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1. Introduction

Chiral unfunctionalized aliphatic oxiranes are reac-
tive (pro-1,2-bifunctional) educts (chirons) for the
synthesis of optically active natural, pharmaceutical,
and synthetic products.! It has been remarked that
the value of epoxides as synthetic intermediates, as
well as an end in themselves, emphasizes the need
and desirability of obtaining these compounds in a
high state of enantiomeric purity.? The availability of
enantiomerically pure oxiranes with established abso-
lute configuration is also a prerequisite for chiroptical
studies.®*> Nonracemic aliphatic oxiranes are accessible
by a number of fundamental enantioselective strategies:

(1) chiral carbon pool transformation,® (2) nonenzy-
matic asymmetric epoxidation,’ (3) enzymatic asym-
metric epoxidation,®!2 (4) nonenzymatic kinetic resolu-
tion,!315 (5) enzymatic kinetic resolution,'¢-2 (6) chro-
matographic resolution,?22 and (7) inclusion (e.g. into
tri-o-thymotide).2?

While the Pasteur-type resolution via diastereomer-
ic salts is not available for unfunctionalized aliphatic
oxiranes, only the chiral carbon pool approach? and the
microbial production!? yield simple aliphatic epoxides
in good chemical and high enantiomeric yield at present.

Chiral oxiranes are key intermediates in the metabolic
pathway involving C-C-double bonds.
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In the reaction sequences I and II, enantioselectivity
can arise (i) by epoxidation of an alkene possessing
enantiotopic faces (prochiral recognition, product enan-
tioselectivity) and (ii) by kinetic resolution of the
intermediary oxirane (chiral recognition, substrate
enantioselectivity).!5:19
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While enantiomerically highly enriched a-(hydroxy-
alkyl)oxiranes can be obtained by asymmetric Katsuki-
Sharpless epoxidation of allylic alcohols with tert-butyl
hydroperoxide/titanium(IV) dialkyl tartrate,242 no
such versatile procedure is yet available for the per-
oxometal-mediated epoxidation of unfunctionalized
aliphatic alkenes devoid of auxiliary anchoring groups
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tofavor highee’sand rates. Inthe absence of secondary
chelation, asymmetric induction (prochiral recognition)
must entirely rely on nonbonded interactions. The os-
mijum tetraoxide-catalyzed asymmetric dihydroxyla-
tion of aliphatic alkenes to vicinal diols with ee = 87% 2
and ee = 100%,% followed by the elaboration of the
diol functionality to cyclic sulfates as epoxide equiv-
alents,? represents an important alternative to chiral
oxiranes for certain synthetic purposes.

Although a breakthrough in metal-mediated enan-
tioselective epoxidation of aliphatic alkenes is still
lacking, some interesting approaches have been devel-
oped which will be reviewed here. It is noted that also
microsomal cytochrome P-450-catalyzed asymmetric
epoxidations of aliphatic, xenobiotic alkenes exhibit
only modest, species-dependent, enantioselectivities!?
while bacterial epoxidation produces oxiranes of high
ee. 8912

In the metal-mediated kinetic resolution of racemic
oxiranes one enantiomer is recovered as unreacted educt
while the other is transformed to the chiral (or achiral)
product. Ifonly one enantiomer reacts,50% conversion
yields a mixture of 50% pure residual educt enanti-
omer and of 50% product. At incomplete kinetic
resolution, the chemical yield must be balanced against
the enantiomericyield. The efficient kinetic resolution
of aliphatic oxiranes by polymerization!31¢ and by
enzymatic transformations (catalyzed by epoxide hy-
drolase or glutathion S-transferase)!'¢-20 is outside the
scope of this review.

The preparative chromatographic separation of ox-
irane enantiomers on chiral nonracemic stationary
phases constitutes a direct method for the access to
pure aliphatic oxirane enantiomers. At present, how-
ever, only the semipreparative enantiomer separation
of 2,2-dimethyl-3-phenyloxirane by complexation gas
chromatography has been described.?

Yet, the analytical gas chromatographic enantiomer
separation of small aliphatic oxiranes employing
packed? or high-resolution capillary columns?? offers
a valuable tool for the reliable determination of ee of
oxiranes formed by enzymatic and nonenzymatic re-
actions. The analysis can often be performed contin-
uously without isolation of the volatile oxirane.®

The separation of oxirane enantiomers on chiral metal
chelates not only provides interesting insights in
inherent thermodynamics of chiral recognition via
coordination but also allows different enantioselective
phenomena to be discerned. The metal-mediated
chromatographic approach (featuring chiral recogni-
tion) will be discussed first.

I11. Metal-Medlated Gas-Chromatographlic
Resolution of Racemic Allphatic Oxiranes

In complexation gas chromatography, electronically
and coordinatively unsaturated metal complexes are
added to the stationary liquid in order to introduce
chemical selectivity into the separation process.!s Using
nonracemic metal complexes such as manganese(II),
cobalt(II), nickel(II), and zinc(II) bis[3-(heptafluoro-
butanoyl)-(1R)-camphorate] 1-4 the enantiomers of
simple aliphatic oxiranes, e.g., methyloxirane—repre-
senting one of the smallest (nonisotopic) chiral
molecules—can be resolved quantitatively.223132 An
improved separation of oxiranes on nickel(II) bis[3-
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(heptafluorobutanoyl)-10-ethylidene-(1S)-camphor-
ate] 5 is shown in Figure 1,15
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Unequivocal proof of enantiomer separation is pro-
vided by using the racemic metal complex as stationary
phase leading to the collapse of resolution (peak
coalescence of the first kind) or by using the oppositely
configurated metal complex leading to the reversal of
the elution order of the oxirane enantiomers (peak
inversion of the first kind). Recently, nickel(II) bis-
[3-(heptafluorobutanoyl)-(1R)-camphorate] has been
linked via the C10-methyl group of camphor to a poly-
siloxane (Chirasil-Metal) 6,3 involving platinum-
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catalyzed hydrosilylation® and affording a thermally
stable stationary phase which can be thermally im-
mobilized on the inner surface of the capillary column.
This chiral stationary phase tolerates carbon dioxide
in the supercritical state as mobile phase and involatile
oxiranes may thus be investigated by supercritical fluid
chromatography (SFC).3® In chromatographic enan-
tiomer separation of oxiranes, useful informations can
be obtained from the following peak parameters (cf.
Scheme I).

It has been previously shown that thermodynamic
data, describing chemical selectivity and enantioselec-
tivity (cf. 1 and 2 in Scheme I), may readily be obtained
from relative retention data by complexation gas chro-
matography.!®32 The association equilibria between
twelve mono-, di-, and trialkylsubstituted oxiranes and
eleven nonracemic nickel(II) bis[a-(heptafluorobu-
tanoyl) terpene ketonates] 7-17 in squalane (CaHep)
have been measured at 60 °C.35 The association
selectivities of alkyl-substituted oxiranes and the metal
chelates followed a common trend. It was interpreted
in terms of opposing electronic and steric effects of the
oxiranes. The relationship between the strength of mo-
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Figure 1. Enantiomer separation of aliphatic oxiranes by
complexation gas chromatography on nickel(II) bis[3-(hep-
tafluorobutanoyl)-(1S)-10-ethylidenecamphorate} (0.125 m
in OV-101) between 70 and 90 °C. [Column: 25-m X 0.25-
mm glass capillary.1?]

