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Methyltrioxorhenium (MTO)-catalyzed epoxidation of alkenes with H,O, has been significantly
improved by using 3-methylpyrazole as an additive. A system consisting of 35% H,O, and
MTO-3-methylpyrazole in CH,Cl, catalyzes the epoxidation of various alkenes in excellent yields. The
catalytic activity of MTO-3-methylpyrazole surpasses MTO-pyrazole and MTO-pyridine catalysts.
Quantitative yields of epoxides from cyclic and internal alkenes were obtained with only 0.05-0.1 mol%

of MTO in the presence of 10 mol% of 3-methylpyrazole.

Introduction

The epoxidation is an important transformation of alkenes, be-
cause epoxides are versatile intermediates in organic synthesis. The
use of transition metal complexes as the epoxidation catalyst is of
particular interest,' due to their ability to activate environmentally
benign oxidants such as molecular oxygen? and H,0,.3*

An important improvement in the field of catalytic epoxidation
arose with the discovery of the catalytic activity of methyltriox-
orhenium(vir) (CH;ReO;, MTO)® by Herrmann and co-workers
in 1991.* MTO has emerged as one of the most active catalysts
for alkene epoxidation in the presence of H,O, as the terminal
oxidant.

MTO-catalyzed epoxidation was initially investigated in a
homogeneous medium using zer-BuOH as solvent with anhydrous
H,0,.%7 While high yields of certain epoxides may be obtained
by this procedure, the main disadvantage, however, was the low
selectivity in the cases where acid sensitive epoxides were formed.
The Lewis acidity of the rhenium center caused hydrolysis and
concomitant cleavage of the epoxide ring leading to the formation
of 1,2-diols in the presence of water.”

Several methods have been suggested to overcome this problem.
Herrmann and co-workers have reported that addition of a
Lewis base ligand, e.g., quinuclidine, pyridine and its derivatives,
suppresses the epoxide ring-opening process by reducing the Lewis
acidity of the rhenium center.” However, while the selectivity
toward epoxides increases, the conversion of the activity of the
catalytic system decreases.

Use of a urea-H,0, complex instead of aqueous H,O, was
examined to overcome the formation of diols, and somewhat
improved the substrate scope of the system.?

A major improvement in the MTO-catalyzed epoxidation was
achieved by Sharpless and co-workers.” They have reported that
a biphasic system (aqueous phase/organic phase) and addition of
a significant excess of an aromatic monodentate Lewis base, such
as pyridine, relative to the catalyst not only suppresses the ring
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opening but also accelerates the alkene epoxidation in comparison
to MTO itself.’*2

Shortly afterwards new improvements were achieved by the
groups of Sharpless’® and Herrmann." It was found that the
use of 3-cyanopyridine and especially pyrazole as the Lewis base
is more effective and less problematic than the use of pyridine,
since the latter ligand can be easily oxidized to its N-oxide, which
is a less efficient ligand.!

Herein we wish to report an improved method of MTO-
catalyzed epoxidation. We have found 3-methylpyrazole as an
additive to be a more suitable ligand than pyridine and pyrazole for
this catalytic epoxidation. The use of 3-methylpyrazole enhances
the rate of epoxidation while reducing the amount of MTO.

Results and discussion

Herrmann and co-workers investigated some pyrazole derivatives
as additives for MTO-catalyzed epoxidation of styrene, and con-
cluded that 3-methylpyrazole was less effective than pyrazole.'*
During our research on the effect of additives for the MTO-
catalyzed epoxidation, we have found that 3-methylpyrazole is
a superior additive than pyrazole for epoxidation of some types of
alkenes.

In order to evaluate the efficiency of 3-methylpyrazole as the
additive, we compared pyridine, pyrazole and 3-methylpyrazole
in MTO-catalyzed epoxidation of cyclohexene. The results are
summarized in Table 1.

