.

Table 1 shows the difference in energy between spin states for
he propene and styrene intermediates. For the propene product
omplex, the quintet state has the lowest energy, and the triplet
tate is 13 kJ/mol higher in energy for both DFT and ONIOM
alculations. For styrene, ONIOM predicts that the triplet state
s lower in energy than the quintet state, with an energy gap of
kJ/mol. The optimized geometry for the product complex with

tyrene as obtained with ONIOM is shown in Fig. 7 (right). In
he product complex, the Mn–O interaction is very weak. For the
ropene and styrene intermediates in the triplet state, the Mn O
ond is 2.1 Å, while for the quintet spin state, the separation
etween both atoms is even longer (2.7 Å). For both systems,
he O C1 and O C2 bond lengths are very similar to the bond
engths of the epoxide (Table S5). For the triplet and quintet
pin states, the unpaired electrons are mainly localized on the

n atom. Even though the interaction between Mn and O is very
eak and the O C bond distances are very close to the values in

he epoxide, the charge and the spin density of the Mn atom in
his intermediate are lower than the values obtained for the bare

n-porphyrin at these multiplicities, indicating that it is a true
ntermediate.1 A molecular orbital overlap population analysis
howed that the Mn O bond is mainly formed with the Mn pz
rbital.

For the radical intermediate, DFT and ONIOM predict that
he quintet state is the lowest energy state for the propene and
tyrene systems (Table 1). Cavallo and Jacobsen also found the
uintet state to be the lowest energy state for the radical interme-
iate in their DFT studies on Mn(salen)-catalyzed epoxidation
eactions [41,68]. However, a quantitative discrepancy between
he two computational methods was obtained for the propene
ntermediate. For this system, DFT predicts that the triplet state is
kJ/mol higher in energy than the quintet state, whereas ONIOM
redicts that the difference is 50 kJ/mol. This large discrepancy
s consistent with the unusually low value of the spin density
n Mn for the ONIOM calculation of the triplet state, which
as substantially different from the DFT value, even though

pin contamination was not present in either case. For styrene
he triplet and the quintet states are almost degenerate, with a
ifference of 1 kJ/mol between both spin states. The spin den-
ity on Mn from the ONIOM calculations of the styrene radical

ntermediate was similar to those for the radical intermediate
f propene from DFT, indicating that this energy difference is
ore reasonable than the one obtained for the ONIOM calcu-

1 Note that in Ref. [45], we refer to the product complex as the “concerted
ntermediate” for this reason.
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Fig. 6. Relative energies between intermediates as obtained with DFT and ONIOM. “Concerted” indicates the product complex, which plays a key role in the
concerted mechanism. Results are shown for the quintet spin state for all species except the metallaoxetane, for which only a single state was found. (The results
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A polarizable continuum model was used to study the effect of

he solvent on the energies of the stable intermediates. For these
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. Conclusions
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