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The (salen)Mn(lll)-catalyzed epoxidation reaction mechanism has been investigated using density functional theory
(DFT). There is considerable interest in and controversy over the mechanism of this reaction. The results of
experimental studies have offered some support for three different reaction mechanisms: concerted, stepwise
radical, and metallooxetane mediated. In this paper, a theoretical examination of the reaction suggests a novel
mechanism that describes the reaction as a multichannel process combining both concerted and stepwise radical
pathways. The competing channels have different spin states: the singlet, the triplet, and the quintet. The singlet
reaction pathway corresponds to a concerted mechanism and leads exclusively to a cis epoxide product. In contrast,
the triplet and quintet reactions follow a stepwise mechanism and lead to a product mixture of cis and trans
epoxides. We show that the experimentally observed dependence of isomer product ratios on electronic effects
connected with the substitution of the catalyst ligands is due to changing the relative position and, hence, the
relative activities of the channels with different €igans yields. Because the results and conclusions of the
present work dramatically differ from the results and conclusion of the recent DFT theoretical investigation (Linde,
C.; Akermark, B; Norrby, P.-O.; Svensson, M.Am. Chem. S0d.999 121, 5083.), we studied possible sources

for the deep contradictions between the two works. The choice of the DFT functional and a model has been
shown to be crucial for accurate results. Using high level ab initio calculations (coupled cluster-CCSD(T)), we
show that the computational procedure employed in this study generates significantly more reliable numerical
results. It is also shown that the smaller cationic model without a chlorine ligand that was used by Linde et al.

is too oversimplified with respect to our larger neutral model. For this reason, using the cationic model led to a
qualitatively wrong quintet reaction profile that played a key role in theoretical postulates in the earlier work.

Introduction over the mechanism of the Jacobséfatsuki epoxidation makes
this reaction a very attractive target for theoretical investiggtion.

During the past decade, several methods of controlling the The process becomes even more puzzling in light of experi-
product specificity during epoxidation of unfunctionalized mental data which suggest that isomer product distribution in
olefins have been developé®ne of the most important is the  the (salen)Mn-catalyzed asymmetric epoxidation reaction cor-
JacobsenKatsuki epoxidation. In these reactions, high enan- relates directly with the electronic properties of the ligand
tiomeric excesses can be achieved, leading to several experisubstituent$.Thus, it turns out that local processes on the metal
mental studies to elucidate the reaction mechanisms and toactive site result in both catalytic activity and isomer product
discover the origin of the remarkable selectivity. ratios.

It might be assumed that the electronic structure of the catalyst In this paper, a theoretical examination of the reaction
affects the mechanism of oxygen transfer and catalytic ef- suggests a novel mechanism that is consistent with major
fectiveness of the reaction, while steric interactions between experimental observations. We describe the reaction as a
the catalyst and substrate are responsible for chiral induction multichannel process combining both concerted and stepwise
Neither aspect of such a simplified scheme has been fully radical pathways (Figure 1). In the framework of the proposed
understood, despite a number of experimental studies. Indeedmechanism, it is possible to explain both the catalytic activity
the results of experimental studies have offered some supportand the influence of electronic effects on enantioselectivity in
for three different reaction mechanisms: conceftstgpwise the (salen)Mn-catalyzed epoxidation reaction.
radical? and metallooxetane mediate@his has led to conflict-
ing views of the oxygen transfer process. The recent controversy
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Figure 2. Models of the (salen)Mn catalysts used in the theoretical

Figure 1. Schematic representation of the stepwise radical and studies: (a) the neutral model (the present work); (b) the cationic model
concerted pathways. (Linde et al®).
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At the S_ame time that the_se Ca'CL_“a“O”S were be'ng per- Figure 2a. The following methodological approach was used during
formed, Linde et af. used slightly different computational  this stage. All DFT calculations of the different reaction pathways were
procedures to attempt to explain the experimental observation.carried out using the DGauss programs implemented in UniChem
This interesting theoretical study also emphasized the importance4.012 The calculations were performed using the DZVP basis sets,
of various spin reaction pathways in the course of the reaction. which are (621/41/1) for carbon, oxygen, and nitrogen atoms, (41) for
Although in both works density functional theory (DFT) was hydrogen atoms, and (6321/411/1) for the manganese #tbrithe
used, and the chosen models look similar, the quantitative results?oniocal corrections using the Becke exchahgad Perdue correla-
are significantly different and produce qualitatively different ton™ potentials have been obtained starting from the Vosko, Wilk,

; : and Nuisar local potentidl. The convergence of geometry optimization
pictures of the reaction. ; - )

In an attempt to resolve the deep contradictions between thels less than 0.001 hartree/pohrfor th_e largest Car'_[eS|an energy gra(_jlent