When the epoxidation of cyclohexene was carried out with
0.2 mol% MTO, the reaction using 3-methylpyrazole as an
additive was completed within 1 h (entry 5), while the reactions
using pyridine and pyrazole were completed at 5 h and 3 h
respectively (entries 1 and 3). The reaction time of MTO-3-
methylpyrazole is remarkably shorter than those of the other
MTO-ligand catalysts. When the amount of MTO was reduced
to 0.1 mol%, the reaction using 3-methylpyrazole was completed
within 4 h (entry 6), while the reactions using pyridine and pyrazole
were not completed within 5 h (86% conversion in both cases,
entries 2 and 4). In the case of 3-methylpyrazole, the reduced
amount of MTO (0.05 mol%, entry 7) afforded 96% epoxide at
5 h. The addition of 4-methylpyrazole was also effective. The
epoxidation of cyclohexene with 0.1 mol% MTO in the presence of
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Table 1 MTO-catalyzed epoxidation of cyclohexene with 35% H,0,*

35% H,0, / MTO

10 mol% additive

J

9=

CH,Cly, 1t

Entry Additive MTO (mol%) Time/h Convn® (%) Epoxide’ (%)
1 Pyridine 0.2 5 99 >99
2 Pyridine 0.1 5 86 >99
3 Pyrazole 0.2 3 >99 >99
4 Pyrazole 0.1 S 86 >99
5 3-MePz* 0.2 1 >99 >99
6 3-MePz* 0.1 4 >99 >99
7 3-MePz* 0.05 5 96 >99
8 4-MePz* 0.1 4 >99 >99
9 4-MePz* 0.05 5 90 >99

“ Cyclohexene (20 mmol), 35% H,O, (40 mmol), additive (2 mmol), in CH,Cl, (10 mL) at room temperature. * Determined by GC analysis. © 3-

Methylpyrazole. ¢ 4-Methylpyrazole.

4-methylpyrazole resulted in complete conversion of cyclohexene
to epoxide (entry 8). Fig. 1, the reaction profile of cyclohexene
epoxidations, shows that the epoxidation with 0.1 mol% MTO
using 3-methylpyrazole was faster than those using pyridine and
pyrazole. The results in Table 1 and Fig. 1 clearly indicated that
3-methylpyrazole is a superior additive than pyridine and pyrazole
for MTO-catalyzed epoxidation of cyclohexene.
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Fig. 1 Time course of MTO-catalyzed epoxidation of cyclohexene. Con-
ditions: cyclohexene (20 mmol), 35% H,0, (40 mmol), MTO (0.02 mmol),
additive (2 mmol), in CH,Cl, (10 mL) at room temperature. Analysis by
GC. (@) Curve A: 3-methylpyrazole. () Curve B: pyrazole. ((J) Curve C:
pyridine. (x) Curve D: no additive.

The MTO-catalyzed epoxidation of cyclohexene with 0.2 equiv-
alent of H,O, afforded cyclohexene oxide in 20% yield (100%
based on H,0, consumed). The epoxidation of cyclohexene with
1.1 equivalent of H,0, resulted in complete conversion of the
alkene to the epoxide. These results indicated that this epoxidation
proceeded with high efficiency of H,O, utilization and with high
selectivity to the epoxides.

The results of MTO-catalyzed epoxidation for a variety of
alkenes using 3-methylpyrazole as the additive are summarized
in Table 2. In the cases of cyclic alkenes (entries 1, 3, 5, 7, 9,
and 14), the alkenes were converted to epoxides quantitatively
with only 0.1 mol% MTO at reasonable reaction times. No ring-
opening or oxidative-cleavage by-products were observed in these
cases. Complete conversions of cyclic alkenes to epoxides were
also observed with reduced amount of MTO (0.05 mol%) with
longer reaction times (entries 2, 4, 6, 8, 10, and 15). Cyclooctene
can be converted to cyclooctene oxide quantitatively with only
0.02 mol% MTO within 24 h (entry 11). The turnover numbers
(TON) of cyclooctene epoxidation with pyridine, pyrazole, and
3-methylpyrazole were compared at a catalyst concentration of
0.01 mol% (Table 3). The epoxidation with 3-methylpyrazole
exhibited the highest TON of 7200. At catalyst concentration
of 0.001 mol% of MTO, the conversion at 6 h was 20%, which
represents a TON of 20000 (Table 2, entry 13). This is the best
TON reported to date on MTO-catalyzed epoxidation.’™ The
internal alkenes such as trans- and cis-2-octene were also converted
to epoxides quantitatively with 0.1 mol% MTO at reasonable
reaction times (entries 27, 28, 29, and 30).

