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Introduction

Methyltrioxorhenium (MTO), which was considered as a
mere curiosity when it was first described,[1] has become an
almost unparalleled success story since it became available
in larger amounts from improved syntheses.[2] It has been
shown, mainly by the research groups of Herrmann and Es-
penson, that MTO is an extremely versatile catalyst or cata-
lyst precursor for a broad variety of organic reactions.[3]

Olefin epoxidation is one of the best examined of this ple-
thora of applications,[4] and not only has one of the active
species been isolated and fully characterised, including by
X-ray crystallography, but the reaction mechanism has also
been examined in great detail, both from a kinetic and theo-
retical point of view, and both homogeneous and heteroge-
neous variations of the reaction have been published.[5] It
turns out, however, that MTO, due to its pronounced Lewis
acidity, has a tendency to promote further ring-opening re-
actions of the epoxidation products to give diols.[6] It was
recognised quite early that the presence of Lewis bases, for
example nitrogen donor ligands, suppresses such unwanted
side reactions.[7] Nevertheless, the activity of MTO–Lewis
base adducts was originally found to be significantly lower
than that of MTO itself.[8] The use of aromatic N-donor li-
gands in significant excess (ca. 10–12:1) together with MTO,
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however, leads to higher activities and selectivities in epoxi-
dation catalysis than with MTO alone.[9] Both mono- and di-
dentate aromatic Lewis bases with N-donor ligands display
this behaviour.[10] In the meantime, many N-ligand adducts
of MTO have been isolated, characterised and applied for
the epoxidation of olefins as catalysts.[11] Other donor ad-
ducts of MTO, despite being mentioned sporadically in the
literature, have never been examined to the same extent
with respect to their applicability as epoxidation catalysts.[12]

Rhenium complexes with Schiff-base ligands derived from
salicylaldehyde and mono- or diamines have received atten-
tion due to their applications in catalysis and nuclear medi-
cine. However, to the best of our knowledge, only ReV oxo
complexes bearing Schiff-base ligands have been investigat-
ed extensively so far,[13] and Schiff-base adducts of MTO
have not been described and applied as epoxidation cata-
lysts until now. Herein we present the synthesis and molecu-
lar structure of a series of MTO adducts containing Schiff-
base ligands and their application in the epoxidation of ole-
fins.

Results and Discussion

Synthesis and spectroscopic characterisation : Compounds 1–
5 (see Scheme 1) were easily synthesised by treating MTO
with donor ligands in diethyl ether at room temperature. All

products were isolated as orange (1–4) or red (5) crystals in
yields higher than 80 %. In comparison to many N-coordi-
nated Lewis base adducts, which are considerably more sen-
sitive to the presence of moisture and temperature than
MTO itself,[9e, 10a,b, 14, 15] compounds 1–5 show good stability at
room temperature both in the solid state and in solution.
They can be handled in a normal laboratory atmosphere
and stored under air without any decomposition.

The Re=O vibrations in the IR spectra of compounds 1–5
are found in the region 910–1080 cm�1. The asymmetric
ReO3 stretching bands show a splitting of 10–30 cm�1 due to
the complex symmetry (see Table 1). Compared to the vi-
brations of non-coordinated MTO (see averaged values of
the Re=O stretches), the Re=O bands of compounds 1–5
are strongly red-shifted due to the pronounced donor ca-
pacity of the respective ligands in the solid state. The addi-
tional electron density donated from the ligand to the
rhenium ACHTUNGTRENNUNG(VII) centre generally reduces the bond order of

the Re=O bonds. This is clearly true for complexes 1–3, al-
though the situation is somewhat different for derivatives 4
and 5. For the latter compounds one Re=O bond is more
strongly enhanced whereas the other two are slightly weak-
ened. Accordingly, the so-called ReO symmetric stretching
bands are observed at 1035 and 1080 cm�1 for complexes 4
and 5, respectively. Another difference in the coordination
of MTO in the two different types of complexes (1–3 versus
4, 5) can be clearly seen from the difference between the
averaged symmetric and asymmetric stretching vibrations of
the ReO3 moiety (last row in Table 1). For free MTO this
difference is only 33 cm�1 (tetrahedral coordination), for
complexes 1–3 it is around 80 cm�1 (trigonal-bipyramidal co-
ordination) and it is very large for complexes 4 (121 cm�1)
and 5 (167 cm�1) due to the rather asymmetric coordination
of the rhenium ACHTUNGTRENNUNG(VII) atom.