- . component. For every stationary point, an analytical Hessian rHatrix
two theoretl_cal studies, we have r_)erformed_a thorough compara-yag calculated to prove the nature of the optimized structure. All open-
tive analysis of the methodologies used in both works. TWO ghel| calculations were performed using unrestricted HartFeek
widely used DFT approximations have been applied to the study (UHF) formalism.
of the (salen)Mn(lll)-catalyzed epoxidation reaction. Linde et Inthe second part of our work, where the reliability of the theoretical
al 8 performed their calculations in the framework of the hybrid approximations and the models are examined, several other methods
density functional approximation B3LYP. We employed a and basis sets are employed, in addition to BP DFT with the DZVP
genera”zed grad|ent approximation method Wlth a Becke_ basis Set.- The BSLYP hybrld density functional metiad US(_E‘d for
Perdew (BP) exchange-correlation functional. Our model for comparative analysis with the BP DFT approach. The relative energy
salen uses bis(acetylacetone) ethylenediamine (BAE) with the,’[)hoSltlons Iof(;helsmtglet, trlfhleg anorllgLéln.tet |St:tes h.aV? begnegg;fg using
methyl groups removédFigure 2a). Both salen and BAE have e coup'ec cluster metnod, which Inciudes single, dodbia

. . erturbatively connected triple excitations (CCSD()Roth B3LYP
been used as model compounds for vitamin B12 and have Shov‘"{;nd CCSD(T) are used as implemented in the Gaussian 98 prégram.

similar propertied? Our calculations are the first to use a neutral CCSD(T) calculations are done using two levels of approximation for
model of a Mr-oxo—salen complex with ethylene; Linde et  the active orbital space. The frozen core orbital approximation (CCSD-
al. used a simplified, cationic model without the chlorine ligand (T)_fc) corresponds to the standard option of the Gaussian program
(Figure 2b). and excludes 1s orbitals of the second row atoms; 1s, 2s, and 2p orbitals
The next section describes the theoretical methods used inof the chlorine atom; and 1s, 2s, 2p, 3s, and 3p orbitals of the manganese
this investigation and is followed by a discussion of the results. atom from the active orbital space. Our second approximation uses
Possible sources of the differences between the theoretical study?!Most a full active orbital set (CCSD(T)_fu); only six very low-lying
of Linde et alf and the results presented here (including orbitals of the manganese atom (1s,2s,2p,3s) and the six highest energy

differences in basis sets, density functionals, and salen modeIS)(lo) Hay, R. W.Bio-inorganic ChemistryEllis Horwood Limited: Chi-

are examined in this section. By comparing these calculational chester, U.K., 1984; pp 157161.
results with high level ab initio calculations and experimental (11) Andzelm, J.; Wimmer, EJ. Chem. Phys1992 96, 1280.

observations, we show that the computational procedure em-(12) UniChem V4.0; Oxford Molecular: Medawar Center, Oxford Science
| din thi ! tud t iqnifi " liabl It Park, Oxford OX4 4GA, U.K.
ployed in this study generates signincantly more reliable results. 13y gosa, C.; Andzelm, J.; Elkin, B. C.; Wimmer, E.; Dobbs, K. D.; Dixon,

Finally, we discuss our findings and show how they can be used D. A.; J. Phys. Chem1992 96, 6630.
to understand the electronic tuning of the asymmetric epoxi- (14) Godbout, N.; Salahub, D. R.; Andzelm, J.; WimmerC&n. J. Chem

dation reaction catalyzed by the (salen)Mn(lll). (15) E?Cig OASGDOPhys Re. 1088 A38 3098

Method (16) Perdew, J. PPhys. Re. 1986 B33 8822.
. L L . ) . (17) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.
Our investigation can be divided in two parts. The first part is the (18} Komornicki, A.; Fitzgerald, GJ. Chem. Phys1993 98, 1398.
study of different reaction pathways for the neutral model depicted in (19) (a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Lee, C.; Yang,
W.; Parr, R. GPhys. Re. B. 1988 37, 785. (c) Stevens, P. J.; Devlin,

(8) Linde, C.; Akermark, B.; Norrby, P.-O.; Svensson, MAm. Chem. F. J.; Chablowski, C. F.; Frisch, M. J. Phys. Chenil994 98, 11623.
Soc.1999 121, 5083. (20) Purvis, G. D.; Bartlett, R. J. Chem. Phys1982 76, 1910.
(9) The name of our model BAE compound is chloro*442-ethanediyl- (21) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-GordorCihém.

dinitrilo)bis(2-pentanonato)((2494N,0,0)-m-oxomanganese. Phys. Lett 1989 157, 479.
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Figure 3. Relative reaction energies of the singlet, triplet, and quintet
catalytic pathways calculated using the BP DFT functional with the
DZVP basis set.

molecular orbitals are frozen. A number of calculations are performed
with DZ and TZVP basis sef$;**which are H(41); C, N, O(621/41);
CI(6321/521); Mn(63321/531/41) and H(311/1); C, N, O(7111/411/
1); CI(73111/6111/1); and Mn((633111/51111/311), respectively. We
also introduce (see the following text) the combination of the different
basis sets for different shells of atoms in the Myalen catalyst. Such
basis sets are denoted DZVPc and TZVPc. They are essentially DZVP
and TZVP basis sets for all atoms, excluding hydrogen and carbon
atoms; these latter atoms are treated at the DZ basis set level.