The epoxides of substituted styrenes are known to be very prone
to ring-opening and rearrangement reactions. With this additive,
styrene, o-methylstyrene, cis- and trans-p-methylstyrene were also
converted to their epoxides in excellent yields (entries 16, 17,
20, 21, 22, 23, and 24). The addition of either pyrazole or 3-
methylpyrazole in styrene epoxidation resulted in almost same
outcome (entries 16 and 18), while pyridine had an inferior effect
(entry 19).>'* In the case of styrene epoxidation, small amounts
of styrene glycol (2%) and benzaldehyde (1%) were also detected
(entry 16).

Functional groups such as alcohols and esters do not interfere
with the epoxidation reaction and good yields were obtained
(entries 32-36).

Although aliphatic terminal alkenes, such as 1-hexene and 1-
octene, were epoxidized slower than cycloalkenes and styrenes,
the alkenes were converted to epoxides over 90% yields within 8 h
with 0.5 mol% MTO (entries 25, 26, and 31). The time courses of
the epoxidation of 1-octene by MTO-3-methylpyrazole, MTO-
pyrazole, and MTO-3-cyanopyridine’® are shown in Fig. 2. These
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Table 2 MTO-Catalyzed epoxidation of various alkenes with 35% H,0O, in the presence of 3-methylpyrazole in CH,Cl,*

Entry Alkene MTO (mol%) Temperature/°C Time/h Conversion® (%) Epoxide’ (%)
1 1-Methylcyclohexene 0.1 10 5 >99 >99
2 1-Methylcyclohexene 0.05 10 24 99 >99
3 1-Phenylcyclohexene 0.1 rt 3 >99 95
4 1-Phenylcyclohexene 0.05 rt 8 97 96
5 Cyclopentene 0.1 rt 2.5 >99 >99
6 Cyclopentene 0.05 rt 6 99 >99
7 Cycloheptene 0.1 rt 3 >99 >99
8 Cycloheptene 0.05 rt 7 99 99
9 Cyclooctene 0.1 rt 2 >99 >99(91)°

10 Cyclooctene 0.05 rt 4 >99 >99

11 Cyclooctene 0.02 rt 24 99 >99

12 Cyclooctene 0.01 rt 6 72 >99

13 Cyclooctene 0.001 rt 6 20 >99

14 Norbornene 0.1 rt 2.5 >99 >99

15 Norbornene 0.05 rt 24 >99 >99

16 Styrene 0.5 rt 4 >99 974

17 Styrene 0.2 rt 5 92 99

18 Styrene 0.5¢ rt 5 >99 96

19 Styrene 0.5 rt 5 66 99

20 o-Methylstyrene 0.1 rt 3 95 97

21 trans-p-Methylstyrene 0.1 rt 5 >99 >99¢

22 trans-p-Methylstyrene 0.05 rt 24 >99 >99¢

23 cis-B-Methylstyrene 0.1 rt 5 >99 >99*

24 Indene 0.2 rt 1 98 89

25 1-Hexene 0.5 rt 8 94 96

26 1-Octene 0.5 rt 8 98 93

27 trans-2-Octene 0.1 rt 6 >99 >99¢

28 cis-2-Octene 0.1 rt 3 >99 >99"

29 trans-4-Octene 0.1 rt 8 98 >99¢

30 cis-4-Octene 0.1 rt 5 99 >99*

31 1-Decene 0.5 rt 14 97 96

32 Cinnamyl alcohol 0.2 rt 5 >99 79

33 Cinnamyl acetate 0.5 rt 20 >99 95

34 Citronellol 0.1 10 4 >99 97

35 trans-2-Hexen-1-ol 0.2 rt 8 >99 >99¢

36 trans-3-Hexen-1-ol 0.2 rt 7 >99 >99¢

“ Alkene (20 mmol), 35% H,O, (40 mmol), 3-methylpyrazole (2 mmol), in CH,Cl, (10 mL). ® Determined by GC analysis. ¢ Isolated yield by 10 g
scale experiment. See Experimental section. ¢ Styrene glycol (2%) and benzaldehyde (1%) were also produced. ¢ Pyrazole (2 mmol) was used instead of
3-methylpyrazole. / Pyridine (2 mmol) was used instead of 3-methylpyrazole. ¢ rrans-Epoxide. * cis-Epoxide.