Scheme I. Five Peak Parameters in Chromatographic
Enantiomeric Separation!s3?

chemoselectivity AG®
enantioselectivity ApsAG®
enantiomerization AG*

(1) peak retention:
(2) peak separation:
3) peak coalescence

(3rd kind): barrier
4) peak ratio: enantiomer ratio ee
) peak assignment: enantiomer RS
configuration

lecular association and the magnitude of enantiomer
discrimination, i.e., the chiral recognitionfactor, varied
at random.? For chiral alkyl-substituted oxiranes a
X = _AkvsAGO/_AGO (2)
consistent relationship between the enantiomer con-
figuration and the order of elution (cf. 5 in Scheme I)
was observed for essentially all oxiranes® in accordance
witha quadrant rule proposed earlier.® The magnitude
and the sign of enantioselectivity, £Ar sAG®, between
alkyl-substituted oxiranes and the nickel(II) chelates
7-17 could neither be predicted nor rationalized by
simple molecular models.3 This situation is further
complicated by the temperature dependence of the
enantioselective association equilibria.

A temperature-dependent reversal of the enantiose-
lectivity (i.e., of the sign of AgpsAG®) for isopropylox-
irane resolved on nickel(II) bis[3-(heptafluorobutanoyl)-
8-methylene-(1R)-camphorate] (18) has been discovered
recently.! This phenomenon arises from the temper-
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ature term in the Gibbs-Helmholtz equation as the
result of enthalpy/entropy compensation®° (the sub-
scripts refer to enantiomers R and S):

RTIn (Kp/Kg) = -Ag sAG® = ~Ap SAH® + TAp sAS®
6)]

When ApsAG® = 0 (Kp = Ks; no enantiomer
separation), the isoenantioselective temperature Ticenant,
isreached. At Tisenant, Peak coalescence of the second

Tioenans = A sAH®/ Ag GAS° @)

igoenant

kind occurs. Below it, the sign of enantioselectivity
ApsAG® is governed by —AgsAH® and above it, by
ApsAS°®. At the coalescence temperature Tisoenant (O
enantiomer separation) the sign of enantioselectivity
will change (peak inversion of the second kind). Gas
chromatographic evidence for a reversal of enantiose-
lectivity is shown in Figure 2.!%

The coordination interaction between the enanti-
omers of isopropyloxirane and nickel(II) bis[3-(hep-
tafluorobutanoyl)-8-methylene-(1R)-camphorate] (18)
steadily decreases between 55 and 110 °C. While no
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Figure 2. (Top) Temperature-dependent reversal of enan-
tioselectivity for the enantiomers of isopropyloxirane by com-
plexation gas chromatography on nickel(II) bis[3-(heptaflu-
orobutanoyl)-(1R)-8-methylenecamphorate].l®* (Bottom)
Linear van't Hoff plot and determination of the isoenanti-
oselective temperature Tisoenant.

separation of the enantiomers is observed between 70
and 90 °C, the S enantiomer is eluted after the R enan-
tiomer at 55 °C while the reverse is true at 110 °C,
Above the coalescence region at Tiscenants +ArsAG®
increases and so does separation. As expected from
the thermodynamic origin of the phenomenon the van't
Hoff plot of R In (Kr/Kg) versus 1/ T in 5-deg intervals
between 55 and 110 °C is linear, yielding ~Ag sAH® =
0.297 kcal/mol and AgsAS® = —0.82 cal/mol deg, and
Tisoenans = 362 K (~89 °C) (cf. Figure 2). Minor
structural modifications of the metal chelate in a
position opposite to the coordination site (at C8 of
camphor) remarkably influences Tisenant fOr isopropyl-
oxirane (cf. Scheme II). Minor changes of oxirane con-
figuration also dramatically influence Tscenant (¢f. Scheme
III). Thus, for the diastereomeric sec-butyloxiranes
one enantiomeric pair (unlike, u) shows a low Tlisoenant
similar to that observed for isopropyloxirane while for
the other pair (like, 1) Tisoenant i8 more than 500 degrees
higher (cf. Scheme III).15

These findings are of importance for the under-
standing of mechanistic aspects of enantiomer recog-
nition in chiral environments. Above Tisenant prefer-
ential recognition of one enantiomer is caused by an
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Scheme II. Enantioselective Thermodynamic Data
for Isopropyloxirane and Different Nickel (II)
Chelates Determined by Complexation Gas
Chromatography!s

-Bps(BH")  Aps(AST) T,
(cal/mol) (cal/mol K) (°C)

297 - 0,82 89

270 - 0,80 64
CaFy

152 - 0,52 19

Scheme III. Enantioselective Thermodynamic Data
for Isopropyl- and sec-Butyloxirane and Nickel(IT)
Bis[3-(heptafluorobutanoyl)-(1R)-camphorate]
Determined by Complexation Gas Chromatography!s

-Aps(AH")  Agps(AS°) T,
(cal/mol) (cal/mol K) (°C)

:o; 270 -0,80 64
unlike 286 -0,78 94
; 7 T.'. ~
0
like 179 * 0,20 622

entropy effect due to a higher degree of disorder in the
resulting chemical interaction, while below Tsenant €nan-
tiomer recognition is caused by the enthalpy effect of
chemical bonding.4° Thus, entropic contributions to
chiral recognition represent an important parameter
not to be neglected in mechanistic considerations (e.g.,
by molecular modeling) of enantioselectivity.

Complexation gas chromatography not only repre-
sents a useful quantitative method to measure ther-
modynamic data of enantioselectivity but it can also be
used to obtain kinetic data of enantiomerization (dy-
namic chromatography, cf. 3 in Scheme I).32 Oxiranes,
possessing configurationally labile chiral centers, may
be prone to enantiomerization (change of configura-
tion in a racemic mixture) or racemization (in enan-
tiomerically enriched oxiranes) during enantiomer
separation by complexation gas chromatography. In
this case, characteristic chromatographic interconver-
sion profiles are produced? from which inversion
barriers can be derived by peak-shape analysis.*!42 The
occurrence of enantiomerization is recognized by the
appearance of an overlapping zone (plateau) caused by
inverted molecules between the terminal peaks origi-
nating from noninverted molecules. Two examples
involving oxiranes are shown in Figure 3.

If enantiomerization is rapid only one peak will be
observed (peak coalescence of the third kind).
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Figure 3. Interconversion profiles due to inversion of con-
figuration in phenyloxirane and isopropenyloxirane observed
by complexation gas chromatography on manganese(II) bis[3-
(heptafluorobutanoyl)-(1R)-camphorate] (1).1%

The observed interconversion profiles represent an
important diagnostic tool for the recognition of con-
figurational inversion. While the barrier of the enan-
tiomerization of trans-2,3-dimethyloxirane via conro-
tary thermal ring opening has been determined to be
AG* = 54 kcal/mol using a single-pulse shock tube
between 940 and 1030 K,% phenyloxirane!® and iso-
propenyloxirane undergo inversion of configuration
during enantiomer separation on 1 already at low tem-
peratures (cf. Figure 8). Since saturated alkyl-
substituted oxiranes do notshow this phenomenon, the
metal-mediated enantiomerization is likely assisted by
the presence of unsaturated substituents at the ox-
irane ring.