Results

Two possible reaction mechanisms, stepwise and concerted,

have been considered (Figure 1). A third previously proposed
reaction pathway,with the formation of the metallooxetane
intermediate structure, was essentially ruled out in recent
experimental work and did not receive support in a recent
theoretical papet.Thus, the stepwise and the concerted mech-
anisms seem to be the most likely modes of oxygen transfer in
the studied system.

Using the BP DFT approximation with DZVP basis set, we
found three spin states (the singlet, the triplet, and the quintet
states) to be important for understanding the catalytic activity
of the manganese salen compound. For the optimized catalyst
ethylene complexes, the triplet and quintet states are the excite
states and lie 7 and 18 kcal/mol above the ground singlet state
respectively (Figure 3). Charge distribution analysis shows that
there is not any charge transfer between the mangarseden

Abashkin et al.

3(MnOC1C2)=-174.
R(C1-0)=3.02

R(Mn-01)=2.03 R(Mn-N2)=192
R(Mn-02)=2.03 R{Mn-Cl}=2.37
R(Mn-N1)=1.91 R(C1-C2)=134

8(MnOC1C2)=108.6.
o(MnOC1)=131.8

203 R(Mn-N2)=1.90
211 RA(Mn-Clj=2.27

R(Mn-02}
R(Mn-N1)=1.93 R(C1-C2)=1.44

R(Mn-01)=1.93  R(Mn-Cl)=2.25
R(Mn-O2)=1.92 R(O-C1)=145
R(Mn-N1)=1.93 R(0-C2) =148
R(Mn-N2)=1.90 R(C1-C2)=1.48

Figure 4. Optimized critical reaction structures for a concerted
mechanism of the singlet state. Bond lengths are in angstroms, and
bond angles are in degrees. The BP DFT approximation with the DZVP
basis set is employed: (a) initial catalystthylene complex; (b)
concerted transition state (TScon) leading to the final products; (c) final

0t:atalyst—epoxide complex.

Despite the significant energetic gaps between the ground
and excited states for the reactants, the triplet and the quintet
states become more stable than the singlet for the reaction

compound and the ethylene molecule. The geometries of theproducts. Because of different energetic stabilizations of the
catalyst and the substrate in the complexes are virtually the samedifferent spin states along the reaction coordinate, several

as those for the separated compounds. Overall, the elefn
interaction can be described as a weak electrostatic one.

(22) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov,
B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts,
R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C.
Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.;
Head-Gordon, M.; Replogle, E. S.; Pople, JGaussian 98Revision
A.7; Gaussian, Inc.: Pittsburgh, PA, 1998.

crossings between different spin reaction pathways can occur.
The consideration of a complex picture of the investigated
reaction as a multichannel process with a different spin state
will be presented in the Discussion. In this section, we present
our findings for each spin state reaction channel separately.
Singlet State Reaction PathwayBoth the concerted and
the stepwise mechanisms have been considered for the singlet
state. Despite intensive searches on the singlet potential energy
surface, we failed to find a stable intermediate structure. This
indicates that only a concerted pathway is feasible for this spin
state. The structures of the initial complex, the concerted
transition state (TScon), and the final complex are depicted in
Figure 4. The energetic reaction profile can be found in Figure
3
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The reaction starts from the initial complex (Figure 4a) in is only 1.9 kcal/mol) to the product mixture of cis and trans
which the model catalyst and the substrate are separated fromisomers. The rotation of the ethene moiety of the intermediate
each other by 3 A. Significant movement along the reaction around the C+C2 bond is widely assumed to be responsible
coordinate toward the products is needed to come to the TSfor cis—trans epoxide isomerization. Though such a rotation is
structure of the concerted mechanism (Figure 4b). This late (or energetically feasible (TSrot barrier is 3 kcal/mol) in our
productlike) TS structure is characterized by almost having one modeling, the nature of the intermediate offers an alternative
of the two carboroxygen bonds of the epoxide moiety way to get a mixture of cis and trans products. Our study reveals
completely formed R(C1-0) = 1.55 A). The second bond that the intermediate collapse to the cis and trans isomers is
C2—-0is at the early stage of formation with a distance between energetically more favorable than rotational changes in the
C2 and O of 2.39 A. The most significant geometrical change intermediate.
in the TS structure of the catalyst relative to the initial structure  Analysis of the spin density distribution shows that the
is an elongation of the MAO bond by 0.16 A. The TScon  unpaired electrons are localized on the metal atom in the
structure leads directly to the product complex (Figure 4c). In beginning of the reaction and in the triplet TS1 structure. The
the final complex, the oxygen of the epoxide compound is picture is changed for the radical intermediate. In this structure,
coordinated to the Mn(lll) atom that virtually lies in the plane the unpaired electrons are delocalized, with one of them situated
created by O1, 02, N1, and N2 atoms. The interaction energy on the metal of the catalyst and another on the C2 atom of the
of the product complex is 5.8 kcal/mol. substrate.