Table 3 Comparison of turnover numbers of MTO-catalyzed epoxida-
tion of cyclooctene using various additives®

Entry Additive TON?®
1 — 82
2 Pyridine 3960
3 Pyrazole 2300
4 3-Methylpyrazole 7200

“ Cyclooctene (40 mmol), 35% H,0, (80 mmol), MTO (0.004 mmol),
additive (4 mmol), in CH,Cl, (20 mL) at 20 °C for 6 h. ® Turnover number
at 6 h.

results indicated that the efficiency for epoxidation of terminal
alkenes by these three catalytic systems is comparable.

The best results for MTO-catalyzed epoxidation in CH,Cl,
to date were reported with pyrazole as the Lewis base ligand
(0.5mol% MTO, pyrazole : MTO ratio of 24 : 1, in CH,Cl,)."* The
change of the solvent from CH,Cl, to fluorinated alcohols such as
trifluoroethanol™ and hexafluoro-2-propanol*® allowed reduc-
tion of the MTO loading to 0.1 mol%. However, acid-sensitive
epoxides undergo ring-opening leading to a mixture of compounds
in these fluorinated alcohols.”® The use of 3-methylpyrazole will
allow reduction of MTO loading to <0.1 mol% without changing
the solvent from CH,Cl, to fluorinated alcohols.
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Fig. 2 Time course of MTO-catalyzed epoxidation of I-octene. Con-
ditions: I-octene (20 mmol), 35% H,0, (40 mmol), MTO (0.1 mmol),
additive (2 mmol), in CH,Cl, (10 mL) at room temperature. Analysis by
GC. (@) Curve A: 3-methylpyrazole. (a) Curve B: pyrazole. ((J) Curve C:
3-cyanopyridine. (x) Curve D: no additive.
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When reducing the amount of 3-methylpyrazole to 5 mol%, the
rate of the cyclohexene epoxidation was somewhat slower than that
for 10 mol% additive. The rates of the epoxidation using 10 mol%
and 20 mol% additive were identical. As a result, addition of
10 mol% 3-methylpyrazole is required to obtain the best result,
although 3-methylpyrazole does not react under the oxidation
conditions as pyrazole.'*

The pK, of 3-methylpyrazole is 3.3." The value is higher than
those of 3-cyanopyridine (pK, 1.5) and pyrazole (pK, 2.5), and
is lower than that of pyridine (pK, 5.2), namely 3-methylpyrazole
has higher basicity than 3-cyanopyridine and pyrazole, and has
lower basicity than pyridine. Adolfsson and co-workers reported**
MTO-catalyzed epoxidation of styrene with substituted pyridines
of various pK,. Among the pyridines examined, 3-chloropyridine
(pK, 2.8), 3-fluoropyridine (pK, 3.0), methyl nicotinate (pK, 3.3)
and methyl isonicotinate (pK, 3.3) that have similar pK, values to
3-methylpyrazole allowed the reaction to reach high conversion
(indicating long catalyst lifetime) with high selectivity of epoxide
(conversion >90% and selectivity >90%). More basic pyridines
(pyridine, 4-picoline pK, 6.0, 4-tert-butylpyridine pK, 6.0, 4-
methoxypyridine pK, 6.6) resulted in lower conversion (short
catalyst lifetime) with excellent selectivity. The pyridines that
are less basic (3-cyanopyridine, 4-cyanopyridine pK, 1.9) exhibit
quantitative conversion along with drastically low selectivity
(<10% epoxide). The nitrogen heterocycles that have pK, values
about 2-4 may afford good balance of conversion and selectivity.

The presence of nitrogen heterocycles in the medium increases
the concentration of the mono-hydrogen peroxide anion (HOO"),
which results in a faster formation of the peroxorhenium com-
plexes from MTO. The higher concentration of HOO™ is also
increasing the rate of MTO decomposition through a base-
mediated pathway.'””® On the other hand, the coordination of
heterocycles to MTO must protect the catalyst from deactivation
by the base-mediated pathway. The concentration of HOO™ is
higher and the formation of peroxo complexes is faster in the
presence of 3-methylpyrazole than pyrazole, because the basicity
of 3-methylpyrazole, which has an electron-releasing substituent,
is higher than that of pyrazole. The basicity values of pyrazole
and 3-methylpyrazole are not so high as that of pyridine, and
the difference in MTO deactivation rates of these must be
small. Although the origin of the rate-improving effect on MTO-
catalyzed epoxidation with heterocycle additives is still not fully
understood,">!” these may be the reason for the higher reactivity
and longer catalyst lifetime of 3-methylpyrazole than pyrazole.

