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Energy profiles for olefin epoxidation with the cationic [Mn(acagkncatalyst (acacen= ~O(CH):N—
C.H4s—N(CH);O~ ) have been calculated using pure (BP86) and hybrid (B3LYP) density functional
methodologies. For the reaction, triplet and quintet energy hyper surfaces have been considered. The BP86
calculations allow for a rationalization of a reaction occurring under spin conservation. On the other hand,
the B3LYP calculations suggest a reaction profile involving an early spin-crossing step, strongly supporting
two-state reactivity. Further, the BP86 calculations suggest the existence of a metallacycle as possible reaction
intermediate, a proposition not supported by the B3LYP approach. The two different computational approaches
result not only in auantitatively, but also in aqualitatively different description of the epoxidation reaction.

This in turn implies different models for chirality transfer associated with related reactions employing chiral
catalytic systems.

Introduction of DFT calculations. In particular, the B3LYP functioriél,
introduced in the context of the calculation of vibrational circular
dichroism spectrd’ is often considered the standard approach
for many problems in transition metal chemistry.

There exists a vast body of literature comparing the perfor-
mance of and elucidating the differences between various density
functionals; however, comparative studies based on problems
from the field of transition metal chemistry are scarce, and began
to appear only recently120 |n the present work, we will
investigate such a problem, choosing a rather pragmatic ap-

roach often encountered in computational inorganic chemistry.

e hope that this contribution will provide helpful hints for
the researcher actively pursuing studies in this field.

With the event of density functional theory (DFT) in
chemistry! major strides have been made in the area of
computational transition metal chemis&ywhich opened up
new avenues for chemical research, such as the field of
computational organometallic chemistr@ver the last 10 years,
DFT has developed into a well-accepted research tool not only
for the theoretically;® but also for the experimentally inclined
chemist’ being at the verge of adopting the status of a routine
method in chemical research. However, although the basic
theorems on which DFT is based state the existence of a precis
formulation of molecular energies as a functional of the electron
density89it is well-known that the exact form of that functional
is not known.

Ingenuity and intuition play a key role in the development
of approximatedensity functional theory, suitable for the The present work is based on the asymmetric epoxidation of
treatment of real chemical problems, aaproximateDFT has olefins, mediated by chiral Mn-salen catalysts, which was
repeatedly been characterized as an essentially semiempiricaintroduced by KatsuRt and Jacobseft. This reaction is
method® If one accepts this judgment, one has to add that recognized as one of the most practical methods in the
approximate DFT introduces a new quality of semiempirical epoxidation of alkenes, and Jacobsen’s catélyst effective
procedures since the level of reasoning and the foundation offor virtually every class of conjugated olefins.
the approximations are on a much higher level, compared to
common semiempirical methods.

Many research efforts are devoted to improve current density
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functionals, and to design new density functionals geared toward NS N

specific applications! The generalized gradient approximation - \U/ -

(GGA), and in particular the combination of the nonlocal ) / "\ )
gradient corrections for exchange due to Betkend for Bu o (L 0 Bu

correlation due to Perde¥##,BP86, have been shown to provide
a reliable tool for energetics and thermodynamics of transition
metal complexed3 1
The so-called hybrid methods, which combine the DFT and
Hartree-Fock (HF) approaches in the description of the . > i
exchange energy, and which were first proposed by Bétke, the scope and potential of the Jacobsen-Katsuki rea¢tiah.

are by now considered to be the method of choice in many areas 1€ mechanism of the Jacobsen-Katsuki reaction is highly
debated® and a controversy has erupted in the literature

* Current address: KemKom, 1864 Burfield Avenue, Ottawa, Ontario, '€garding the presence of a radiéabr a metallacyci& as
K1J 6T1, Canada. E-mail: jacobsen@kemkom.com. intermediate species during the course of the epoxidation

Bu By

We refer the reader to the literature for reviews dealing with

10.1021/jp034194r CCC: $25.00 © 2003 American Chemical Society
Published on Web 06/13/2003



Transition Metal Mediated Epoxidation J. Phys. Chem. A, Vol. 107, No. 28, 200467

reaction. Several experimental studies dealing with different effects of the functionals on the geometries, all the structures
mechanistic aspects have since then been devoted to thidiscussed here were located with both BP86 and B3LYP
problem33-36 functionals. It is not the goal of the present study to focus on