The absence of OH stretching bands of the Schiff bases in
the region around 3400 cm�1 indicates the presence of a
strong intramolecular hydrogen bond with the nitrogen
atom of the imine group to form a six-membered ring. The
broad band with a specific fine structure in the range 2900–
2400 cm�1 is most likely due to the phenolic OH stretching
feature characteristic of a strong hydrogen bond. There are
other low frequency bands characteristic for a phenolic OH
group in the spectra of the pure Schiff-base ligands. These
bands, together with the OH stretches, are conspicuously
absent in the spectra of compounds 1–5 (see Table 2), there-
by indicating that the proton changes its location during the
coordination with MTO. These observations provide strong
evidence that the phenolic OH proton is lost from the
oxygen during coordination. In the case of the Schiff base
C15H15NO2 (corresponding to complex 5), the phenolic ring
substitution is different from the others (2,6-substitution),
therefore the phenolic OH group and coupled ring vibra-
tions are slightly different.

As a rule, PhCH=NPh type molecules have a medium/
strong band at 1650 cm�1 for the C=N stretching mode in an
undisturbed situation. In the case of the free ligands of com-
plexes 1–5 strong bands are observed, however, at 1611–
1622 cm�1 (see Table 2). This frequency lowering of 40–
30 cm�1 can be explained by the existence of an intramolec-
ular hydrogen bond between the phenolic hydrogen and the
nitrogen atom. After complexation to MTO the proton be-
comes attached to the nitrogen to form an imine group C=

Scheme 1. Synthesis of MTO adducts containing Schiff-base ligands.

Table 1. Characteristic vibrations of the (CH3)ReO3 fragments (cm�1) in
1–5.

MTO[10d] 1 2 3 4 5 Assignment

1368 1376 1375 1375 1380 1375 CH3 asym. def.
1205 1216 1210 1215 – – CH3 sym. def.
998 1005 1007 1012 1035 1080 ReO3 sym. str.
965 928 935 950 925 925 ReO3 asym. str.

919 911 921 914 913
567 576 576 573 525 585 ReC str.
976 950 951 961 958 973 ReO str. average
33 81.5 84 76.5 120.5 166 ACHTUNGTRENNUNG(ns�na) ReO3
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N+(-H), the C=N+ stretching frequency of which is accord-
ingly found at higher wavenumbers (1637–1645 cm�1).

The 1H and 13C NMR spectroscopic data of the ReCH3

groups of compounds 1–5 are shown in Table 3. In the
1H NMR spectra, the proton signals originating from the

ReCH3 group of compounds 1–5 are shifted to high field
with respect to that of MTO. Similarly, a small 13C NMR
shift change for the Re-bound carbon atom of the methyl
group in compounds 1–5 can be observed, thus revealing
that the Schiff-base ligands in compounds 1–5 have a com-
paratively weak influence on the ReCH3 moiety in solution.
It is noteworthy that several monodentate N-ligand adducts
show a stronger shift difference relative to non-coordinated
MTO than is observed for complexes 1–5 in both their 1H
and 13C NMR spectra. For example, the chemical shift
change in the 1H NMR spectrum is about 0.5–0.9 ppm for
pyridine derivatives of MTO, and in the 13C NMR spectra it
is around 4–6 ppm (in CDCl3).[10a] N-oxide adducts of MTO
also show larger chemical shift changes in both the 1H and
13C NMR spectra than the compounds described here.[12]

The proton signals of the OH groups appear at around d=

13 ppm in the free ligand. After reaction with MTO, howev-
er, the peaks are significantly broadened in all cases, thereby
indicating a higher mobility of the proton. The 1H and
13C NMR signals of the imine group of compounds 1–5 are
shifted to slightly lower field, in agreement with a changed
coordination situation.

Only the peaks of the Schiff-
base ligands can be observed in
all cases in the FAB mass spec-
tra, whereas the CI mass spec-
tra of compounds 1–5 show the
peaks of the Schiff-base ligand
and the MTO moiety separate-
ly, although no molecular peak
of the complete molecules can
be observed.