Conclusions

We have explored and succeeded in enhancing the catalytic
activity of MTO for epoxidation with 35% H,O, by using a
re-examined additive 3-methylpyrazole that has been found to
be a superior additive to pyridine and pyrazole. The MTO-3-
methylpyrazole system has the highest activity among MTO-
based catalytic systems (MTO-pyrazole, MTO-pyridine, etc.)
reported to date especially for epoxidation of cyclic and internal
alkenes. Epoxides were obtained quantitatively from cyclic and
internal alkenes with only 0.02-0.1 mol% MTO and 10 mol% 3-
methylpyrazole without using highly concentrated H,O, (>60%)
and/or expensive fluorinated alcohols. On the other hand, the
effects of 3-methylpyrazole and pyrazole were comparable in the

epoxidation of terminal alkenes such as 1-octene and styrene.
3-Methylpyrazole is commercially available and would be the
additive of choice for MTO-catalyzed epoxidation of a variety of
alkenes. The continuous exploration of various amine compounds
as additives will open perspectives for further enhancement of the
catalytic activity of MTO.

Experimental
General remarks

All reagents obtained were from commercial sources unless
otherwise noted and were used without further purification.
Methyltrioxorhenium was prepared according to the reported
procedure.” The concentration of hydrogen peroxide was de-
termined by iodometric titration before use. The progress of
the reaction was monitored by GC analysis. The conversions of
alkenes and yields of epoxides were determined by the GC internal
standard method. GC analyses were performed on a Shimadzu
GC-2010 (FID detector) equipped with a GL Sciences InertCap 1
column (30 m length x 0.25 mm ID x 0.25 um film thickness).

Typical procedures for epoxidations

Cyclohexene epoxidation (Table 1, entry 6). A 50 mL flask
equipped with a stirbar was charged with CH,Cl, (10 mL), 3-
methylpyrazole (161 pL, 2.0 mmol, 10 mol%), MTO (5 mg,
0.020 mmol, 0.1 mol%), and cyclohexene (2.03 mL, 20 mmol).
H,0, (35%, 3.36 mL, 40 mmol) was added all at once to the stirring
solution. The resulted two-phase mixture was stirred vigorously
(1000 rpm) at room temperature. The progress of the reaction
was monitored at appropriate intervals by GC analysis of small
aliquots of the organic phase. The conversion of cyclohexene
and yield of cyclohexene oxide were determined by the GC
internal standard method. The GC internal standard material (n-
undecane) was added just before the first analysis.

Procedure for 10 g scale epoxidation of cyclooctene (Table 2,
entry 9). A 200 mL flask equipped with a stirbar was charged
with CH,Cl, (50 mL), 3-methylpyrazole (0.73 mL, 9.07 mmol,
10 mol%), MTO (22.6 mg, 0.0907 mmol, 0.1 mol%), and cy-
clooctene (10 g, 90.7 mmol). H,O, (35%, 15.3 mL, 181 mmol) was
added dropwise to the stirring solution from a dropping funnel
(ca. 10 min). During the H,0, addition the temperature of the
solution was kept below 30 °C by applying an external cooling
bath. The resulted two-phase mixture was stirred vigorously (1000
rpm) at room temperature. The reaction was completed after 2 h,
and the reaction mixture was poured into brine. The aqueous
layer was separated, and the remaining organic layer was washed
with aqueous Na,S,0;. The organic layer was successively washed
with dilute HCI (2 mL 35% HCI with 50 mL H,0) to remove
3-methylpyrazole. The organic layer was dried over anhydrous
Na,SO,, and the solvent was distilled out by using an evaporator.
The residue was dried under vacuum. Cyclooctene oxide was
obtained as a colorless solid (10.4 g, 91%, >98% purity by GC. The
main impurity was cyclooctane that was contained in the starting
alkene).
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