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Abstract

Methyltrioxorhenium(VII) (MTO) is successfully applied as chiral epoxidation catalysts in the presence of H,O, as oxidizing
agent and excess chiral Lewis base ligands derived from pyrazole. Moderate enantiomeric excesses up to ca. 30% can be reached
at low reaction temperatures (—30 °C), the conversions however, being quite low (<25%). The reason for this may be the fluction-
ality of the N-base ligand. Glycolate complexes of MTO, applied under the same conditions reach somewhat higher enantiomeric
excesses (up to ca. 40%), however, again associated with low conversions (<30%). In this case the sensitivity of the catalyst to water
induced ligand removal as well as to ligand exchange with other diols is the most likely reason. Nevertheless, the enantiomeric ex-
cesses reported here are among the best observed for MTO derived catalytic systems reported to date and more active and selective

systems seem feasible.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Chiral epoxidations are of growing interest for the
synthesis of chiral intermediates in pharmaceutical and
chemical industry to generate enantiomeric pure prod-
ucts [1]. In 1979, Mimoun and coworkers [2] achieved
the enantioselective epoxidation of prochiral alkyl-
substituted olefins with a Mo(VI) complex bearing a chi-
ral ligand, but the enantioface selectivity was not high.
In 1980, Katsuki and Sharpless [3] reported on the
asymmetric epoxidation of allylic alcohols mediated by
a titanium(IV) complex using (+)-(R,R) or (—)-(S,S) tar-
trate as chiral ligands. While the enantioselectivity was
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very high, the titanium complex had to be applied in
stoichiometric amounts. Later, a reduction of the cata-
lyst:substrate ratio of ca. 1:20 to 1:10 was achieved
and a X-ray structure of the titanium tartrate catalysts
could be presented [4]. More recently, non-functional-
ized olefins have been examined as substrates and high
enantiomeric excesses have been achieved only with chi-
ral salene manganese(IIl) catalysts [5,6]. Several other
attempts to achieve chiral epoxidation, e.g., with Mo
and W based catalysts have been made, but usually led
only to moderate to low enantiomeric excesses [7—12].
In the non-chiral olefin epoxidation methyltrioxorhe-
nium (MTO) is among the most efficient catalysts
[13,14]. It was shown that addition of excess Lewis-ba-
ses, particularly monodentate ones, leads to a further
significant increase of both activity and selectivity to-
wards epoxides [15-20]. A convincing correlation
between log K of the binding constant K of the ligand
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L to MTO and the pk, of L has been presented as well
[21]. This correlation, the steric bulk of the applied chi-
ral Lewis bases and the 1:1 ratio of MTO:chiral Lewis
base may explain, why earlier attempts to achieve chiral
induction via chiral MTO derivatives of the type
MTO-L* (L*=chiral Lewis base ligand) failed, despite
the successful isolation and characterization of such
complexes [22]. Based on results obtained by Sharpless
and co-workers [16] Corma and co-workers [23] report-
ed on chiral nitrogen-base adducts applied in the chiral
alkene epoxidation. While reaching conversions between
9% and 59% and epoxide selectivities between 35% and
96% the enantiomeric excesses ranged between 4% and
36% at reaction temperatures between —5 and —55 °C,
applying reaction times between 7 and 48 h. Interest-
ingly, Corma and co-workers [23] do not assign the
moderate obtained yields to a lack of full coordination
of the amines to MTO, but to the intrinsic stereochem-
ical features of the newly formed chiral complexes. They
base their assumption of strong MTO-L interactions on
the unchanged '"H NMR chemical shift of the in situ
formed adducts both at high (RT) and at low (—40
°C) measurement temperatures in deuterated chloro-
form without H,O, being present. For non-chiral R—
ReOsL type complexes the degree of ligand exchange
phenomena is usually based on spectro photometric or
70 NMR spectroscopic evidence [19,24,25]. H,0, is
known to oxidize several N-donor Lewis bases to their
corresponding N-oxides in the presence of MTO
[22,26,27], in several cases even more efficiently than
the olefins, so that the actually present catalyst is in
these cases an adduct of the N-oxide, where the chiral
centre is farther away from the reaction site of the sub-
strate with the peroxide ligand.