A mathematical peak-shape analysis based on the
plate model of chromatography predicts that the rate
of enantiomerization is different for the enantiomers
in the presence of the chiral metal coordination
compound.#42 Thus, the nonracemic metal chelate
enantioselectivity mediates the extent of configurational
change of interconverting oxiranes. The theoryrequires
that the weak interacting oxirane enantiomer will be
inverted at a higher rate as compared to the strong
interacting oxirane. Since, however, the strong inter-
acting oxirane has a longer residence time in the column
an overall change of the racemic composition (enan-
tiomeric enrichment) is absent due to the principle of
microscopic reversibility.41:42

The quantitative gas chromatographic enantiomer
separation is the prerequisite for the precise determi-
nation of enantiomeric compositions ee (cf. 4 in Scheme
I)#5 in the synthesis of chiral aliphatic oxiranes. The
method is particularly successful in two borderline cases,
i.e., in the detection of minute enantiomeric excesses
(e.g., ee = 0%) and for the determination of traces of

Chemical Reviews, 1992, Vol. 82, No. § 877

PERKS ARERZ RT AREA BC
1 1.827 1.5 1189 81
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Figure 4. Enantiomer separation of trans-2,3-dimethylox-
irane by complexation gas chromatography on nickel(II) bis[3-
(heptafluorobutanoyl)-(1R)-camphorate] (3) at 80 °C. In-
tegration was with a Spectra-Physics SP 4100 instrument.
(Left) Racemic trans-2,3-dimethyloxirane (peak areas: first,
53456; second, 53456). (Right) trans-(2R,3R)-2,3-Dimethyl-
oxirane (only one peak is identified).434°

enantiomeric impurities (e.g., ee ~ 100%).45 The
unambiguous determination of small ee’s is indicated
in experiments devoted to the amplification of optical
activity under abiotic conditions, as in, e.g., the kinetic
resolution of methyloxirane on metal-doped d- or I-
quartz4®4” where polarimetry may give ambiguous
results.*®* Enantiomericimpurities as littleas0.1% and
less must be detected in the synthesis of highly enan-
tiomerically pure oxiranes. The results in Figure 4
demonstrate that the challenge of determining ex-
traordinary values of ee of oxiranes can be met by the
experiment, 4349

Thus, integration of the separated elution profiles of
racemic trans-2,3-dimethyloxirane showed an unprec-
edented agreement of the peak areas, i.e. (arbitrary
scale): 53456 versus 53456, ee = 0.0000%. The cor-
responding optically active compound, trans-(2R,3R)-
2,3-dimethyloxirane, prepared without racemization
from enantiomerically pure (2R,3R)-butane-2,3-diol by
the chiral carbon pool approach,! showed only a single
peak with no trace of the antipode present within the
detection limit of the instrumental setup (~0.1%).43:4?

A serious error in the determination of enantiomeric
compositions may be caused by preferential loss of one
enantiomer during the gas chromatographic separation
process. Nonenantioselective decomposition of the ox-
irane leads to a depletion of the second eluted enan-
tiomer which spends a longer time in the column.
Enantioselective decomposition mediated by the chi-
ral metal coordination compound may lead to a
depletion of the first or the second eluted enantiomer.
Both phenomena have been observed with strained ox-
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Figure 5. Deviation from the expected 1:1 ratio (first peak
diminished) upon enantiomer separation of racemic n-de-
cyloxirane on Chirasil-Dex 6 by complexation gas chroma-
tography at 150 °C.%0

iranes.!>* A deviation from the expected 1:1 ratio for
racemic n-decyloxirane separated at 150 °C on Chirasil-
Metal® is shown in Figure 5.5

Apart from the preferential depletion of the first
eluted enantiomer a new broad elution zone, likely
created by an unidentified reaction product, occurs.
Reversing the chirality of the metal coordination
compound will not alter the peak profiles since two
enantioselective processes are involved, i.e., chromato-
graphic resolution and kinetic resolution.

Still another metal-mediated enantioselective phe-
nomenon involving a trans-disubstituted oxirane has
been observed for the first time in chromatographic
enantiomer separation.’®® It is thought to be related to
different rates of coordination. As shown in Figure 6,
the first eluted enantiomer shows a considerably
broader peak width (recognized by the reduced peak
height) as compared to the second eluted enantiomer
although the peak areas are strictly identical. Since in
chromatography peak broadening is related to the rate
of the association process, the kinetics of coordination
are obviously different for the two enantiomers. This
result may imply that two different coordination sites
of the (planar) metal chelate are involved in the
exclusive association of each individual enantiomer.

In summary, the interaction of simple oxiranes with
chiral nickel(II) bis[3-(heptafluorobutanoyl)-(1R)-
camphorates], or derivatives thereof, may give rise to
four different enantioselective processes: (1) enanti-
oselective coordination (via distinct thermodynamics),
peak ratio 1:1 (chromatographic resolution mediated
by the chiral metal chelate) (cf. Figures 1 and 4); (2)
enantioselective enantiomerization, terminal peak ratio
1:1 and plateau formation in between (different rate of
enantiomerization mediated by the chiral metal che-
late) (cf. Figure 3); (3) enantioselective reaction, peak
ratio 1 » 1 (kinetic resolution mediated by the chiral
metal chelate) (cf. Figure 5); and (4) enantioselective
coordination (via distinct kinetics), peak ratio 1:1,
different peak width (different sites of coordination)
(cf. Figure 6).

These enantioselective processes are easily detected
in the chromatographic reactor. The observations will
guide further investigations in static reaction devices
(e.g., kinetic resolution).
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Figure 6. Deviation from the expected peak width (first

peak broadened) upon enantiomer separation of racemic

trans-2,3-diethyloxirane on nickel(IT) bis[3-(heptafluoro-

butanoyl)-10-ethylidene-(1S)-camphorate] (5).5

The analytical enantiomer separation of simple ox-
iranes by complexation gas chromatography facilitates
investigations on their metal-mediated enantioselec-
tive access. Examples are given in Figures 7, 8, and 10.

The chromatographic resolution of racemic oxiranes
may also be performed by inclusion GC using cyclo-
dextrin derivatives’! and by HPLC.52

111, Access to Nonracemic Aliphatic Oxiranes
via Metal-Mediated Epoxidation of Prochiral
Alkenes

Asymmetric epoxidation of prochiral alkenes to non-
racemic oxiranes may involve transition metal ions or
not. Important metal-free asymmetric epoxidations

H H
R SN
EEN GQD~ c\_/c -

of varying degree of enantiomer enrichment have been
described inter alia by Wynberg et al.,33-55 Julié et al.,36:57
Montanari et al.,’*%® Davis et al.,®*#! and Curci et al.t2

Transition metal-catalyzed epoxidations have been
reviewed by Jorgensen,®® and where appropriate, the
enantioselective version of this fundamental reaction



Enantioselective Access to Oxiranes

has also been mentioned. Firstreportson the catalytic
asymmetric epoxidation of allylic alcohols appeared in
1977 from the groups of Sharpless® and Yamada.5 Only
moderate enantiomeric yields were observed in, e.g.,
the molybdenum(VI)-catalyzed asymmetric epoxida-
tion of alkenes with tert-butyl hydroperoxide/Mo(O),-
(acac)L with L = N-ethylephedrine,$® L-N-methylpro-
linol,% and sugar derivatives and tartrate esters.®’
However, as mentioned in the introduction, these
investigations evolved into the spectacular Katsuki-
Sharpless tert-butyl hydroperoxide/titanium(IV) di-
alkyl tartrate epoxidation system for allylic alcohols.?
Extensive reviews are available on this versatile ep-
oxidation reaction, its evolution, progress, and scope. 5.8

Efficient asymmetric epoxidations mentioned above
succeeded only with activated C-C double bonds
(styrenes, conjugated ketones, quinones, allylic alco-
hols). The metal-mediated asymmetric epoxidation of
simple unfunctionalized aliphatic alkenes still repre-
sents a particular challenge because of the lack of
pendant groups favoring stereocontrol by conforma-
tional rigidity via auxiliary interactions. Higher enan-
tiomeric bias can be attained in the asymmetric
epoxidation of phenyl-substituted alkenes by chiral por-
phyrin metal(III) compounds (cf. section III.3) and,
notably, of Z-disubstituted aromatic alkenes by (salen)-
manganese(III) complexes (cf. section II1.4).