The thermal stability of com-
plexes 1–5 was examined by
thermogravimetric analysis
(TGA) coupled with mass spec-
trometry (MS) between 20 and
1000 8C. The thermal decompo-
sition behaviour of complexes

1–4 is rather similar. The onset temperatures for the first de-
composition step are around 108, 108, 107 and 97 8C and the
onset temperatures for the second decomposition step are
around 408, 396, 471 and 407 8C, respectively. The mass loss
for these two steps is in agreement with the mass of the
Schiff-base ligand. The phenyl ring is lost after the first de-
composition onset, followed by the loss of the imine and the
phenolic ring after the second onset. In the case of com-
plexes 1, 3 and 4, no further mass loss is observed between
600 and 1000 8C. However, in the case of complex 2, a fur-
ther decomposition step associated with a mass loss of 14 %
can be observed. The onset temperature of this third decom-
position step is about 680 8C. This step ends at about 800 8C,
the remaining mass being equivalent to the Re content of
compound 1. Complex 5 starts decomposing at about 77 8C
and in one large step loses 62 % of the original mass up to
600 8C. The observed mass loss is consistent with the total
mass of the Schiff-base ligand, the three oxygens and the
methyl ligand. Similarly to complex 2, above 800 8C only
rhenium metal remains (EA evidence). The presence of a
Schiff-base ligand changes the behaviour of the MTO
moiety completely under TGA conditions.[16]

X-ray crystal structures of compounds 1–5 : The solid-state
structures of the examined compounds are shown below,
with selected bond lengths listed in Table 4 and bond angles
in Table 5 for 1–3 and Table 6 for 4 and 5. All five com-
pounds display a distorted trigonal-bipyramidal geometry.
As is known for most structurally characterised intermolecu-
lar N- and O-donor adducts of MTO,[6,10] the ReO3 fragment
is located in the equatorial plane in the case of complexes
1–3 (Figures 1, 2 and 3, respectively), while the methyl
group and the donating oxygen function of the Schiff-base
ligands reside in the apical sites in the trans position. How-
ever, in complexes 4 (Figure 4) and 5 (Figure 5), the methyl
group and two oxo ligands occupy the equatorial positions
while the donating phenolic group and the remaining oxo
ligand occupy the axial positions. Very few MTO adducts
with such an arrangement of the ReO3 moiety have been re-
ported to date.[3,6] With the exception of some intermolecu-

Table 2. Selected IR (KBr) data [cm�1] for C13H11NO and compounds 1–5. The respective pure ligand vibra-
tions are given for sake of comparison.

Compound Imine group Phenolic OH group and coupled ring vibrations
n(C=N) bACHTUNGTRENNUNG(NH···O) n(CX) n(CX) n(CX) g(OH)

C13H11NO 1616 s 1358 m 1275 vs 1074 m 871 vs 734 w,m[a]

C13H11NO· ACHTUNGTRENNUNG(CH3)ReO3 (1) 1643 s
C14H13NO 1616 s 1358 m 1275 1074 m 845 m,sh 730 m,sh[a]

C14H13NO· ACHTUNGTRENNUNG(CH3)ReO3 (2) 1645 s
C13H10ClNO 1622 s 1360 m 1281 vs 1031 m,sh 838 m 740 m,sh[a]

C13H10ClNO· ACHTUNGTRENNUNG(CH3)ReO3 (3) 1643 s
C14H13NO2 1617 s 1346 m 1217 m 1080 s 866 s 736 vs[a]

C14H13NO2·ACHTUNGTRENNUNG(CH3)ReO3 (4) 1637 s
C15H15NO2 1611 s 1396 m 1272 s 1150 m 816 m 698 m[b]

C15H15NO2·ACHTUNGTRENNUNG(CH3)ReO3 (5) 1638 s

[a] Characteristic bands of ortho-substituted phenols. [b] Characteristic bands of 2,6-disubstituted phenols. No-
tation of vibrational modes: n ACHTUNGTRENNUNG(C=N): C=N stretching; b ACHTUNGTRENNUNG(OH···O): hydrogen-bonded OH in-plane deformation;
n(CX) substituent-sensitive aromatic ring stretches; g(OH) phenolic out-of-plane vibrations.

Table 3. Selected 1H and 13C NMR spectroscopic data for the MTO com-
plexes in CDCl3.