In this work, we present several approaches to trans-
form MTO into a chiral catalyst and to use it in chiral
epoxidations with H,O, as the oxidant.

2. Results and discussion
2.1. Application on Lewis base ligands

Since pyridine derivatives and pyrazole in olefin epox-
idation reactions with methyltrioxorhenium/H»O, as cat-
alyst/oxidant [15-20] show an accelerating effect, we
applied chiral derivatives of these ligands in our epoxida-
tion reactions. MTO was dissolved in methylenchloride
and a 35% solution of aqueous H,O, was added. At
—30 °C the substrate (cis-methylstyrene) and excess chiral
ligand (12:1 with respect to MTO) was added. The exact
conditions of the reactions are described in Section 4.
As chiral pyridine derivatives (S)-nicotine, 6-chloro-(S)-
nicotine, 6-hydroxy-(S)-nicotine, (S)-cotinine, and
trans-cotinine-4-carboxylic acid have been applied (see
Chart 1). All of these reactions give at —30 °C low styrene

oxide yields (after 2 h below 10%) and no significant enan-
tiomeric excesses (<5%) are achieved. At higher reaction
temperatures (0 °C, RT), the reaction is much faster,
but no enantiomeric excesses are observed. It is assumed
that an oxidation of the nitrogen atoms to N-oxides oc-
curs. The presence of N-oxides is known to be responsible
for low overall yields [17,18,22] and also causes, due to the
increased distance a severely diminished influence of the
chiral centres on the epoxidation reaction.

In contrast to pyridines pyrazoles are much more sta-
ble against transformation to N-oxides or other oxida-
tion products [18]. We therefore synthesized some
chiral pyrazole derivatives, which are now more easily
accessible particularly due to the work of Brunner and
co-workers [28-31]. With a catalyst to substrate ratio
of 1:100 and reaction temperatures of —30 °C enantio-
meric excess up to 27% are obtained in the epoxidation
of cis-methyl styrene. However, the product yields re-
main low (<25% in all cases) and longer reaction times,
yielding higher amounts of epoxides are associated with
diminished enantiomeric excesses in all observed cases.
An overview over the obtained results gives Table 1.

Since Lewis base adducts of MTO are known to be
more rigid at lower temperatures and less strongly coor-
dinated at higher temperatures [19,20,24,25] we con-
clude that opening and closing of one of the Re-N
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Table 1
Application of chiral pyrazole based ligands in the catalytic epoxida-
tion of cis-B-methylstyrene with MTO/H,O,

Ligand Conversion (%) Enantiomeric excess (ee)
1 6 27
2 9 12
3 14 10
4 22 15
5 22 6

For reaction details see Section 4.
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bonds, associated with a ligand rotation may be a
plausible reason for the lowering of the enantiomeric
excesses at higher reaction temperatures and with in-
creasing reaction time. Similar observations have been
made with Lewis base coordinated MoX,0, units
[10,11] and with MoO(O,), units coordinated by related
ligands [32,33].

2.2. Application of chiral diols

It is known that vicinal diols react with MTO to form
complexes as shown in Eq. (1). The chemical properties
of the resulting rhenium(VII) glycolates have been de-
scribed elsewhere in more detail [34]. As chiral deriva-
tives we chose derivatives of tartaric acid (tartrates),
which have been already applied successfully as chiral li-
gands for other systems [3].

The epoxidation reaction, applying again cis-f-
methylstyrene as substrate was conducted at reaction
temperatures between —30 and —5 °C. The applied cat-
alyst:substrate:oxidant ratio was 1:100:150. The tartaric
acid esters have been applied in 12-fold excess with re-
spect to MTO to shift the equilibrium in Eq. (1) on
the side of the products. The detailed reaction condi-
tions are given in Section 4. The different ligands applied
are shown in Chart 2 as compounds 6-12, the obtained
results are summarized in Table 2.

N
_R + _-Re :ﬁ + H0
0Ny Ho— 07 N

o © o

(1)

R=H( 6); CH; (7); CzHs (8); CH(CH;), (9)

C(CH3)3 (10); CH,-CgHs (11); fluorenyl (12)

Chart 2.