1. Stoichiometric Asymmetric Epoxidation
Empioying Chiral Oxodiperoxomoiybdenum(VI)
Reagents

Aided by the efficient enantiomer analysis of simple
oxiranes by complexation gas chromatography (cf.
section II) the enantioselective epoxidation of unfunc-
tionalized aliphatic alkenes by a chiral oxodiperoxo-
molybdenum(VI)-hydroxy acid amide reagent was
discovered by Kagan and Schurig et al. in 1979.7
Employing the epoxidation reagent MoO(O,).L of Mi-
moun®® with L = (S)-N,N-lactic acid dimethylamide,
19, prochiral aliphatic alkenes such as propene, (E)-

0
O'h.,.” ..\‘O

07

2-butene and 2-methyl-2-butene were stoichiometri-
cally transformed into oxiranes in nitrobenzene at 20
°C (1 bar) with chemical yields up to 70% and enan-
tiomeric yields up to ee = 34% (cf. Table I).

In all cases, the configuration of the dominant ox-
irane enantiomer formed was R. The ee of the oxiranes
was continuously monitored during the whole reaction
period and it remained invariant throughout the course
of the reaction (cf. Figure 7). Thus, it was demonstrated
that olefin epoxidation was asymmetrically induced
(prochiral recognition) and that enantiomeric enrich-
ment was not due a kinetic resolution taking place in
asubsequent oxidationreaction (chiral recognition) (cf.
Figure 7).1* Consequently, the system exhibited prod-
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Table I. Asymmetric Epoxidation of Prochiral Olefins
by Oxodiperoxomolybdenum(VI)-(S)-Lactic Acid
Dimethylamide in Nitrobenzene at 20 °C (1 bar)

abs
olefin oxirane ee (%) config
propene methyloxirane 28.8 R
1-butene ethyloxirane 311 R
3-methyl-1-butene isopropyloxirane 15.5 R
(E)-2-butene trans-2,3- 34.8 2R,3R
dimethyloxirane
2-methyl-2-butene - trimethyloxirane 5.1 R
302(-5°C) R
/A/ ﬁrANDARo el

20— Y 100

368

th}

J

Figure7. Stoichiometric enantioselective epoxidation of (E)-
2-butene with oxodiperoxomolybdenum(VI)-(S)-lactic acid
dimethylamide (19) in nitromethane at 22 °C: chemical versus
enantiomeric yield.

uct enantioselectivity and no substrate enantioselec-
tivity (cf. section IV, however).

A subsequent oxidation of the oxiranes by 19 was
suppressed by an excess of olefin’ or by adding aprotic
polar additives such as amides.” For example, addition
of 1 equiv dimethylformamide or (S)-lactic acid N,N-
pentanedi-1,5-ylamide (PLA) to the reaction mixture
did not affect the enantiomeric yield in the asymmetric
epoxidation of (E)-2-butene while the chemical yield
remained high.”

The rate of epoxidation increased by about 2 orders
of magnitude along the series:” ethene (48 h) < 1-butene
< (E)-2-butene < 2-methyl-2-butene (15 min), which
coincided with the strength of r-complexation of these
olefins by MoO(0,):(HMPT).”? Insubsequent studies,
a number of different chiral ligands L in MoO(O.).L
have been screened.”1,73 Of them, only (S)-N,N-lactic
acid dimethylamide (DMLA) and (S)-lactic acid N,N-
pentanedi-1,5-ylamide (PLA) induced the highest ee
in the epoxidation of (E)-2-butene. In the reaction of
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Figure 8. Determination of the enantiomeric yield of (R)-
n-hexyloxirane formed by preparative asymmetric epoxida-
tion of 1-octene with oxodiperozxomolybdenum(VI)—(S)-lactic
acid N,N-pentanedi-1,2-ylamide (20) [ee = 27% (22 °C)] by
complexation gas chromatography on manganese(II) bis[3-
(heptafluorobutanoyl)-(1R)-camphorate] (1) (0.125 m in OV
101) at 70 °C. [Column: 40-m X 0.25-mm glass capillary.
Carrier: 1bar N2.] (Top) Racemic sample. (Bottom) Enan-
tiomerically enriched product.”

PLA with MoO; and H;0, not only the expected yellow
complex MoO(0O5),PLA (20) was found but another

=~

0

0, | w0

o’/";'m‘\o
0" OH

MN/c\é\”uH

20 O
yellow-orange compound with a Mo/O ratio of 1:7, with
better solution properties in organic solvents, had been
isolated.”? This complex of unidentified structure
“Mo-PLA” produced ee = 55% for trans-2,3-dimeth-
yloxirane at -20 °C."! Attempts to recycle the
MoO(O;)2L reagents by reoxidation with HzO, for use
in consecutive asymmetric epoxidations failed.”
The stoichiometric asymmetric epoxidation of simple
aliphatic alkenes with chiral oxodiperoxomolybdenum-
(VI) complexes was also performed in a (gram scale)
preparative way. Thus, epoxidation of 1-octene with
oxodiperoxomolybdenum (VI)—(S)-lacticacid N,N-pen-
tanedi-1,5-ylamide, MoO(Q;)2PLA (20), in dichlo-
romethane for 13 h at 22 °C led to a 53 % isolated yield
of (R)-n-hexyloxirane with ee = 27% (cf. Figure 8).
With 20 also the preparative stoichiometric epoxi-
dation of the prochiral tetracyclic anthracyclinone
precursor 21 containing a methyl-substituted endocy-
clicdouble bond at-20 °C with ee = 53 % was reported.™
The a-epoxide 22 was formed as a major enantiomer
and the absolute configuration was later proven by
conversion to the daunosamin glycoside 23.7

Schurlg and Betschinger

18

By employing the reagent in high dilution (in dichlo-
romethane) and by cooling the reaction mixture to -70
°C the enantiomeric yield could be raised to ee = 73%.7
However, the enantioselectivity was substrate depend-
ent and exchanging the pivaloyl group (R) in 21 for
methyl or hydrogen gave lower ee values (31-59%) and
the exchange of the methyl group for an ethyl group in
2] alsodecreased theee. Interestingly, asteadyincrease
of the enantiomeric yield of the epoxide 22 was
observed,” and this was attributed to different modes
of enantiofacial discrimination in the oxygen transfer
of the first and the second peroxo group of 20. A similar
interpretation has recently been advanced in enanti-
oselective osmylation.26

Oxodiperoxomolybdenum(VI) complexes with L =
dimethyl 2-piperidinosuccinate and dimethyl (-)-2-mor-
pholinosuccinate have also been used for the attempted
enantioselective epoxidation of (Z)-2-methyl-n-octadec-
7-ene to the insect pheromone (-)-disparlure (24).7