Compound MTO-CH3

d(1H) d ACHTUNGTRENNUNG(13C)

MTO 2.67 19.03
1 2.62 19.43
2 2.63 19.61
3 2.62 19.40
4 2.61 19.73
5 2.58 19.40
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lar donor adducts, which can only coordinate through their
N- or O-donor atoms in the axial position (cis to the methyl
group) due to steric reasons,[3,6,7,17] only one cis-coordinating
Lewis base adduct of MTO has been described in the litera-
ture, to the best of our knowledge, along with its X-ray crys-
tal structure. For this [(CH3)ReO3ACHTUNGTRENNUNG(C6H5NH2)] complex,
however, a second modification exists with all the oxo li-
gands in the equatorial plane. This compound, too, is known
from its X-ray crystal structure.[7] Packing effects have been
thought to be responsible for the coordination modes ob-
served (cis or trans with respect to the methyl group). Such

an explanation may also hold for the structural differences
observed for compounds 1–5. The ReO3 fragment has
pseudo-tetrahedral geometry, with the O=Re=O angles
varying from 103.3(3)8 to 118.9(3)8 in complex 4 and from
103.8(5)8 to 118.0(4)8 in complex 5. The Re�C distance in
compounds 1–5 is 2.112(12), 2.084(8), 2.095(11), 2.119(7)
and 2.089(12) R, respectively, and is slightly longer than that
in free MTO (2.063(2) R) in all cases but close to the aver-
age Re�C distance (2.09 R) found in other N-[6] or O-donor
adducts of MTO.[12] The Re=O bond lengths in complexes
1–5 are around 1.7 R and are therefore quite similar to
those in other MTO adducts. The Re�O bond distances are
2.269(7), 2.243(4), 2.286(5), 2.153(5) and 2.210(7) R in com-
plexes 1–5, respectively, and are therefore significantly
shorter than the average Re�N bond distance in N-donor

adducts of organorhenium ACHTUNGTRENNUNG(VII)
oxides (2.42 R,[6]) and also no-
tably shorter than the Re�O
bond distance in some known
organorhenium ACHTUNGTRENNUNG(VII) oxygen
donor complexes, for example
in 4-tert-butylpyridine N-oxide
adducts of MTO
(2.311(4) R),[12] [(CH3)ReO3·
{ORe(O) ACHTUNGTRENNUNG(PPh3)2 ACHTUNGTRENNUNG(CH3)}]
(2.377(7) R)[18]) and
C6H5ReO3·THF (2.420(2) R),[19])
or the related distance in
trioxorhenium ACHTUNGTRENNUNG(VII) alkoxide
complexes,[17] namely the
alkoxy alcohol complex
[ReO3(OCMe2CMe2OH)]
(2.323(5) R) and the alkoxy

ether complex [ReO3(OCMe2CMe2OMe)] (2.302(5) R). The
shorter Re�O bonds in compounds 1–5 are in agreement

Table 4. Selected bond lengths [R] for compounds 1–5.

Compound 1 2 3 4 5

Re(1)�O(2) 1.699(6) 1.702(4) 1.700(5)
Re(1)�O(3) 1.675(7) 1.694(5) 1.697(6) 1.699(6) 1.702(8)
Re(1)�O(4) 1.710(5) 1.698(8)
Re(1)�O(5) 1.701(5) 1.690(9)
Re(1)�O(2)#1[a] 1.699(6) 1.702(4) 1.700(5)
Re(1)�C(14) 2.112(12) 2.095(11)
Re(1)�C(15) 2.084(8) 2.119(7)
Re(1)�C(16) 2.089(12)
Re(1)�O(1) 2.269(7) 2.243(4) 2.286(5) 2.153(5) 2.210(7)
O(1)�C(3) 1.317(11) 1.309(7) 1.305(9) 1.325(8) 1.303(11)
N(1)�C(1) 1.304(12) 1.292(8) 1.302(9) 1.314(8) 1.300(13)
N(1)�H ACHTUNGTRENNUNG(1 A) 1.00(14) 0.8600 0.77(9) 0.89(7) 0.86(12)

[a] Symmetry transformations used to generate equivalent atoms: #1: x,
�y+1/2, z.

Table 5. Selected bond angles [8] for compounds 1–3.