Table 2
Application of chiral diols in the catalytic epoxidation of cis-B-
methylstyrene with MTO/H,0,

Diol applied Conversion (%) Enantiomeric excess (ee)

6 30 5
7 0 0
8 10 11
9 5 18
10 7 15
11 10 15
12 8 16
13 5 41
14 5 15
15 5 14

For details see Section 4.

The catalyst systems lead to epoxide yields between ca.
5% and 30%, with enantiomeric excesses between 5% and
18%. Again, elevated temperatures reduce the enantio-
meric excesses and prolonged reaction times, leading to
higher substrate conversions also lead to lower enantio-
meric excesses. The exceptional low enantiomeric excess
of obtained in the presence of excess tartaric acid (6) in
comparison to its esters 8-12 is very likely due to the ad-
ditional coordination possibility of the ligand through
the COOH groups of the tartaric acid. At room temper-
ature it cannot be distinguished between a coordination
of the alcohol oxygens or the carboxylic oxygens. In both
cases formation of water as a by-product is to be
expected. Both sets of protons (—OH and —C(O)OH)
cannot be detected in '"H NMR, although only two of
the four O-bound protons are removed due to H,O-for-
mation (see Eq. (1)). Even at —30 °C no clear distinction
can be made, so that the exchange must still be fast on the
NMR time scale. In the presence of excess tartaric acid
the "H NMR signals of free tartaric acid and MTO-coor-
dinated tartaric acid can not be distinguished. Only at be-
low —20 °C different signal sets appear in 'H NMR. In
the case of the compounds 8-12 a similar exchange pro-
cesses are inhibited (due to the presence of esters,
C(O)OR instead of C(O)OH-groups) and the obtained
enantiomeric excesses are somewhat higher. However,
the formation of water during the course of the epoxida-
tion reaction shifts the equilibrium shown in Eq. (1) in-
creasingly to the side of the starting materials, so that
free (un-coordinated) MTO may additionally act as
(non chiral) catalyst, thus reducing the enantiomeric ex-
cess during the course of the reaction, despite the excess
of chiral ligands.

In a further series of experiments a different type of
glycols, derived from isopropylidene—threitol has been
applied (see compounds 13-15 in Chart 2). In this case
the diol function is not located on neighbouring carbon
atoms, but 1,4 positioned. Under similar reaction condi-
tions as applied for the tartaric acid esters yields up to
ca. 40% are obtained, however, again only at low
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conversions and low temperatures. It is noteworthy that
in the case of the complexes 13-15 the bulk of the li-
gands has a significant influence on the obtained enan-
tiomeric excess while the conversion is not affected. In
the case of the complexes 6-12 a clear influence of the
steric bulk could not be detected. This difference is very
likely due to the closer proximity of the bulky ligands in
14 and 15 to the coordination site of the Re core. The
bulky ligands seem to block the influence of the chiral
centres to a certain degree. In the case of the ligands
6-12 the chiral centres are closer to the metal than the
varying groups R, which have accordingly less obvious
influence on both conversion and ee. Prolonged reaction
times and higher reaction temperatures (above 0 °C)
lead to lower optical inductions (see Table 2). The steric
bulk of the ligands has also a negative influence on the
enantiomeric excesses obtained. In contrast to observa-
tions made by Sharpless et al. about a positive influence
of ageing of the catalyst systems, prolonged waiting
times before addition of the oxidation agent to the reac-
tion mixture have a negative effect on the enantiomeric
excess in the case of the systems described here. A wait-
ing time of 10 min already leads to a significant reduc-
tion of the maximum enantiomeric excess: it drops
below 10%. The best results with respect to enantiomeric
excesses have been obtained in two-phase systems where
the catalyst in located in the aprotic phase. This is not
surprising since water, being the by-product of the cata-
lytic oxidation and the solvent of H,O, can destroy the
glycolate complexes at prolonged reaction times (see dis-
cussion above and Eq. (1)). Furthermore, diols being
formed as ring opening products with epoxides under
protic conditions can compete with the diol-ligands for
coordination to the Re centre. Control experiments have
shown that a ligand exchange of Re glycolate complexes
of the type examined here with diols is possible at the
conditions applied for the catalytic reactions and a tem-
perature increase to room temperature also increases
this exchange reaction. Low reaction temperatures
(—30 °C) as well as low stirring velocities (due to the di-
minished reaction of the catalyst with water) prolong the
lifetime of the catalyst and lead to higher enantiomeric
excesses.