Given the importance of the Jacobsen-Katsuki reaction, it is the mechanistic aspects of the epoxidation reaction, but rather
not surprising that various DFT calculations dealing with this t0 compare systematically the results of the two popular DFT
topic have appeared in the literatd#e46 One of the chal- approaches. In particular, we want to address the question of
lenges here lies in the correct electronic description of the Whether different DFT approaches not only resultjirantita-
catalytically active species, since several spin states, includingtizely, but also inqualitatively different descriptions for a given
singlet, triplet, and quintet states, are conceivable for the chemical reaction, similar to our observations for transition metal
transition metal complexes involved. Most of the studies employ hydrides?®
a simplified model system for the Mn-salen catalyst, as for ) )
example the cationic or neutral model compounds [Mn- Computational Details

(acacef)]* and CIMn(acacel, respectively (acacén= Spin-unrestricted density functional calculations were carried
“O(CH)N—CHs—N(CH);0™ ), and a simplified model olefin, oyt using the Gaussian98 program systéB3LYP calculations
often ethylene. The DFT functionals used in these studies ytilize Becke’s three parameter hybrid functidfabgether with
include the pure BP86 as well as the hybrld B3LYP functional. the correlation functional of Lee, Yang’ and P&Eor BP86

The first two computational studies, addressing the mecha- calculations, gradient corrections were taken from the work of
nism of olefin epoxidation, resulted in strikingly different Becke!?and the local correlation functional of Perd@together
scenarios for the oxidation step. Using the [Mn(acg¢emodel with his correlation gradient correctiofisvas used. Mn was
catalyst, the B3LYP study of Svensson and co-worers described by the TZV basis of Ahlrichs and co-work&radding
explains the mechanism of the Jacobsen-Katsuki epoxidationone additional p-function (@ = 0.12765). The remaining
in terms of two-state reactivity. It is suggested that the reaction ~elements were described by the SVP basis of Ahlrichs and co-
begins on the triplet surface, followed by spin change to the workers®3 Local minima on the energy hypersurface have been
quintet surface. The point at which the spin-crossing occurs thencharacterized by real frequencies only, whereas transition states
determines the stereochemistry of the reaction. From the resultshave been characterized by one imaginary frequency, corre-
of a BP86 study using the neutral model catalyst CIMn(aciacen sponding to a molecular displacement along the reaction
we concluded that the oxidation reaction is likely to occur on coordinate.
the triplet surfac&? On the basis of this reaction profile, a model
could be developed, which ties the enantioselectivity in the Results and Discussion

o : , . 46 ' . '
epoxidation reaction to the first-@0 bond formation stef As mentioned above, we will base our work on one particular

We suggested that the role of the functional group conjugated goanarig for the epoxidation reaction, involving the cationic

to the olefinic double bond is to confer regioselectivity to the . J4q catalyst precursor [Mn(acacin 2, and its oxo species
substrate attack at the oxo ligand of the catalyst, required for [O=Mn(acacef)]* 3. '

high enantiomeric discriminatiotf.

A recent study of Abashkin and co-workers addresses the 1+
question of the performance of different density functionals in
the context of the Jacobsen-Katsuki epoxidation reaction, putting

N/— /0%
a main emphasis on quantitative different&idowever, Abash- —N N—= —N\u N—
kin and co-workers only use a restricted basis set in their \ /M“\ / \ % Q\ /
0] O 0] O
2 3

I

calculations, and we recently showed that characteristic proper-
ties of the [Mn(acace)]™ and CIMn(acacei systems indeed
depended on the choice of basis ¥etoreover, the B3LYP

calculations performed by Abashkin are single point calculations  Questions regarding the true nature of the catalytic systems,
on the BP86 geometries, and both B3LYP and CCSD(T) including the presence as well as the importance of additional
calculations were performed only for the simple#4@ species  axjal ligands, and questions regarding alternative reaction
in the absence of any olefin. Therefore, while the work of mechanisms and Cata|yst regeneraﬂon Stepsy will not be ad-
Abashkin slightly suggests that BP86 could perform better than dressed. Instead, the primary interest lies in the differences of
B3LYP, a complete and systematic study of the different the true density functional and hybrid density functional
performances of the BP86 and B3LYP approaches along theapproaches BP86 and B3LYP. Tripletas well as quinte®
whole reaction path is still miSSing. In faCt, up to now this energy hypersurfaces will be investigated’ and Sins|gﬁates
analysis has been performed comparing results obtained withwil| only be included for complex. It was suggested that the
different model systems (cationic or neutral), different basis set stepwise reduction of the MrO bond? which occurs during
(Slater-type orbitals versus Gaussian-type obitals), and the onlythe epoxidation reaction, energetically disfavors the singlet state,
computationally consistent comparison of Abashkin is limited making it an unlikely candidate for the electronic situation of
by the fact that it has been performed on one specific systemmost of the model complexes investigated in the present
only, and using the BP86 geometries. scenario.