Some oxodiperoxomolybdenum(VI) reagents bearing
chiral monodentate ligands, i.e., L = (-)-menthylphos-
phoric acid triamide, N,N-dimethyl-(-)-menthylamine
N-oxide, (+)-(a-phenylethyl)phosphoric acid triamide
and N,N-dimethyl-(+)-a-phenylethylamine N-oxide
have shown only low asymmetric induction in the ep-
oxidation of (E)-2-octene (chemical yield of epoxide:
8-70%,ee=0.7-8.5%) at 25 °Cin 1,2-dichloroethane.™

The crystal structure determination of chiral oxo-
diperoxomolybdenum(VI)-N,N-dimethyllactamide (19)
revealed a distorted pentagonal-bipyramidal coordi-
nation sphere of molybdenum with two peroxo groups
and the carbonyl oxygen of L in equatorial positions
and the oxo ligand and the hydroxyl function of L in
axial positions (cf. Figure 9).7

The mechanism of the stoichiometric epoxidation of
alkenes by oxodiperoxomolybdenum(VI) complexes is
still in doubt.88 According to the Mimoun mecha-
nism® an equatorial ligand is replaced by the olefin.
Upon coordination, the alkene loses its nucleophilic
character and, being electrophilic, becomes susceptible
to nucleophilic attack by the peroxo group. Intramo-
lecular 1,3-dipolar cycloaddition of the peroxo group
to the coordinated electrophilic alkenes yields a five-
membered dioxametallacycle which eventually collapses
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Figure 9. ORTEP plot of oxodiperoxomolybdenum(VI)—(S)-

lactic acid dimethylamide (19).7
to a dioxoperoxomolybdenum (VI) species and the ox-
irane by a 1,3-dipolar cycloreversion.
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The alkene-metal bonding can only be o, since
Mo(VI) is devoid of m-electrons for back-donation. An
increase of the Lewis donor property of the alkene by
alkylsubstitution at the C-C double bond has increased
the rate of epoxidation.”’? According to the Mimoun
mechanism, the carbonyl function of the bidentate
ligand must dissociate from the equatorial position. This
is in contradiction to structural data, which show a very
strong equatorial (2.07 A) but a weak axial (2.36 A)
bond of the DMLA ligand in the oxodiperoxomolyb-
denum(VI) reagent 19.” Onthe otherside, the position
of the hydroxyl group in different chiral hydroxy acid
amides L exerts a strong influence on enantioselec-
tion,”® and also monodentate chiral ligands L in
MoO(O;)>L have been found to induce an (modest)
asymmetric epoxidation although the mechanism of
the oxygen transfer from the oxodiperoxomolybdenum-
(VI) complex to the olefin could not be established.”™
According to the Modena mechanism?2 the olefin is not
coordinated to the oxodiperoxomolybdenum(VI) re-
agent at all, but is directly oxidized by electrophilic
attack of the peroxo group, similar to the epoxidation
of alkenes with peroxo acids.®

Ay O l \\
N 0 ho (6)
~N— 7 /O H R\N—C/\ /O H

A third mechanism, advanced by Sheldon, involves
molybdenum-diol complexes, in which the diol is
thought to originate from the epoxide formed.®

Very high ee’s up to 95% for the oxiranes were found
when enantiomerically pure 1,2-alkanediols were added
to the epoxidation reagent oxodiperoxomolybdenum-
(VD)-(S)-lactic acid N,N-pentanedi-1,5-ylamide, MoO-
(O2)2PLA."178 Further investigations led to the dis-
covery of an efficient kinetic resolution of oxiranes
catalyzed by oxodiperoxomolybdenum(VI)-hydroxy
acid amide/diol reagents as discussed in section IV.

2. Catalytic Asymmetric Epoxidation Empioying
Chiral (Diphosphine)platinum(11) Compiexes

The asymmetric epoxidation of propene and 1-octene
with hydrogen peroxide catalyzed by chiral (diphos-
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phine)platinum(II) complexes of composition P,*Pt-

(CF3)X (P3* = chiraphos, prophos, diop; X = OH and
CH.Cl,/BF ) 25a—c have been investigated and ee up

HiC CH, HsC, ><

: . 7
H-<-C—C==H Hw=—C—CH, H---/C—C\-H
Ph,P PPh, Ph,P PPh, CH, CH,
chiraphos prophos Ph:P P/Ph2
diop

[(chiraphos)P(CF3)(CH,Cl,))(BF,) 25a
[(prophos)P{CF3)(CH,Clo)](BFs)  25b
[(diop)PHCF3}{CH,Cl))(BF4) 25¢

to 41% was claimed via polarimetric evidence.85% The
rate of epoxidation was chiraphos > prophos > diop.
The following sets of equilibria have been formulated
(ol = olefin).

Pt-OH = Pt" + "OH

“OH + H,0, = "00H + H,0

Pt*+-O0OH=Pt-OOH
Pt* + ol = Pt(o)* 7

Epoxide formation is proposed to arise from external
nucleophilic attack of hydroperoxide on the 7-coordi-
nated alkene to produce a platinum alkyl hydroper-
oxide existing in an open chain structure (giving a
ketone) and a dioxametallacycle (giving the oxirane).
The catalysts are air stable and can be recovered

R
HO R - H. | OOH
Pt—I + HOO—Z —— - —
H Pt—;
H
R

H ;
H
H_ O
TOTIR, —= p—oH + H O\ H @
Pt— H R
H H
Z=H, Pt

unchanged.®# The use of H,0, is useful from a
practical point of view. There is a consistent relation-
ship in regard to the preferred configuration of the ox-
irane formed in each catalytic system. In comparison
to the asymmetric epoxidation of 1-alkylcyclohexenes
by tert-butyl hydroperoxide with a Mo(O).(acac).
catalyst in the presence of diisopropyl (+)-tartrate
producing ee’s up to 10%,%” the higher ee’s for simple
oxiranes observed with (diphosphine)platinum catalysts
are thought to arise from the stereochemical rigidity
of, e.g., the chiraphos system favoring efficient dis-
crimination in the enantiofacial 7-complexation of the
prochiral alkene to the metal.s¢

At the first sight, the incomplete enantioselectivity
observed in metal diphosphine-catalyzed oxidation of
alkenes contrasts that of asymmetric hydrogenations,
Yet, the highly enantioselective asymmetric hydroge-
nation and asymmetric Sharpless epoxidation pertains
only to functionalized alkenes containing an auxiliary
anchoring group favoring high ee’s and rates via che-
lation.
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3. Catalytic Asymmetric Epoxidation Employing
Chiral (Porphyrinato)metai(I111) Compounds

Although microsomal epoxidation of simple aliphatic
alkenes is only moderately enantioselective and is
strongly dependent on mammalian species and enzyme
induction,!® high enzymatic enantioselectivities are
observed with styrene®” and with aromatic hydrocar-
bons.8 Following the report of Groveset al.®* and Chang
et al.® that iron(III) porphyrin catalysts are model
compounds for cytochrome P-450 for the epoxidation
of alkenes, the asymmetric epoxidation of unfunction-
alized aromatic alkenes with iodosylarenes, catalyzed
by iron and manganese complexes of chiral (nonrace-
mic) porphyrins, were investigated by a number of
groups. Thus, Groves et al. prepared the chiral “picket”
porphyrin 26 starting from 5«,108,15,20«-tetrakis(o-