3. Conclusions

Chiral Lewis base ligand adducts of MTO allow to
obtain moderate enantiomeric excesses, which are how-
ever, associated with generally low overall conversions.
Anyway, pyrazole based ligands are — until now — still
the best choice for such transformations. The disadvan-
tages of such systems are, however, the high excess of
chiral ligand needed and the ligand fluctionality dimin-
ishing the enantiomeric excesses. The latter problem
can be at least partially overcome at low reaction

temperatures, but low overall yields and slow reaction
velocities are unavoidable in this case. Chiral diol li-
gands can also be applied, leading to chiral rhenium gly-
colate complexes. These compounds are, however,
somewhat sensitive to water and can exchange their gly-
colate ligands with other diols. Both problems can be
(partially) overcome at low reaction temperatures, but
again, moderate enantiomeric excesses are associated
with low conversions and low product yields. A superior
reaction system should be therefore, water free (which is
difficult to realize with H,O, as oxidant) or display its
chiral function on a ligand, which does not casily ex-
change or react under catalytic conditions, even at room
temperature. This may be feasible e.g. with chiral R*-
ReO; complexes. Considering the good activity of
MTO based systems even at low reaction temperatures
and the applicability of the ‘“green” oxidation agent
H,0, instead of r-BuOOH further work in this direction
seems to be desirable and is currently under way in our
laboratories.

4. Experimental
4.1. General remarks

All preparations and manipulations were done using
standard Schlenk techniques under an atmosphere of ni-
trogen. Solvents were dried by standard procedures
(THF, n-hexane and Et,O over Na/benzophenone ketyl;
CH,Cl, and NCMe over CaH,), distilled under nitrogen
and used immediately (THF) or kept over 4 A molecular
sieves (3 A for NCMe). MTO was synthesized according
to literature procedures [35,36] the ligands were pur-
chased from Aldrich or Fluka or prepared as described
elsewhere [29,30,34].

Microanalyses of the obtained products were per-
formed in the Mikroanalytisches Labor of the TU
Miinchen in Garching (Mr. M. Barth). Mid-IR spectra
were measured on Bio-Rad FTS 525 spectrometer using
KBr pellets. '"H NMR, spectra were obtained using a
400-MHz Bruker Avance DPX-400 spectrometer. Cata-
lytic runs were monitored by chiral GC methods on a
Hewlett—Packard instrument HP 5890 Series II equipped
with a FID, a Supelco column Alphadex 120 and a Hew-
lett—Packard integration unit HP 3396 Series II.

4.2. Synthesis of MTO adducts with chiral N-bases
(general procedure)

Two hundred and fifty milligramme (1 mmol) of
methyltrioxorhenium is dissolved in 10 ml CH,Cl, and
1.1 mmol of the respective Lewis-base is added under
vigorous stirring at room temperature. The reaction
mixture turns from colorless to yellow or orange and
in most cases a precipitate of yellowish colour forms im-
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mediately. The reaction mixture is additionally stirred at
room temperature for 30 min. The reaction solution is
then filtered off through a canula equipped with a What-
man filter and the solvent (of the filtrate) is cooled over-
night to —40 °C. The precipitates are unified and washed
repeatedly with cold, dry pentane. The MTO Lewis base
adduct complexes are received yellow solids in yields be-
tween 60% and 98%. The elemental analyses are in ac-
cord with the expectancies for mono-Lewis base
adducts in all cases. Experimental data for three selected

compounds are given below.