It is thus not obvious whether the differences between given ~ When talking about spin states an&@0]values in the
computational studies actually originate from the different framework of density functional theory, a caveat is in order.
density functionals applied, or from other differences in the For an open shell system, with the exception of the highest spin
computational approach. To clarify this situation, and to provide state, it is generally not possible to exactly formulate a given
for an unequivocal opportunity to directly compare the perfor- spin state within density functional theory, afvalues are
mance of different density functionals, we present BP86 as well normally constructed for an approximate wave function as Slater
as B3LYP calculations for one particular scenario of olefin determinants from KohaSham orbitals. However, the so-
epoxidation with a manganese model catalyst. To check for the obtained spin-expectation values are routinely reported in
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TABLE 1: Relative Energies® of Complexes 2 and 3, compare favorable with the data published by Strassner and
Optimized for Different Spin States Houk 3 who used the standard 6-31G* Pople basis for the main
2 3 group elements and a TZ basis for manganese. The different
basis sets cause energetic discrepancies between 5 and 10 kJ/
T Q S T Q h
mol, but do not affect the general picture.
BP8® 62 0 0 27 110 Sianifi diff hen the B3LYP |
BP8E 67 0 0 27 101 ignificant differences appear when the results are
B3LYPP 112 0 0 11 40 compared to the study of Svensson and co-workefhese
B3LYPd 113 0 0 15 47 authors apply for the ligand atoms only a DZ basis without
B3LYP® - - 6 0 11 polarization functions. As a result, they observe for the oxo
aln kJ/mol. Literature values have been converfethis work. complex3 three different spin states close in energy, with a

¢ d&(p)/t&(p)-STO basis, ref 45! 6-31G*(HCNOCI)/TZ(Mn) basis, ref different stability rankingl' 3 > S3 > Q 3. We conclude that
38.°¢DZ basis for ligands, (14s,11p,6d) primitive basis augmented by the inclusion of polarization functions for atoms belonging to
two p and one diffuse d function contracted to [6s,5p,3d] for Mn, ref the ||gand System is of crucial importance for a proper
37. description of the relative energies of the different spin states.

common density functional programs, and are often interpreted 1€ Energy Profile of the Epoxidation Reaction. The
and analyzed in applications of density functional theory to reaction sequence for the transformgtlon of ethene into oxirane
molecular problems. Keeping the above-mentioned restriction investigated in the present work is illustrated in Scheme 1.
in mind, we will follow this commonly accepted approach in Reference system at zero energy is a weakly coordinated
the present work. The reader is referred to the literature for an alkene adduct, the alkene approaching the oxo ligand of the
analysis of the diagnostic value @Cin Kohn—Sham density catalyst. The transition state for the first© bond formation
functional theory?* 5 leads to a radical intermedia6e the transition state for the
The Model Catalysts.In Table 1, compared are the relative Second GO bond formation7 leads to the epoxy adduét
energies of optimized geometries dmnd3 in different spin ~ Further considered is the metallacyéle
states. In Figure 1, displayed are the BP86&andQ energy profiles
The most stable geometry f@& is a square-planar quintet —according to the reaction profile outlined in Scheme 1.
geometry, followed by the triplet of the same coordination mode.  To reach the radical intermedidestarting from the reference

A singulet geometry undergoes a tetrahedral distodfdhand systemd, an activation energy of 19 kJ/mol is needed onThe
is not considered any further. An inverted energy ranking is energy hypersurface. However, on fQesnergy hypersurface,
observed for the oxo species, with stability or&3 > T 3 > the formation of the radical intermediate takes place with
Q3. virtually no energetic barrier. Resembling the electronic situation