The barrier corresponding to the concerted TS structure is  Quintet State Reaction Pathway.Many features of the
18.9 kcal/mol, and the reaction is exothermic by 14.1 kcal/mol. quintet reaction channel are similar to those of the triplet
The concerted mechanism assumes that there is not anyreaction. First of all, the reaction in the quintet state also
possibility for cis-trans isomerization in the course of the proceeds via a stepwise mechanism (Figure 6). Second, the first
reaction. Thus, the singlet reaction channel exclusively yields TS is a very early one and resembles the triplet TS1 (see Figures
cis epoxides. 5b and 6b). The quintet TS1 also leads to a radical intermediate

Triplet State Reaction Pathway.It has been found that the  structure (Figure 6c). In contrast to the triplet case, this
reaction in the triplet spin state follows through a stepwise intermediate does not have the Gethylene group rotated
mechanism (Figure 5). In the first step of the reaction, the very about the C+C2 bond. Thus, the quintet intermediate structure
early TS1 structure (Figure 5b) has geometrical parameters thais qualitatively similar to the structure of TSrot in the case of
are virtually unchanged relative to the geometries of the substratethe triplet reaction. At the same time, the rotational quintet TS
and the catalyst in the initial complex (Figure 5a). The TS1 (Figure 6d) structure is analogous to the triplet intermediate
structure leads to the radical intermediate with a formedt@1  structure. The collapse of the quintet intermediate to the products
bond R = 1.39 A) (Figure 5c¢). In this intermediate, the position proceeds through TS2 (Figure 6e). It is interesting to note that,
of the C2H of the ethene moiety corresponds to the rotation in the saler-epoxide final complex (Figure 6f), the distance
around the C+C2 bond by 90 (§(HC2C10)= 177.8) relative between the oxygen atom of the epoxides and the Mn atom is
to that of the free ethene compound. The intermediate structurelarge (4.02 A). This fact indicates that, unlike the singlet and
in which the ethene part of the catalytic complex closely the triplet cases, the epoxide is virtually not coordinated to the
resembles a free ethylene molecule is a rotational TS structuremetal atom. From an energetic point of view, this leads to a
(Figure 5d). The radical intermediate can collapse into the final complex that is less stabilized with respect to separated
epoxide product complex through two transition states: TS2_a products than in the case of other spin states (Figure 3).
and TS2_b (Figure 5e and f). Starting from the geometry of = The energy needed for the activation of the quintet reaction
the radical intermediate, the TS structures can be obtained usingchannel is approximately 6 kcal/mol, an amount that is
clockwise or counterclockwise rotations about the-C2 bond comparable with the triplet TS1 barrier. The quintet state
and simultaneously forcing the C2 atom toward the oxygen of reaction pathway suggests only one way for-¢igins isomer-
the catalyst from either the right or the left side. Because the ization, that is, rotation about the €C2 bond in the intermedi-
radical intermediate structure is an intermediate configuration ate. The corresponding TSrot barrier is found to be only about
between cis and trans isomers, both transition states can leadl kcal /mol, indicating virtually free rotation about this bond.
to either cis or trans epoxide products. Moreover, because our Reliability of the Theoretical Approximations and the
small model does not take into account any possible steric Models. As mentioned in the Introduction, the results and
interactions in the real catalyst, the probability of getting cis or conclusions of the present work differ significantly from the
trans product is the same, because clockwise or counterclockwisgesults and conclusions published in Linde et @lhe main
twisting of the intermediate is equally possible. TS2_a is discrepancies include (but are not limited to) an ordering of
calculated to be 1.6 kcal/mol lower in energy than TS2_b. We the singlet, the triplet, and the quintet states for reactants and
performed intrinsic reaction coordinate calculations to see what products and different qualitative reaction profiles for the quintet
the product conformations TS2_a and TS2_b correspond to. Itstate.
was found that the reaction pathway passing through the lowest  1¢ resolve the sharp contradictions between the two theoreti-
TS2 a saddle point results in the final CompleX_a that is depICted cal works, we performed a thorough Comparative ana|ysis of

in Figure 5g. the methodologies used in both studies. Three factors that could
TS_ b leads to the final complex_b that can be obtained from lead to the discrepancies have been considered: using different

complex_a by rotation of the epoxide about the-Md direction basis sets, using different DFT functionals, and using different

by approximately 180 models. In this work, we present a brief summary of our

The limiting step of the reaction in the triplet excited channel findings. Further details will be forthcoming in a separate
is the initial substrate attack on the oxygen of the catalyst. A publication.
modest amount of energy (6.5 kcal/mol) is needed to activate We found that only small variations in relative energies occur
this step. The radical intermediate is more stable than the initial with different basis sets in the framework of the same DFT
complex by~2 kcal/mol and readily collapses (the TS barrier approximation. B3LYP calculations performed with our smallest
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a c2 € S(MnOC1C2)=139.0
(MnOC1)=118.3
3(MnOC1C2)=-178. 6((HCZC1 &):em

c1 R(C1-0)=3.09

R(Mn-01)=1.93 R(Mn-N2)=196
R(Mn-02)=1.94 R{Mn-Cl)=2.38
R

Mn-N1)=1.96 R(C1-C2)=1 34 a Rihn-Cl)=2 32

J=.
R(Mn-02)=1.92 R(C1-C2)=1.49
)=1.94 R(Mn-N2)=1.95

S(MNOC1C2)=-174.4.

