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Radical Intermediates in the Jacobsen — Katsuki
Epoxidation**

Luigi Cavallo and Heiko Jacobsen*

The generation of optically active epoxides by oxygen-
transfer reactions represents one of the most elegant tech-
niques used in the formation of carbon-oxygen bonds in
asymmetric synthesis.!l The catalytic protocol developed by
Jacobsen and co-workers, which involves the use of the
Mn"™—salen complex 1 and derivatives thereof, currently
stands as the most powerful method in this field; it has been

o tBu

proven effective for virtually every class of unfunctionalized,
conjugated olefins,?! and industrial production of the catalyst
on a ton scale has become possible.!l Although the impor-
tance of steric bulk in the 3,3'-position of the salen ligand and
the profound influence of electronic effects due to the
substituents in 5,5'-position were recognized early onP! and
rationalized in model calculations,® the mechanism of the
Mn'™ -salen catalyzed epoxidation is still a matter of con-
troversy. The cis—trans isomerization observed in the trans-
formation of conjugated alkenes gave rise to several proposed
mechanisms. Starting with a Mn"-oxo-salen complex as the
catalytically active species—experimental evidence has re-
cently been provided for this’'—the reaction might proceed
either by direct substrate attack at the oxo ligand in a
concerted or sequential fashion involving radical intermedi-
ates, or by substrate attack at both the metal and oxo centers
to generate an oxametallacyclic intermediate (Scheme 1,
pathways Ic¢, Is, and II, respectively). New experimental
results seem to provide evidence for substrate attack at the
oxo ligand only,®! as well as for the existence of mangana-
oxetanes;”l the controversial mechanistic debate has recently
been summarized in a highlight.['%]
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Scheme 1. Possible mechanisms for oxygen transfer in the Jacobsen—
Katsuki epoxidation. For Is, rotational collapse leads to the trans epoxide,
whereas direct collapse leads to the same cis product as pathway Ic.

Given the importance of the Jacobsen—Katsuki epoxida-
tion, we decided to examine its mechanism in a quantum
chemical study based on density functional theory.!'" 12l The
starting point of our calculations was the Mn' model complex
2 and its oxo derivative 3 (Figure 1). In both cases, we
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Figure 1. Geometries for 2 and 3 optimized on the S2 and S4 surface
(Calculations on the BP86 level; S4 values in italics). Experimental bond
lengths [pm]!"* for 1: Mn-Cl: 236.0; Mn-N: 200.3, 195.7; Mn-O: 184.8, 187.2.

considered triplet and quintet configurations corresponding
to a value for the total spin density of 2a, S2, and 4a, $4,
respectively. For 2, the S2 geometry lies 38 kI mol~! above the
S$4 ground state in energy. Also, for the S4 geometry of 2,
characteristic parameters such as the Mn—Cl and Mn—N

590 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

distances are in close agreement with the values obtained
from a crystal structure analysis of 1. For 3, we found that an
S2 ground state is favored over an S4 geometry by 45 kI mol 1.
Thus, the first step in the catalytic cycle, which is also the rate-
determining step,’®! requires a change of the electronic
configuration at the metal center. The mechanistic details of
the oxidation reaction are, however, beyond the scope of the
present work, and will not be discussed further. Instead, we
will focus on the sequence of steps needed in C—O bond
formation.

The S2 energy profiles for the epoxidation reaction along
pathways Is and I ¢ are displayed in Figure 2a. The reference
state at 0 kJmol~! is system 4, in which the olefin enters the

a) A
50 |

AE 1 kJ mol™

N
(S, ]
L

N

o

()
T

reaction coordinate —————Jp-

Figure 2. Energy profiles for the epoxidation reaction on a) the S2 and
b) the S4 surface.l'”l Solid lines refer to pathway Is, broken lines to Ie.

coordination sphere of 3, about 280 pm from the oxo center.
Along pathway Is, the formation of the radical intermediate 6
(Figure 3) passes through the transition state 5%, with O—Cc,
distances of 201 and 267 pm. The activation energy for this
step amounts to only 12 kJ mol~1. The radical intermediate 6 is
40 kJmol~! more stable in energy than 4. It possesses a spin
density of approximately 3« at the Mn center and 1/ at the
terminal C atom of the olefin ligand, indicating that a one-
electron reduction process has taken place. The radical 6 can
collapse directly with almost no energy barrier via 7+ to yield
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Figure 3. Geometries for key structures in the S$2 epoxidation reaction
(Calculations on the BP86 level; all distances in pm).

the epoxide complex 8 (Figure 3), which lies 106 kJmol~!
below 4. The rotational route, instead, requires a torsion
around the sp?-sp®> C—C bond in 6 prior to product formation.
A barrier of 10 kI mol~! is calculated for this process.

Hence, when comparing rotational collapse with direct
collapse, the latter represents the path of lower activation
barrier, even for the sterically unencumbered model olefin
examined here. This finding is in qualitative agreement with
the experimentally observed limited conversion of cis olefins
such as cis-f-methylstyrene into the thermodynamically more
stable trans epoxide.’l The epoxide detachment from 8
eventually regenerates the Mn'!! species 2 in a step which
requires 54 kJmol~!. However, taking into account the
unfavorable coordination entropy, product liberation is not
a critical step in the catalytic cycle.['4]

The alternative pathway I ¢ branches at 4, and proceeds via
transition state 9* (Figure 3). This path, which corresponds to
a simultaneous attack of both alkene C atoms at the oxo
center, requires an activation energy of 20 kJ mol~L. For 9* we
find a value of roughly 2a for the spin density at the metal
center, which shows that the final bond-forming step will
occur as a two-electron reduction process.