One difference between the BP86 and B3LYP functionals is of the oxo specie8, T 4 andQ 4 are well separated in energy
the fact that the hybrid method energetically favors @hspin by 77 kd/mol, suggesting that the initial attack of the olefin takes
states. Thus, in cases where the groundstate is a quintet, sucplace on the triplet surface. For the radical intermediatg
as in2, the energy difference between tQeand T geometries the quintet state is slightly more stable than the triplet state.
is larger by 50 kJ/mol for the B3LYP calculation, when However, on the triplet surface there exists a metallacy®e
compared to the BP86 results. On the other hand and for theat even lower energies, which possibly constitutes the true
same reasorQ 3 is energetically more disfavored compared to intermediate in the epoxidation reaction on the triplet surface.
S3in the BP86 calculation, by 70 kJ/mol. The second €0 bond formation occurs without any significant

When comparing with literature values, the BP86 results energetic barrier, and leads to the final prod®jc weak epoxy
essentially are in accord with the values obtained from a study adduct of the catalyst precurs@r The energetic situation of
employing a Slater-type orbital bagfsAlso, the B3LYP results the final product therefore resembles thaRpivith the quintet
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Figure 1. Energy profile on the triplet and quintet surfaces according
to BP86 calculations.
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Figure 2. Energy profile on the triplet and quintet surfaces according
to B3LYP calculations.

state being energetically favored by 66 kJ/mol. The speties
6, T7, TY9 Q6, andQ 7 are all close in energy, spanning a
range of only 17 kJ/mol. We also note that on the quintet surface
the metallacycl® 9 is significantly higher in energy. The BP86
reaction profile obtained in the present work is in accord with
earlier studieg®

We now turn to the energy profiles obtained from B3LYP
calculations, as shown in Figure 2.

In contrast to the BP86 profile, the reference systdmé
andQ 4 are separated in energy by only 30 kJ/mol, in favor for
the triplet state. While the BP8B4 structure has aif®’[value
of 2.1, indicating the existence of a pure triplet state, &l
value for BALYPT 4 amounts to 2.6, indicating a situation of

J. Phys. Chem. A, Vol. 107, No. 28, 2003469

mixed spin states. Considering tf[value of 2.1 for the oxo
complex B3LYPT 3, it appears that the approaching olefin
induces the mixing of triplet and quintet states. On the B3LYP
triplet surface, a 5 structure could be optimized, displaying
one negative frequency corresponding to a stretching mode of
the evolving C-O bond. However, this structure is 5 kJ/mol
more stable than reference systém, and therefore does not
qualify as a true transition state for olefin epoxidation on the
B3LYP triplet surface. In contrast, the B3LYP calculations of
Svensson and co-workéfsndicate a first transition state on
the triplet surface, which is of similar geometry as theé
species (vide supra), but which is at higher energy than the
reference state. An%value of 2.8 forT 5 indicates a
significant amount of spin contamination, suggesting a consider-
able amount of mixing of the triplet and the quintet states. We
interpret the optimized 5 structure as a sign for a possible
occurrence of spin crossing during the formation of the first
C—0 bond. On th&) energy hypersurface, the first«© bond
formation occurs without any significant energetic barrier,
requiring an energetic activation of 7 kJ/mol. For the radical
intermediate, the quintet speci€s6 is clearly favored over
the tripletT 6 by 13 kJ/mol. Again, thd 6 structure represents

a mixed triplet-quintet state with ai¥*(ivalue of 3.1. On the
quintet surface, the second-© bond formation takes place
without any significant energetic barrier, leading to the epoxy
adductQ 8. A metallacycleQ 9 is energetically disfavored. On
the other hand, on the triplet surface an energetic activation of
22 kJd/mol is required to reach the second transition state, and
even the metallacycl&é 9 is 21 kJ/mol higher in energy than
the radical intermediat& 6, contrary to the BP86 case.