c2 _
{MnOC1)=113.7 £ 2y
"2 oH  §(Mnocica)-1346
o(MnOC1)=119.7
) S(HC2C10)=116.4

R(Mn-01)=1.90 R(Mn-Cl)=2.33
R(Mn-02)=1.90 R(C1-C2)=150
R(Mn-N1)=194 R(Mn-N2)=1.95

R(Mn-O1)=191 R(Mn-C1)=2.33 o
R(Mn-02)=193 R(C1-C2)=137
R(Mn-N1}=1.99  R(Mn-N2)=1.9

8(Mn0C1C2)=178.0
oMnOC1)=116.2
§(HC2C10)=177.8
R(C20)=2.43

R(Mn-O1)=1.91 R(Mn-Cl)=2.26

H R(Mn-02)=1.91 R{O-C1) =145
R(Mn-Cl)=2.31 R(Mn-N1)=196 R(0-C2) =1.46
R(C1-C2)=1.47 R(Mn-N2)=1.95 R(C1-C2)=1.48

R(Mn-N2)=1.95

OH S(MnOC1C2)=169.2
c(MnOC1)=118.5

S(HC2C10)=62.9

R(C20)=2.39

R(Mn-01)=189 R(Mn-Cl)=2.33
R(Mn-02)=189 R(C1-C2)=1.49

R(Mn-N1)=1.94 R(Mn-N2)=1.94

Figure 5. Optimized critical reaction structures for the stepwise radical mechanism of the triplet state. Bond lengths are in angstroms, and bond
angles are in degrees. The BP DFT approximation with the DZVP basis set is employed: (a) initial catalylsihe complex; (b) first transition

state (TS1) resulting in the intermediate with a formed-Olbond; (c) radical intermediate; (d) rotational transition state (TSrot) for the radical
intermediate; (e) second transition state (TS2_a) leading to the final products; (f) alternative second transition state n(TS2_b, seenixt); (g) fi
catalyst-epoxide complex.

basis set DZ, which is similar to the DZ-like basis of Linde et between all states are small (the maximum difference is 2.6
al.B reproduces their conclusion that the energy differences kcal/mol in ref 8 versus 4.6 kcal/mol with our corresponding
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a C2 d \)
S3(MnOC1C2)=-167.
C1 H
R(C1-0)=3.15
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c2 o(MnOC1)=120.3
S(HC2C10)=177.6
c1 R(C2-0)=2.42

R(Mn-01)=1.93  R{Mn-Ci)=2.28
R(Mn-02)=195 R(C1-C2)=1.49
R(Mn-N1)=1.98 R{Mn-N2)=1.97

b c2 S(MnOC1C2)=-177.4.
KG a(MnOC1)=116.1
. € c2 H 3(MnOC1C2)=160.5
C(MnOC1=124.4
3(HC2C10)=82.8

R(Mn-01)=1.92  R(Mn-Cl)=2.33
R(Mn-02)=1.99 R(C1-C2)=137

-NTj=1 N2, R(Mn-O1)=1.94 R(Mn-Cl)=2.32
Fn-N1)=1.96 Riln-112)=1.96 R(Mn-02)=1.93 R(C1-C2)=147
R(Mn-N1)=1.98 R(Mn-N2)=1.99

8(MnOC1C2)=-154.1
o (MnOC1)=123.7
8(HC2C10)=88.9
R(C2-0)=2.35

R(Mn-01)=1.93  R(Mn-Cl)=2.29
R(Mn-02)=1.95 R(C1-C2)=1.49
R(Mn-N1)=197 R(Mn-N2)=1.97

R(Mn-O1)=1.93 R(Mn-Clj=2.32
R(Mn-02)=1.94 R(0O-C1)=1.44
R(Mn-N1)=199 R(O-C2) =1.45
R(Mn-N2)=196 R(C1-C2)=148

Figure 6. Optimized critical reaction structures for the stepwise radical mechanism of the quintet state. Bond lengths are in angstroms, and bond
angles are in degrees. The BP DFT approximation with the DZVP basis set is employed: (@) initial cathlylehe complex; (b) first transition

state (TS1) resulting in the intermediate with a formed-Olbond; (c) radical intermediate; (d) rotational transition state (TSrot) for the radical
intermediate; (e) second transition state (TS2_a) leading to the final products; (f) final caggdgside complex.