The reaction sequences Is and Ic¢ have also been inves-
tigated on the S4 energy surface, and the energy profiles are
displayed in Figure 2b. For comparison, $2-4 was again taken
as the reference system at 0 kImol~. In all cases directly
involved in product formation, the §2 geometries are lower in
energy, with the exception of 8, for which the $4 state is a mere
4 kJmol~! more stable. This leads to the conclusion that the
formation of the epoxide occurs under conservation of spin.

If the spectator position trans to the oxo function is always
occupied during the catalytic cycle, the oxametallacycle

Angew. Chem. Int. Ed. 2000, 39, No. 3
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formed according to reaction pathway II requires a seven-
coordinated ligand environment at the manganese center. The
manganaoxetane 10 (Figure 3) lies 64 kJmol~! higher in
energy than 4, and even 104 kJmol~! above 6, and does not
represent a feasible entry into the epoxidation route. A six-
coordinate manganaoxetane intermediate might be realized if
predissociation of the spectator ligand takes place,™> but
experimental evidence strongly suggests that in the active
catalyst no free coordination site is available.[®!

We further performed full geometry optimizations for
structures 3 and 6, in which a salen ligand was used in place of
the simpler model ligand considered so far.l') With the salen
ligand, the S2 states for 3 and 6 were calculated to be more
stable than the S4 states by 46 and 9 kJmol~!, respectively,
which is virtually identical to the values of 45 and 9 kJmol~,
obtained with the simpler model ligand. Compared to the free
species, the radical intermediates $2-6 and S4-6 with the salen
ligand are more stable in energy by 39 and 75 k) mol~!; again
in close agreement to the values of 38 and 74 kJmol™!
obtained for the simplified system. These and similar results
obtained for related Co compounds!!”) indicate that within the
chosen computational approach, the Mn complexes employed
here are appropriate models for the description of the main
changes in electronic structure which occur during the
epoxidation process.

In summary, the Jacobsen —Katsuki epoxidation occurs by
direct attack of the olefin at the oxo ligand of the Mn —salen
catalyst, and is likely to involve radical intermediates (path-
way Is, Scheme 1). The reaction proceeds on the S2-energy
surface.l'! The relative stability of the radical intermediate
and the relative height of the activation barriers for collapse
and rotation determine the amount of cis — trans isomerization
in the final epoxidation product. In systems which seem to
follow reaction path I¢, a possible radical intermediate would
have a very short lifetime and collapses with almost no
activation barrier. A pathway II via an oxametallacycle can be
excluded for energy reasons, and the formation of a man-
ganaoxetane is disfavored compared to the radical route, even
if a free coordination site is available.[""]
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Molecular Design of Liquid-Crystalline Block
Molecules: Semifluorinated Pentaerythritol
Tetrabenzoates Exhibiting Lamellar, Columnar,
and Cubic Mesophases**

Xiao Hong Cheng, Siegmar Diele, and
Carsten Tschierske*

The spontaneous formation of fluid supermolecular assem-
blies with well-defined morphologies (e.g. layers, interpene-
trating networks, columns, and spheroids) is fundamental for
structure formation in biological systems as well as for the
tailoring of novel materials. Thus, the investigation of the
driving forces of this self assembly process and the rational
design of molecules which can form specific supermolecular
structures on different length scales are contemporary re-
search topics. Molecules, able to self assemble to these well-
organized states of soft matter, can be divided into three
classes: anisometric molecules (with a rod- or disclike shape),
amphiphilic molecules (lipids/surfactants),l!l and block co-
polymers.]. Applications for rodlike thermotropic liquid
crystals include electrooptical devices, the lyotropic meso-
phases of surfactant/water systems can be utilized as tem-
plates for the preparation of mesoporous materials, and the
ordered structures of block copolymers are, for example,
applied in the preparation of ordered arrays of nanosized
noble metal and semiconductor particles.

In low molecular weight systems, such as thermotropic liquid
crystals, the molecular shape is a major design consideration to
tailor the mesophase type. For example, calamitic molecules
favor layers (smectic phases), disclike molecules organize to
columns (columnar phases), and tapered or cone-shaped amphi-
philicP! or dendritic molecules™ can form cylindrical or spheroi-
dic aggregates which self assemble into columnar or micellar
cubic mesophases. This contrasts with block copolymers, for
which no specific molecular shape is necessary to produce a wide
range of different morphologies. They can be obtained simply by
changing the number and size of the incompatible polymer
blocks.” The same diversity of different phases can also be found
in lyotropic amphiphile/solvent systems with dependence on
solvent content and temperature.[]

The question arose if it would be possible to form different
supermolecular structures, previously known from block
copolymers and lyotropic systems, with low molecular weight
molecules, specifically with molecules built up of different
building blocks but without a specific anisometric shape or a
pronounced amphiphilicity. Indeed, it was recently shown that
star-shaped pentaerythritol tetrakis(3,4-dialkoxybenzoates),
such as 2H (Scheme 1)F 9 and related linear compounds,F®7]
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