NHR*® cl NHR®
Fe / D R* =
NHR®
NHR*®
26

aminophenyl)porphyrin of Collman et al.®! by amide
formation with (R)-2-phenylpropanoyl chloride.®? In
the afaB atropisomer the faces of the iron porphyrin
complex are topologically identical (homotopic). The
catalytic asymmetric epoxidation of styrene and 1-
octene with iodosylbenzene in the presence of 26 gave
ee = 31% and ee = 9%, respectively.9 In order to
increase the steric hindrance in the amide portion of
the iron porphyrin, the catalyst 27 was prepared which

contains axially chiral binaphthylcarboxyamido resi-
dues and the enantiomeric yield was raised to ee =
48% (phenyloxirane) and to ee = 20% (n-hexylox-
irane).%

A reactive iron-oxo intermediate was proposed in
the iron porphyrin-catalyzed oxygen transfer to the alk-
ene and not only the oxirane but aldehyde was also
formed as expected from the proposed mechanism of
the epoxidation.?2®3 The afaf “basket-handle” por-
phyrin 28 containing two rigid axially chiral binaph-
thyl bridges was used by Groves et al. as iron(III)
chloride or manganese(III) chloride porphyrin catalyst
(1 equiv) with iodosylbenzene (100 equiv) as oxidant
for the asymmetric epoxidation of olefins (1000 equiv)
yielding ee = 30% for phenyloxirane and ee = 32% for
trans-2-ethyl-3-methyloxirane.?* The ee of cis-2-meth-
yl-3-phenyloxirane was as high as 72%.%
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The asymmetric epoxidation of alkenes catalyzed by
a “basket-handle” and two “picket” iron porphyrins

28 M=Mn, Fe

containing L-phenylalanine residues 29-31 was inves-
tigated by Mansuy et al.?%% The two afaf “picket”
iron porphyrins catalyzed the epoxidation of p-chlo-
rostyrene with iodosylbenzene with ee = 12 and 21%
for the (S)-oxirane, respectively, while the “basket-
handle” iron porphyrin containing the same amino acid
produced ee = 50% for the (R)-oxirane.®

The iron(III)-chloro complexes of the “twin coronet”
porphyrins 32 catalyzed the asymmetric epoxidation
of styrene and derivatives with iodosobenzene as
oxidant.?® The best enantiomeric yields were obtained
in the oxidation of electron-deficient olefins and the
highest ee = 89% was recorded in the case of 2-ni-
trostyrene. This is the highest value reported so far in
the epoxidation with chiral porphyrin catalysts.

Unfortunately, these previous porphyrin catalysts
suffer from stability problems due to the presence of
electron-donating substituents on the phenyl groups,
which sensitize the porphyrin toward oxidative deg-
radation. The highest turnover number of 500 with
slight decomposition of the catalyst was achieved in
the case of complex 28. On the contrary, the manga-
nese(III) complex of the “chiral wall” 5¢,108,15¢,208-
tetrakis[(R)-1,1-binaphthyl-2-yl]porphyrin 33 proved
to be robust under oxidative conditions.

The complex catalyzes the asymmetric epoxidation
of styrene or (Z)-1-phenylpropene with ee = 20 and
40%, respectively, with hypochlorite as oxidant in a
two-phase system.? Regeneration of the catalyst after
250 turnover numbers did not change the ee and after
2800 catalytic cycles the catalyst showed still 86% of
the UV absorption band at 479 nm.%
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30 R = COCH(CH,Ph)NHCO,Bu

31 R = COCH(CH,Ph)NH,

"r-

“’_

33 M=Mn

Solvent effects on the epoxidation of styrene with
sodium hypochlorite were determined using a bovine
serum albumin-modified manganese(III) tetraphenyl-
porphyrin system, which showed rather low enanti-
oselectivity.1%0

The results on metal porphyrin-catalyzed asymmetric
epoxidation of unfunctionalized alkenes demonstrate
that efficient prochiral recognition can be affected via
nonbonded interactions. The catalysts represent in-
teresting synthetic model compounds for the asym-
metric oxygen transfer to prochiral alkenes by cy-
tochrome P-450.10!
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4. Catalytic Asymmetric Epoxidation Empioying
Chiral (Salen)manganese(111) Compiexes

Although in the following systems mainly phenyl-
substituted alkenes are involved in the metal-mediated
asymmetric epoxidation, these enantioselective systems
are nevertheless mentioned as they might in principle
prove useful also for aliphatic alkenes.

Following the report of Kochi et al. that the cationic
(salen)manganese(III) complex 34 was an efficient
catalyst for the epoxidation of alkenes!® the asymmetric
epoxidation of unfunctionalized aromatic alkenes with
iodosylbenzene, iodosylmesitylene, or sodium hypochlo-
rite, catalyzed by chiral (nonracemic) Cj-symmetric
manganese(III) Schiff’s base derivatives of 34, i.e., 35—

n' R’

d..n.b 5

35: R1=Ph, R?=H, X=AcO
36: Rl=H, R’-—Ph X=AcO

]

o il
e
O [+
PF.-
Me Ra RI
Wy

87: R1=Ph, R3=H 39: R!'=Ph, R?*=H, R®=H
88: R'=H, R2=Ph 40: Rl=H, R?=Ph, R®=t-Bu

=N, N=
Mn
w’—do- ' \ob%
a

42

42, has been investigated by Katsuki et al.!0%-1% and
Jacobsen et al 107111

The salen-based catalysts offer an important advan-
tage over known chiral porphyrin systems because the
asymmetric centers are located closer tothe metal center
than those in porphyrin complexes, resulting in better
stereochemical control in the epoxidation step.

The catalysts of Katsuki et al. 35-38 contain four
pairwise homochiral (SS and RR) stereogenic centers
in various diastereomeric combinations (i.e., SS/SS,
RR/RR, SS/RR and RR/SS). In 37 and 38 a fixed
conformation along C(8)-C(9) is created by vicinal
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Table II. Asymmetric Epoxidation of (E)- and
(2)-1-Phenylpropene by 35-41

Schurlg and Betschinger

Table III. Asymmetric Epoxidation of Z-Disubstituted
Olefins by 42

olefin catalyst ee(%) absconfig yield (%) olefin ee (%) yield (%)
X 35 3 18,28 59 x> 92 84
@/\/ 36 32 1R,2R 61 m
37 7 1R,2R 32
38 17 1R,2R 25 N 92 67
39 20 15,28 93 m
|
S 36 44 1R,2S 26 ¢
m 37 68 18.2R 12
40 84 1R,28 88 o
41 82 1R2S 87 To simplify the synthesis of the chiral (salen)man-

methyl substitution of the aromatic ring. In the
catalysts of Jacobsen et al. 39-42 the homochiral ste-
reogenic centers at C(9) and C(9) are replaced by (achi-
ral) hydrogens 39 or by bulky tert-butyl groups 40-42,
respectively. Typical results for the epoxidation of (E)-
and (Z)-1-phenylpropene are summarized in Table I1.106