basis set). Thus, we conclude that the contradictions between To make the CCSD(T) calculations more practical, some
the two theoretical works cannot be a consequence of usingreduction of the size of the computational models and basis sets
different basis sets. is made. First, the carbercarbon bridge between the two
In this work, we determine which functional performs better nitrogen atoms (Figure 2) is eliminated by breaking theNC

in establishing the right energy relationship between different honds and saturating the cut nitrogen bonds with hydrogen
spin states in the particular case of this metallorganic system gtoms. This leads to a simplified neutral (SN) model and a
(Mn—salen catalyst model). A high level ab initioc method gjmpiified cationic (SC) model. The SN and SC models
(coupled cluster method (CCSD(T))) is used as a reference pointcorrespond to our model and the model considered by Linde et
to compare the performance of BP and B3LYP DFT functionals 4 respectively. Second, we reduced the size of the basis sets
for the oxomanganese reactant. The CCSD(T) approach, while¢,. ha SN and SC model compounds by treating the second
computationally expensive, is one of the most attractive choices shell atoms (carbons and hydrogens) with a small DZ basis set.
t\Ne denote these basis sets as DZVPc and TZVPc (DZVP_core
and TZVP_core), respectively. Preliminary results show that
all of these simplifications only slightly influence the local
(23) King, R. A.; Crawford, D. T.: Stanton, J. F.; Schaefer, H. F., JIl. electronic structure of the metal open shells and, therefore, the

Am. Chem. Sod 999 121, 10788. total picture of different spin state distributions would not be

paper by Schaefer and co-workéfsits accuracy is well-
established for many chemical problems.
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Table 1. Ab Initio and DFT Calculated Relative Energies (kcal/mol) for the Singlet (S), Triplet (T), and Quintet (Q) Spin States of the
Simplified Cationic (SC) Mn-Salen Catalyst Model

relative energy (kcal/mol)

SC:DZVPc model using SC:TZVPc model using
the following methods the following methods SC:DZ model
CCSD(T)_fc/ CCSD(T)_fu/ BP/ CCSD(T)_fc/ CCsD/ B3LYP/
DZVPc BP DZVPc BP DzZVPc BP TZVPc BP TZVPc BP DZVPc BP method

S 0.0 0.0 0.0 0.0 0.0 0.0
T —4.0 +1.4 +12.7 +0.1 +5.6 -1.6
Q +9.9 +17.3 +33.6 +16.1 +21.8 +5.0
singlet state totdE (au) —1716.0265 —1716.0981 —1719.6199 —1716.3089 —1716.510 —1719.1121

aFor the description of the model, see the text.

Table 2. Ab Initio and DFT Calculated Relative Energies (kcal/mol) for the Singlet (S), Triplet (T), and Quintet (Q) Spin States of the
Simplified Neutral Mr-Salen Catalyst Mod#l

relative energy (kcal/mol)

SN:DZVP model SN:DZVPc model
CCSD(T)_fu/DZVPc BP method B3LYP/DZVPc BP method BP/DZVPc BP method
S 0.0 0.0 0.0
T +14.5 -8.1 +6.0
Q +10.9 —9.4 +17.2
singlet state totdt (au) —2175.8944 —2179.5803 —2180.0605

aFor the description of the model, see the text.

changed in the simplified computational approach relative to a singlet to be the ground state, while the triplet and the quintet
“standard” approximatiof? are excited states. We note, however, that in BP DFT calcula-
Comparative analysis between ab initio and different DFT tions the triplet and the quintet are in reverse order with respect
calculations has been performed for the simplified cationic to the ab initio calculations.
model, and the results are presented in Table 1. Our highest As we already mentioned, our theoretical studies, like those
level ab initio calculation (TZVPc CCSD(T)_fu) unambiguously  of Linde et al., led to two qualitatively different profiles for the
suggests that the singlet state is the ground state for thequintet state. We performed a number of additional calculations
oxomanganese reactant. The first excited level is the triplet to see if using different DFT functionals can result in the
which lies 5.6 kcal/mol higher in energy. The energy gap qualitatively different reaction profiles. We first conducted an
between the singlet and the quintet state is very large (21.8 kcal/extensive search of the quintet potential energy surface of the
mol). In contrast to these findings, the B3LYP DFT approxima- cationic model, using both BP and B3LYP approaches with the
tion with the DZ basis set (an approach similar to the one used aim of finding the intermediate structure. Similar to the results
by Linde et al.) predicts the triplet state to be the ground state of Linde et al., no radical intermediate structure was found for
with a small energy gap between the singlet and the quintetthe cationic model. For the neutral model, however, the
(5 keal/mol in Table 1 and 1.2 kcal/mol in ref 8). Using the BP  geometry of the intermediate complex in the quintet state was
DFT approximation gives results qualitatively similar to the easily obtained using the B3LYP method, starting from the
reference ab initio results. From the quantitative point of view, geometry of the already optimized BP DFT structure. Thus, the
the BP DFT calculations suggest that the singlet is lower in existence or nonexistence of the quintet radical intermediate

energy than the triplet and the quintet by a greater amount thandepends only on the type of model used in the calculations.
that predicted by the ab initio calculations: 12.7 versus 5.6 kcal/