Following qualitative description emerges from the results
described above: According to the BP86 calculation, the
reaction path for epoxidation on the triplet surface is energeti-
cally favored over, or can compete with, the energy profile on
the quintet surface. No stringent observation is made that
suggests a spin crossing to occur. The reaction profile both
supports spin conservation as well as spin change processes. If
a spin change should occur, it is likely to take place in
connection with the second-€O bond formation, or after the
final product has formed. The activation energies for the first
as well as for the second-€ bond formation are comparable
for the T and for theQ profile. Also, a metallacycle constitutes
a viable reaction intermediate on the triplet surface. The B3LYP
calculations on the other hand lead to a different description of
the epoxidation reaction. In this case, the first@ bond
formation takes place without any significant activation energy.
After a radical intermediate is formed, the quintet profile is
clearly favored over the triplet profile. For example, the final
step in product formation requires a small activation energy of
6 kJ/mol on the quintet surface, but a 16 kJ/mol larger activation
energy on the triplet surface. Assuming that the epoxidation is
initiated on the triplet surface, the B3LYP calculation suggests
a spin crossing to occur before formation of the secordC
bond, and possibly during the process of formation of the first
C—0O bond. The B3LYP calculations clearly disfavor the
occurrence of metallacycles as intermediate species. The picture
emerging from the present B3LYP calculations is similar to that
drawn by Svensson and co-workéfs.

The First Transition State 5. Not only the energetic profiles,
but also the molecular geometries exhibit different features when
determined with different density approaches. As an exemplary
case we will discuss different geometries for the first transition
stateb, which has been considered to constitute a key structure
in the transfer of chiral information during the epoxidation
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T-B3LYP

° Q-BP86 9 Q-B3LYP

Figure 3. First transition stateS on different spin surfaces obtained from different density functional calculations:-B&86, (b)T-B3LYP, (c)
Q-BP86, (d)Q-B3LYP.

reaction3344 The triplet and quintet geometries according to TABLE 2: Energy Values? for Association Reactions 1, 2,

BP86 and B3LYP calculations are displayed in Figure 3. and 3

On the triplet surface, the BP86 calculation results in an BP86 B3LYP
asymmetric first transition state with two different—© T Q T Q
separations of 189 and 260 pm, respectively, indicating the AE -8 —12 —17 —~16
formation of one new €0 bond (Figure 3a). The B3LYP triplet @ AHK -6 -9 -15 -12
structure (Figure 3b) displays a similar asymmetric approach. () AE -8 —23 -11 —20
However, the separation of the C and O atoms involved in ﬁgw Ei _ég _82 _ég
formation of the new bond is significantly larger by 23 pm. As (3) AHOK :76 :93 :81 :93
mentioned above, the structure of the first transition state
calculated by Svensson and co-worRérs similar to B3LYPT #In kJ/mol.
5, with an asymmetric olefin approach leading to a separation and AHX values are of comparable in the quintet cases
of the C-O bond forming atoms by 212 pm. compared to the triplet cases, and are still much smaller than

On the quintet surface, an early transition state is calculated typical values for ligand bond energi@sSimilar energetics are
according to both DFT approaches; however, thedCsepara-  found for olefin pre-coordination at the free coordination site

tions are about 30 pm shorter in the B3LYP case compared t0of the transition metal center, reaction 2, leading to formation
BP96. Also, the B3LYPQ 5 structure (Figure 3d) strongly  of complex10.

resembles a synchronous attack of both olefinic C-atoms at the

oxo center, whereas for the BP&p5 geometry (Figure 3c) T+

two distinct different C-O separations are found.
Energetics of Complex FormationsWe close our discussion _N/F N—

with a brief analysis of three complex formation reactions, < \Um/ >

addressing olefin precoordination, reactions 1 and 2, and product \ 7N /

liberation, reaction 3.

3+ C2H4 —4 (1) 10
3+CH,—10 @) For this reaction, precoordination is more favorable on the
quintet energy hypersurface, but the calculated bonding energies
2+CH,0—8 3 on any of the spin surfaces considered do not support the notion

of a stable olefin complex. Both BP86 and B3LYP calculations
The energetics for these reactions are collected into Table 2.agree in the same qualitative finding that, in accord with recent
The energy valuesAE are corrected by zero point energy experimental studie®, precoordination does not play a major
contribution to result in reaction enthalpies at zeroA& %K. role in epoxidation reactions with cationic Mn catalysts.
For olefin precoordination at the site of the oxo ligand, For the formation of the epoxide compl8xboth BP86 and
reaction 1, we find only very weakly bonded adducts. e B3LYP calculations result in similar values, indicating that the
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quintet complexQ 8 is about 10 kJ/mol stronger bonded. Again,

contributions due to zero point energy significantly reduces the

AE estimate, and taken entropic contributions into accélnt,
product liberation is not likely to be a critical step in the catalytic
cycle of olefin epoxidation.

Conclusion
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