4.3. Characterization of compounds 1la, 3a,
and 5a (reaction products (MTO-Lewis base
adducts) of the ligands 1, 3, and 5 with MTO)
4.3.1. Compound 1a

"H NMR (CD,Cl,, RT, ppm): 7.56 (CN(N)-CH, d,
1H); 7.40 (NCHCHCHN, dd, 1H); 6.36 (Re-NCHCH,
d, 1H); 3.9-3.7 (N)CH-CH(OH), m, b, 3H); 2.26 (Re-
CH;, s, 3H); 2.14-1.39 (CH,, m, 8H); IR (KBr, v,
em ™ Y): 3260 m,b (OH), 3110 m, 2991 w, 2935 st, 1470
w, 1296 w, 972 m, 946 st (Re=0), 760 m; EA Calc. for
CioH17N,O4Re (415.46): C: 28.91; H: 4.12; N: 6.74;
Re: 44.82; Found: C: 29.34; H: 3.85; N: 6.79; Re: 45.19.
4.3.2. Compound 3a

'"H NMR (CDCl;, RT, ppm): 7.60 (N-CH-CH, b,
1H); 7.25-7.44 (C¢Hs, m, 5H); 6.68 (N-CH-CH, d,
1H); 5.99/6.22 (C(O)-N-CH- (cis—trans), m, 1H); 2.86/
2.98 (N-CH; (cis—trans), m, 3H); 2.18 (Re-CHsj, s,
3H), 1.60 (CHs, d, 3H); IR (KBr, v, cm™'): 3168 w,
3023, w, 2980 m, 2968 m, 2942 m, 1598 st, 1528 m,
1492 m, 979 st, 943 vst (Re=0), 764 w; EA Calc. for
Ci4H sN3O4Re (478.52): C: 35.14; H: 3.79; N: 8.78;
Re: 38.91; Found: C: 35.44; H: 3.72; N: 8.67; Re: 38.19.
4.3.3. Compound Sa

'"H NMR (CD,Cl,, RT, ppm): 7.42 (N-CH, b, 1H);
290 (C-H, d, 1H); 2.16 (Re-CHj, s, 3H), 2.08 (CH
(H), m, 1H); 1.89 (C(H)H, m, 1H), 1.30 (CH;, s, 3H);
1.21 (CH,, m, 2H); 0.94 (CH;, s, 3H), 0.71 (CH;, s,
3H); IR (KBr, v, cm*]): 3144 w, 3064 vw, 2984 w,
2952 m, 2912 st, 2808 m, 1577 m, 1480 m, 985 m, 942
st (Re:O), EA Calc. for C12H19N203Re (42550) C:
33.87; H: 4.50; N: 6.58; Re: 43.76; Found: C: 33.27; H:
4.30; N: 6.21; Re: 44.02.

4.4, Catalytic epoxidation of cis-methylstyrene
with MT% ancP a chiral N-base auxiliary and
H,0, as oxidizing agent

Five milligramme (0.02 mmol) MTO is dissolved in 1
ml CH,Cl, and 0.4 ml of H,O, (35% in water) are added
under vigorous stirring. After this the reaction solution is
brought to —30 °C. After reaching this temperature 12
mol% of the chiral ligand are added and the reaction is
started by further addition of cis-B-methylstyrene (2
mmol). The temperature in the reaction vessel is main-
tained via a cryostat. The course of the reaction was mon-
itored by quantitative GC-analysis. Samples were taken
after 5 and 10 min and then every 30 min diluted with 2
ml of methylene chloride and chilled in an ice bath. For

the destruction of hydro peroxide and removal of water
a catalytic amount of manganese dioxide and magnesium
sulphate was added. After the gas evolution ceased the re-
sulting slurry was filtered over a filter equipped Pasteur
pipette and the filtrate injected in the GC column.

The conversion of the substrates as well as the forma-
tion of the epoxides was calculated from calibration
curves (r>=0.999) recorded prior to the reaction course.
Blank tests without catalyst lead to no epoxide forma-
tion, tests without chiral auxiliaries led to no detectable
enantiomeric excess. The method allows to determine
the enantiomeric excess with an error range of below