mol for the triplet and 33.6 versus 21.8 kcal/mol for the quintet. Discussion
We, however, are encouraged by the fact that CCSD(T) ab initio
calculations predict an increased stability of the singlet state An ordering of following the singlet, the triplet, and the
with an increased level of calculation. In fact, increasing both quintet states for reactants and products plays a crucial role in
the active orbital space (from the frozen core to the almost full the explanation of the Mnsalen catalytic activity.
space) and the basis set leads to widening the gaps between the Using the B3LYP approximation, Linde et &ffound the
singlet and other states. One can speculate that a more complettriplet state to be a ground state for the reactant complex. This
basis set could result in CCSD(T) numbers that come even closeffinding contradicts our prediction (BP approximation with
to BP DFT calculations. DZVP basis set) that the singlet state is the lowest in energy.
A big difference in the predictions of the BP and B3LYP Even more striking differences in the results of the two
functionals can also be seen in the neutral model (Table 2).theoretical studies are values of the energetic gaps between the
B3LYP calculations suggest that the order of spin states is the different spin states of the reactants. Linde étmdedicted that
quintet, the triplet, and the singlet, which is exactly the opposite all three spin states are pseudodegenerated with an energy
of the results of the BP functional. The reference coupled cluster difference between the lowest and the highest spin state of only
calculations show that the BP functional correctly predicts the 2.6 kcal/mol. In contrast to this observation, we found that the
singlet ground state is significantly more stable than the excited
(24) Computed numbers of spin state relative energies for the simplified triplet and quintet states (6.7 and 17.6 kcal/mol, Figure 3). The
neutral model with the DZVPc basis set coincide with those of the n;merical discrepancies of two theoretical works lead to two
original neutral model and standard basis set to less than 1 kcal/mol. o . . . .
(25) The results of X= NO; and other substituent calculations will be  dualitatively different pictures. In our case, the singlet reaction
published. pathway plays a very important role explaining experimental
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observations, while, in the earlier wotkthe addition of ethene  occur in the quintet channel before the collapse. That should
to the singlet catalyst complex is considered an unlikely event. lead to equal amounts of cis and trans epoxides in the product

As we have shown in the previous section (Tab|es 1 and 2), mixture. Thus, in our restricted model, both the triplet and the
using the B3LYP DFT approximation leads to results that are quintet channels result in equal partitioning of cis and trans
qualitatively different from those obtained from high level ab €epoxides.
initio calculations. The qualitative picture obtained using the  On the basis of the results of our calculations, the three
BP DFT approximation is similar to that obtained from the reaction channels compete in order to contribute to the epoxide
CCSD(T) one, although the BP DFT results may need some products (Figure 3). The quintet channel is characterized with
numerical corrections. Overall, our results suggest that B3LYP the highest energy excited reactants, which makes the channel
calculations have a tendency to “overstabilize” the quintet state inactive in the first step of the oxidation reaction. However,
with respect to the singlet one. This is the reason for a large the quintet intermediate lies lower in energy than the triplet,
energetic gap between the quintet and the singlet states (by 40ndicating that both the triplet and the quintet could contribute
kcal/mol) on the product side in the case of using the B3LYP to the product isomers after the collapse of the radical
approximatiorf?8 In our calculations (Figure 3), the splitting  intermediates. Because our modeling predicts a 1:1 ratio of cis
between the singlet and the quintet is not so pronounced, 7 kcal/and trans epoxide for each spin channel, the “combined” triplet/
mol. On the basis of the results for the reactant side, we believequintet reaction leads to an equal partitioning of the isomers as
that the BP method likely gives a more accurate description of well. On the basis of the experimentally determined cis/trans
the singlet-quintet separation. product ratio of 6.3:%, however, we must account for the

One of the main conclusions of Linde and colleagues’ Work Predominant production of cis epoxide. We suggest that the
is that there is no intermediate structure on the quintet reactionsinglet reaction pathway must play a significant role in the
pathway. Thus, a cis conformation of the reactant cannot be overall reaction, because it leads to cis product exclusively.
changed in this spin state. Therefore, the authors concluded that Competition between the singlet and the triplet/quintet
the spin change from the triplet to the quintet surface early in pathways offers a consistent explanation for the observed cis/
the reaction is responsible for the high yield of cis epoxides. trans partitioning. Even though the DFT estimated singlet
Our calculations do not support this theory. We found the activation energy is slightly higher than the triplet one, we
intermediate on the quintet reaction pathway and showed (seebelieve that the activation energies coincide within the accuracy
above) that the intermediate can yield both cis and trans of our modeling. The reference high level ab initio calculations
epoxides. Our results suggest that the oversimplified cationic suggest that our DFT results may need some numerical
model used by Linde et al. is responsible for the “disappearing” corrections. Importantly, the suggested correction (see Table
of the quintet intermediate. We speculate that the cationic model 2) would result in widening the gap between the singlet and
may not be flexible enough to describe the wide changes in thethe triplet reactants by 8 kcal/mol. Applying the suggested
electronic structure of the Mn atom in the course of the reaction correction leads to an absolute energy of the triplet TS barrier
(which starts with Mn(V) and ends with Mn(lll)). For this  which is higher than the activation energy needed for the singlet.
reason, using the cationic model leads to qualitatively wrong Thus, overall, our computational results do not preclude the
results and one should exercise extreme caution when makingsinglet channel to be the most competitive reaction channel.
conclusions on the basis of results obtained with this cationic This fact would easily explain the experimentally observed
model. predominant production of cis epoxide.