From the inspection of Table II it follows that the
highest asymmetric bias is achieved for the Z-olefin.
For this substrate the stereogenic centers at C(9) and
C(9’) in 35-38 have only little influence on enantiose-
lectivity and they mainly serve as steric bulk as the
tert-butyl groups in 40-42 at the same position. The
comparison of the results for the E-olefin shows that
the diastereomeric relationship of the stereogenic
centers in 35 and 37 is unfavorable while that in 36 and
38 is favorable in determining a high enantiofacial
discrimination of the E-olefin (prochiral recognition).
In the epoxidation of (Z)-1-phenylpropene with 36 both
cis- and trans-2-methyl-3-phenyloxirane with nearly
identical ee (~45%) and consistent configuration at
C(2) were formed, indicating the intervention of a free-
radical intermediate as proposed by Kochi et al.l?Z at
the phenyl-substituted carbon atom C(3).1%

The addition of donor ligands such as 2-methylim-
idazole and pyridine N-oxide alters the enantioselec-
tivity and the chemical yield of the asymmetric ep-
oxidation.! Another advantage of added donorligands
is that the decomposition of the epoxides formed is
suppressed. 1%

The sign and magnitude of asymmetric induction
(prochiral recognition) displayed by 40 with Z-olefins
hasbeen rationalized by side-on perpendicular approach
of the alkene to an oxomanganese(V) intermediate, 107108
Twostructural features of 40 are crucial to its selectivity.
The bulky tert-butyl groups prevent the alkene ap-
proach from (c) away from the chiral diimine bridge
while the C, symmetry of the chiral diimine bridge
discriminates approach a (favorable) from approach b
(unfavorable). Approachd is believed to be disfavored
for steric reasons.!®

M d
Pn, Ph

8 "

" | (favored) =N o N= b
. _ :Q: — (10)
Y Me—(: \;O O-:\f :}—Me
HBu +BU
c

This model predicts that Z-disubstituted olefins or
bulky terminal olefins should give the highest ee’s with
40, which is proved by the experiment.

ganese(III) complexes, methyl groups were introduced
inC(5) and C(5’) position, yielding the readily accessible
catalyst 41. The selectivity and stability of 41 depends
on the presence of bulky groups at C(3) and C(3’). The
complex derived from 5-methylsalicylaldehyde (R =
H, cf. formula 41) catalyzes the epoxidation of (Z)-1-
phenylpropene with only ee = 0-3% and approximately
5 catalyst turnovers, while the reaction with 41 resulted
in ee = 82% and 35 catalyst turnovers.108

Very high enantioselectivities with Z-disubstituted
alkenes are achieved with complex 42 (cf. Table III)
where the chiral 1,2-diamino-1,2-diphenylethane in 40
was replaced by chiral ¢trans-1,2-diaminocyclohexane,
favoring approach d. A second set of tert-butyl groups
wasintroduced at C(5) and C(5’) disfavoring approaches
a and b of the olefin, resulting in a reversal of enan-
tioselectivity as compared to the reaction with 40.

H H
M d (favored)

H-g—zH
a8 =N N= b
_ L9 ¢ = (11)
tBu o o +Bu
+Bu +Bu
” c

Consistent with the side-on approach model, E-ole-
fins tend to be poor substrates for 42, being epoxidized
slowly and with very low selectivity.!® The high enan-
tioselectivity of 42 in catalytic asymmetric epoxida-
tions with Z-disubstituted olefins was used for the
preparative synthesis of epoxychroman chiral building
blocks employing commercially available household
bleach as oxygen source.!1?

In a study on electronic tuning of asymmetric
catalysis, Jacobsen et al. introduced typical Hammett
donor and acceptor substituents at C(5) and C(5’) in 40
and 42. The highest enantioselectivity was obtained
with the OMesubstituent.!!! The effects observed were
interpreted according to a Hammond postulate argu-
ment, where increase in selectivity is attributed to more
product-like transition state structure in the olefin
oxidation step.!1!

5. Catalytic Asymmetric Epoxidation Empioying
Chiral Cobalt(111) Complexes

Seven chiral square-planar cobalt(III) complexes 43—
49 were prepared and used for the asymmetric epoxi-
dation of styrenes with iodosylbenzene as oxidant.!12
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Enantioselectivity turned out to be low, however, with

ee = 17% for 2-phenyl-(2'-chloro)oxirane being the
highest figure reported.
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1V. Metal-Medlated Kinetic Resolution of
Racemlc Aliphatic Oxiranes

Metal-mediated kinetic resolution of chiral aliphatic
oxiranes (chiral recognition) represents an interesting
alternative to asymmetric epoxidation (prochiral rec-
ognition) because racemic oxiranes are easily accessible
and often produced at a large industrial scale (e.g., me-
thyloxirane) rendering the loss of 50% of the antipode
acceptable. Inakineticresolution experiment the enan-
tiomeric yield must be balanced against the chemical
yield. In the ideal case, a 50% turnover produces ee
=100% for the unreacted educt enantiomer. A nearly
complete kinetic resolution has been observed for ra-
cemic 2,3-oxidosqualene via cyclization to lanosterol
by cyclase.!!?

A highly competent survey on kinetic resolution has
been advanced by Kagan and Fiaud.!*4 Inthe formalism
describing kinetic resolution the stereoselectivity factor

= kp/ks, i.e., the ratio of the reaction rates of the
educt enantiomers, plays a key role. At arange of s =
7, kinetic resolutions become preparatively useful.

Both highly efficient enzymatic kinetic resolutions!-20
and nonenzymatic kinetic resolution via polymeriza-
tion!314 have been described involving simple aliphatic
oxiranes. It is remarkable that for a hetero analogue,

0, N(\N( 0
\N_ 7/

Ph..| fo. |.-Et Na
o ©
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i.e., racemic methylthiirane the s factor was close to 20
when employing the atropisomeric chiral initiator [(S)-
2,2’-dihydro-1,1’-binaphthyl]ldiethylzinc.115.116

cyclase

The metal-mediated kinetic resolution of simple un-
functionalized oxiranes, excluding polymerization, will
be reviewed in this section.

The kinetic resolution of racemic aliphatic oxiranes
mediated by oxodiperoxomolybdenum(VI)-hydroxy
acid amide/chiral diol reagents, yielding ee up to 99%
for trans-2,3-dimethyloxirane,!!” has been found acci-
dentally. In efforts to quench decomposition of ox-
iranes formed in the molybdenum(VI)-mediated ep-
oxidation of alkenes (cf. section III.1) the addition of
a nonracemic diol led to an unprecedended increase of
the ee of the oxirane.” It was then found that oxo-
diperoxomolybdenum(VI)-hydroxy acid amide/chiral
diol reagents are effective in the kinetic resolution of
racemic aliphatic oxiranes.”!18 The ee of the oxiranes
was conveniently determined by complexation gas chro-
matography (cf. section II). This method readily
permitted the determination of chemical yield, enan-
tiomeric yield, and absolute configurations of the
volatile oxiranes by simple head-space analysis through-
out the reaction. Thisis demonstrated in Figure 10 for
the kinetic resolution of trans-2,3-dimethyloxirane with
MoO(0,)s(S)-PLA/(2S,3S)-butane-2,3-diol at a molar
ratio of 5:1:2 in 1,2-dichloroethane.!!” Figure 11shows
the relationship between the enantiomeric yield and
the chemical yield of this kinetic resolution. The de-
pendence of the enantiomeric and the chemical yield
on the molar ratio in the kinetic resolution of ethyl-
oxirane with MoO(0,),-(S)-PLA/(2R,3R)-butane-2,3-
diol has been determined.!'® Thus, low reagent con-
centrations (7:1:2) increase the chemical yield and
decrease the enantiomeric yield, while for high reagent
concentrations (4:1:2) the opposite is true.