2% (absolute).
4.5. Synthesis of MTO derived glycolates

Two hundred and fifty milligramme (1 mmol) of MTO
is dissolved in 10 ml CH,»Cl, and 1.1 mmol of the respec-
tive diol is added under vigorous stirring. In order to re-
move the water formed during the course of the reaction
and to shift the equilibrium on the side of the products
some pellet of molecular sieves are added. The reaction
mixture is refluxed for 3—4 h. During this time it turns
from colorless to orange. The reaction mixture is addi-
tionally stirred at room temperature for 8-12 h. The reac-
tion mixture is then filtered through a canula equipped
with a Whatman filter and the solvent (of the filtrate) is
removed in oil pump vacuum. The resulting orange—
brown oil is either sublimed (in the case of the derivatives
with low molecular mass) or column chromatography
(pentane as eluent) is applied (heavier derivatives). In
the case of the column chromatography the pentane is re-
moved from the resulting orange solution in oil pump
vacuum. The Re complexes are received as orange—
brown oils or solids in yields between 50% and 95%.
The elemental analyses are in accord with the expectan-
cies according to (see Eq. (1)) in all cases. Experimental
data for three selected compounds are given below.
4.6. Characterization of compounds 6a, 8a,
and 13a (reaction products (Re(VII)- lyco-

lates) of the ligands 6, 8, and 13 with 0)
4.6.1. Compound 6a

'"H NMR (CD,Cl,, RT, ppm): 4.84 (O-C(COOH)-H,
d, 2H); 2.59 (Re-CHs, s, 3H); IR (KBr, v, cm™"); 2985
(Re—CH3, m); 1743 m (COO), 1360 st, 998 st, 954 vst
(Re=0), 890 sh, 739 m; EA Calc. for CsH;OgRe
(381.31): C: 15.75; H: 1.85; Re: 48.83; Found: C:
16.02; H: 2.00; Re: 48.49.
4.6.2. Compound 8a

'"H NMR (CD,Cl,, RT, ppm): 4.50 (O—C((COEt)H,
d, 2H); 4.30 (C-CH,—CH;3, m, 4H); 2.57 (Re-CHS3, s,
3H); 1.30 (C-CH,-CH;, t, 6H); IR (KBr, v, cmfl):
2983 st, 1744 vst, 1262 st, 1092 st, 965 st (Re=—0); 863
st, 803 st, 709 m; EA Calc. for CoH;5sOgRe (437.42):
C: 24.71; H: 3,46; Re: 42.57; Found: C: 24.89; H: 3.57;
Re: 42.35.
4.6.3. Compound 13a
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'"H NMR (CD,Cl,, RT, ppm): 4.00 (C-H, s, 2H);
3.80, 3.68 (O-CH,-C, dd, 4H); 2.59 (Re-CHs;, s, 3H);
1.41 (s, C(CHs),, 6H); IR (KBr, v, cm '): 2989 m,
2961 m, 2896 m, 1464 m, 1385 st, 1261 st, 1214 m,
1082 vst, 1029 vst, 984 vst 944 vst (Re—0), 892 m,
807 st, 621 m, 539 m; EA Calc. for CgH;504Re
(393.41): C: 24.42; H: 3.84; Re: 47.33; Found: C:
24.81; H: 3.89; Re: 47.02.

4.7. Catalytic epoxidation of cis-methylstyrene with MTO
and a chiral diol auxiliary and H,0, as oxidizing agent

Two hundred milligramme (1.69 mmol) cis-B-methyl-
styrene is added together with 2 mg (0.5 mol%) MTO,
203 pumol (12 mol%) chiral ligand, 0.65 ml methylene
chloride and 0.54 ml (1.5 equiv.) H,O, (30%) in a pre-
cooled (—20 to 30 °C) reaction vessel. The temperature
in the reaction vessel is maintained via a cryostat. The
course of the reaction was monitored by quantitative
GC-analysis. Samples were taken after 5 and 10 min
and then every 30 min diluted with chloroform and
chilled in an ice bath. For the destruction of hydroper-
oxide and removal of water a catalytic amount of man-
ganese dioxide and magnesium sulphate was added.
After the gas evolution ceased the resulting slurry was
filtered over a filter equipped Pasteur pipette and the fil-
trate injected in the GC column.

The conversion of the substrates as well as the forma-
tion of the epoxides was calculated from calibration
curves (r>=0.999) recorded prior to the reaction course.
Blank tests without catalyst lead to no epoxide forma-
tion, tests without chiral auxiliaries led to no detectable
enantiomeric excess. The method allows to determine
the enantiomeric excess with an error range of below
2% (absolute).
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