On the basis of the comparative analysis, we feel that the The description of the reaction as a process with competing
methodology used in this work gives a realistic description of channels that have different ratios of cis and trans products
the (salen)Mn(lll)-catalyzed epoxidation reaction. As seen from implies that any changes in the relative activation energies
the results of our calculations, the reaction can be consideredbetween the singlet and the triplet reaction pathways should
as a three channel process with different spin states: the singletjnfluence cis-trans isomerization. Such shifting of the relative
the triplet, and the quintet. Every reaction spin channel has position of the singlet and the triplet TS barriers can be induced
distinguishing features, although the triplet and quintet reactions both by changing the electronic structure of the catalyst through
also reveal many similarities, including the same qualitative ligand substitutions and by changing the substrate itself. The
reaction profile that corresponds to a stepwise mechanism. Thedependence of enantioselectivity for the catalyzed epoxidation
singlet reaction follows a concerted reaction pathway. There is reaction on the electronic properties of the catalyst and/or the
only one late (productlike) TS structure on the singlet pathway substrate is a well documented experimental observatu.
that leads exclusively to the cis epoxide product. preliminary calculations show that this proposed catalytic

In contrast to the singlet reaction, the triplet and the quintet Scheme allows for the effect of substituents. For example,
channels are characterized with early (reactantlike) TS structuressubstitution of X= H in our model (Figure 2a) by an electron
that result in the radical intermediates which can collapse to a Withdrawing nitro group, X= NO, leads to decreasing the
mixture of cis and trans epoxides. The main distinguishing absolute singlet activation energy by 4.3 kcal/mol, while the
feature between the triplet and the quintet channel is the way absolute value of the triplet TS barrier lowers by only 2.6 kcal/
the radical intermediate transforms to the mixture of isomer Mol. According to our catalytic scheme, the larger stabilization
products. The twisted nature of the triplet intermediates (Figure Of the singlet pathway should lead to a higher yield of cis
5¢) suggests that it can directly collapse to either the cis or trans€poxide. That is in complete agreement with the experiment
isomer with equal probability. No additional rotation is required by Jacobsen and co-workerthus providing, though indirectly,
to get a trans epoxide. In contrast, the isomerization in the experimental support for our theory.
quintet channel needs the rotation about theGQbond (Figure Finally, we would like to point out that the presented
6c) before the collapse of the quintet radical intermediate. theoretical picture is likely a simplified version of the real
Because the TS rotational barrierX kcal/mol) is much lower catalytic action. This is due to the fact that our small model
than the TS barrier¢5 kcal/mol) corresponding to the collapse does not take into account the steric interactions between the
of the intermediate, we assume that a number of rotations canside chains of the actual catalyst and the actual substrate that is
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more bulky than model ethylene. One of the possible conse- Because the results and conclusions of the present work
quences of a more realistic system might be changing the dramatically differ from the results and conclusion of the recent
“perfect” 1:1 ratio of cis-trans isomers for the triplet and the DFT theoretical investigatiohiywe studied possible sources for
quintet channels. the deep contradictions between the two works. The choice of
the DFT functional and a model has been shown to be crucial
for accurate results. The B3LYP functional was used in Linde
On the basis of the results of a detailed DFT study, we et al.8 while our calculations employed the Beekeerdew (BP)

introduce a novel mechanism for the (salen)Mn(lll)-catalyzed functional. Using high level ab initio calculations (coupled
epoxidation reaction. This mechanism is consistent with the cluster-CCSD(T)), we show that the BP functional gives a
major experimental observations, including the dependence ofrealistic description of the relationship between the different
enantioselectivity on electronic effects. We describe the reactionspin channels involved in the reaction. In contrast, using the
as a process with competing channels having different spin B3LYP approach in this particular catalytic system case results
states: the singlet, the triplet, and the quintet. The singlet jn a distorted picture of the spin state order. It is also shown
reaction pathway corresponds to a concerted mechanism andhat the smaller cationic model without a chlorine ligand that
leads exclusively to a cis epoxide product. In contrast, the triplet \y55 used by Linde et al. is too oversimplified with respect to
and quintet reactions follow a stepwise mechanism and lead toqyr |arger neutral model. For this reason, using the cationic
a product mixture of cis and trans epoxides. For our restricted qqe| led to a qualitatively wrong quintet reaction profile that
model, we estimated this cis/trans product ratio to be 1:1. T yjaveqd 4 key role in theoretical postulates in the earlier viork.
account for the predominant production of cis epoxide, We a4 an analysis of the two theoretical methodologies shows
propqse_that the singlet reaction is an active channel Of. thethat the theoretical approach used in this present work is more
epoxidation process. Such a proposal leads to a consistent o iaple. Further studies are needed to determine if our meth-

g);qagggﬁgtgntsher?c(i?c?[rtlir?airgwael ;?)Cst;u\geagg\tzﬂtggtéﬁgﬁou]%r: odological findings suggest general recommendations for theo-
P Y1 etical investigations of organometal-catalyzed reactions.

the triplet channel is slightly lower than that for the singlet, the
activation energy for the singlet state likely will be the lowest . .
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