For the molybdenum-mediated kinetic resolution of
phenyloxirane a number of reaction products have been
identified by GC/MS analysis.!511? The main reaction
is the oxidative cleavage of the oxirane to carbonyl
compounds.

It can be seen from Figure 11 that the oxidation of
the oxirane is not totally stoichiometric but requires
the presence of free dioxygen.”»!18119 Thus, an exper-
iment performed in a nitrogen atmosphere resulted only
in a stoichiometric decomposition of the oxirane.!'?
Activation of dioxygen in the presence of diols by the
oxodiperoxomolybdenum(IV)-pyridine-2-carboxy-
late N-oxide anion has recently described also by Di
Furia and Modena et al.'%

Enantioselectivity in the kinetic resolution of oxiranes
with oxodiperoxomolybdenum(VI)-hydroxy acid amide/
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Figure 10. Determination of the enantiomeric and chemical
yield of trans-2,3-dimethyloxirane, recovered after kinetic
resolution with MoO(0;)2 (S)-PLA/(25,3S)-butane-2,3-diol,
by complexation gas chromatography on nickel(II) bis[3- (hep-
tafluorobutanoyl)-(1R)-camphorate] (3) (0.125 m in SE 30)
at 70 °C. [Column: 25-m X 0.25-mm fused silica capillary.
Carrier: 1 bar N,.50]
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Figure 11. Enantiomeric yield versus chemical yield in the
kinetic resolution of trans-2,3-dimethyloxirane by MoO(QO5)2~
(S)-PLA/(2S,3S)-butane-2,3-diol at a stoichiometric ratio of
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chiral diol reagents is clearly controlled by the chiral-
ity of the diol.!*® Inverting the chirality of the diol led
to a reversal of enantioselectivity for the unreacted ox-
irane, and with racemic diol or in the absence of diol

Schurlg and Betschinger

Table IV. Enantiomeric Yield, Absolute Configuration,
and Yield of Oxirane Recovered after Kinetic
Resolution with Oxodiperoxomolybdenum(VI)-Lactic
Acid Amide/(3S)-2-Methylbutane-2,3-diol Reagents

reaction

oxirane time (min) ee (%) yield (%)
(a) MoO(03)2+(S)- DMLA/(BS) 2-Methylbutane-2,3-diol
LOVCHZCI 53 (S) 42
Loy 120 91 (R) 26
&/__ 120 78 (R) 27
LOA/—OH 60 86 (R) 13
L°><_ 120 84 (R) 60

99.6 (R,R) 46

P 240
/L_\/

P 120 54 (R) 63
A~

(b) Mo0O(0y)2+(S)- PLA/ (3S)-2-Methylbutane-2,3-diol

&/CHZCI 45 (9S) 42
x4 180 66 (R) 44
A 180 63 (R) 37
LOA/—OH 60 90 (R) 14
&Q 180 55 (R) 74

80 (R,R) 68

o} 240
/L_\/

o} 120 37 (R) 60
AX

the oxiranes were not resolved.!!8

Table IV summarizes the results for the kinetic
resolution of a series of simple oxiranes performed with
Mo0O(0y)2(S)-DMLA/(3S)-2-methylbutane-2,3-diol and
MoO(02)»(S)-PLA/(3S)-2-methylbutane-2,3-diol in 1,2-
dichloroethane at 23 °C.12!

Temperature-dependent studies showed an optimum
of the enantiomeric yield at 30 °C,118119 A preparative
kinetic resolution was performed with trans-2,3-di-
methyloxirane by MoO(O,).:(S)-PLA/(35)-2-methyl-
butane-2,3-diol. Workup of this reaction gave a 60%
isolated yield of (2R,3R)-dimethyloxirane with ee =
83% .12

The metal-mediated kinetic resolution of small
aliphatic oxiranes such as methyl- and ethyloxirane has
been investigated by Tsuruta et al.1?2128 Low enanti-
omeric yields (based on polarimetric evidence) of
recovered methyl- and ethyloxirane were achieved in
the rearrangement of the epoxides to acetone and ethyl
methyl ketone, respectively, mediated by a chiral
(salen)cobalt(I) complex obtained by reduction of the
Co(II) complex 50 with LiAlH, or butyllithium.!22123

The access to chiral oxiranes in kinetic resolution
may not only be based on the epoxide employed as the
educt, but may arise from the epoxide formed enan-
tioselectively as the product. Thus, Tsurutaet al. used
the (salen)cobalt(II) complex 50 as catalyst in the kinetic
resolution of halohydrins to give chiral oxiranes as
reaction products. Cyclization of propylene chloro- or
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50 51

bromohydrins in presence of chiral 50 and K;CO;
yielded methyloxirane with ee = 27% at 40% conver-
sion.124125 Modification of the complex and extension
of the reaction to other oxiranes resulted in lower enan-
tioselectivities.!2512¢ Higher enantioselectivities were
observed by enantiotopos discrimination of achiral 1,3-
dichloro-2-propanol with 51, yielding epichlorohydrin
with ee up to 60% in a reaction based on prochiral
recognition.!26

A chiral lithium amide prepared from (S)-2-(pyrro-
lidin-1-ylmethyl)pyrrolidine, 52, was applied in the

[>/\ NO —DBU
N
NG
52

kinetic resolution of oxiranes by Asami et al.1?? This
reaction showed a high ee for cis-disubstituted oxiranes
such as cis-2-methyl-3-n-hexyloxirane and cis-2-methyl-
3-phenyloxirane (ee = >95%) but gave only moderate
chemical yields (31%). In efforts to mimic enzymatic
kinetic resolution of 2,3-oxidosqualene,!!® Yamamoto
et al. reported on a kinetic resolution of 2-methylhept-
2-ene-6-one oxide by a chiral organoaluminum reagent
derived from (R)-binaphthol.12® The nearly completely
resolved keto epoxide was employed in the synthesis of
juvenile hormone.'? Thekinetic resolution of 1-phenyl-
1,2-epoxycyclohexane (ee = 52%) was also investi-
gated.128

Note Added in Proof

Very recently, interesting contributions relevant to
section III.3 appeared in the literature.

Catalytic asymmetric epoxidation of unfunctional-
ized alkenes using the first D;-symmetric metallotet-
raphenylporphyrin. Halterman,R.L.;Jan,S.-T.J.Org.
Chem. 1991, 56, 5253.

Synthesis of chiral bitetralin-strapped twin coronet
porphyrins. Catalytic and asymmetric epoxidation of
styrene derivatives. Naruta, Y.; Ishihara, N.; Tani, F.;
Maruyama, K. Chem. Lett. 1991, 1933.

Asymmetric epoxidation of olefins catalyzed by
manganese complexes of chiral “strapped” porphyrins
with diastereotopic faces. A novel strategy for stere-
ochemical modeling of the active site of cytochrome
P-450. Konishi, K.; Oda, K.; Nishida, K.; Aida, T.; In-
oue, S. J. Am. Chem. Soc. 1992, 114, 1313.

Photocatalytic enantiodiscriminating oxygenation
with cyclodextrin-linked porphyrins and molecular
oxygen. Weber, L.; Imiolczyk, I.; Haufe, G.; Rehorek,
D.; Hennig, 1. J. Chem. Soc., Chem. Commun. 1992,
301.
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