1[a] 2[b] 3[c]

O(3)�Re(1)-O(2)#1 119.7(3) O(3)-Re(1)-O(2) 119.41(14) O(3)-Re(1)-O(2) 118.99(18)
O(3)-Re(1)-O(2) 119.7(3) O(3)-Re(1)-O(2)#1 119.41(14) O(3)-Re(1)-O(2)#1 118.99(18)
O(2)#1-Re(1)-O(2) 117.9(5) O(2)-Re(1)-O(2)#1 118.9(3) O(2)-Re(1)-O(2)#1 119.2(4)
O(3)-Re(1)-C(14) 95.9(5) O(3)-Re(1)-C(15) 94.4(4) O(3)-Re(1)-C(14) 96.8(5)
O(2)#1-Re(1)-C(14) 95.2(3) O(2)-Re(1)-C(15) 95.27(19) O(2)-Re(1)-C(14) 95.0(3)
O(2)-Re(1)-C(14) 95.2(3) O(2)#1-Re(1)-C(15) 95.27(19) O(2)#1-Re(1)-C(14) 95.0(3)
O(3)-Re(1)-O(1) 80.8(3) O(3)-Re(1)-O(1) 80.6(2) O(3)-Re(1)-O(1) 81.0(3)
O(2)#1-Re(1)-O(1) 86.5(2) O(2)-Re(1)-O(1) 87.23(14) O(2)-Re(1)-O(1) 86.14(16)
O(2)-Re(1)-O(1) 86.5(2) O(2)#1-Re(1)-O(1) 87.23(14) O(2)#1-Re(1)-O(1) 86.14(16)
C(14)-Re(1)-O(1) 176.6(4) C(15)-Re(1)-O(1) 175.0(3) C(14)-Re(1)-O(1) 177.8(4)
C(3)-O(1)-Re(1) 130.6(6) C(3)-O(1)-Re(1) 131.5(4) C(3)-O(1)-Re(1) 130.7(4)

[a] Symmetry transformations used to generate equivalent atoms: #1: x, �y+1/2, z. [b] Symmetry transforma-
tions used to generate equivalent atoms: #1: x, �y+3/2, z. [c] Symmetry transformations used to generate
equivalent atoms: #1: x, �y+3/2, z.

Table 6. Selected bond angles [8] for compounds 4 and 5.

4 5

O(3)-Re(1)-O(5) 104.2(3) O(5)-Re(1)-O(4) 104.5(5)
O(3)-Re(1)-O(4) 118.9(3) O(5)-Re(1)-O(3) 103.8(5)
O(5)-Re(1)-O(4) 103.3(3) O(4)-Re(1)-O(3) 118.0(4)
O(3)-Re(1)-C(15) 116.0(3) O(5)-Re(1)-C(16) 89.1(5)
O(5)-Re(1)-C(15) 87.4(3) O(4)-Re(1)-C(16) 112.7(6)
O(4)-Re(1)-C(15) 118.8(3) O(3)-Re(1)-C(16) 121.7(5)
O(3)-Re(1)-O(1) 80.9(2) O(5)-Re(1)-O(1) 167.5(4)
O(5)-Re(1)-O(1) 167.0(2) O(4)-Re(1)-O(1) 80.0(3)
O(4)-Re(1)-O(1) 84.1(2) O(3)-Re(1)-O(1) 83.8(4)
C(15)-Re(1)-O(1) 79.7(3) C(16)-Re(1)-O(1) 78.4(4)
C(3)-O(1)-Re(1) 135.6(4) C(3)-O(1)-Re(1) 133.8(7)

Figure 1. PLATON view of the solid-state structure of complex 1. The
thermal ellipsoids are shown at the 50 % probability level. Hydrogen
atoms are placed in calculated positions.
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with the IR results (see above) and also indicate a move-
ment of the originally O-bound proton to the -N=C- moiety
to create a zwitterionic structure with the negatively charged
oxygen atom binding to the Lewis acidic rhenium ACHTUNGTRENNUNG(VII)
centre. It is also interesting to note that the Re�O bond
length in complexes 5 and, particularly, 4 is shorter than in
complexes 1–3. The obtained structures also indicate that
the former OH proton of the ligands is now riding on the ni-
trogen in complexes 1–5. An intramolecular hydrogen bond
between the donating oxygen atom and the hydrogen atom
riding on the imine N atom seems possible. The short N(1)�
O(1) bond lengths of 2.587(11), 2.578(6), 2.588(7), 2.579(7)
and 2.603(11) R, respectively, also support this assumption.

17O NMR spectroscopy : The different structural features of
complexes 1–3 (trans arrangement of the ReCH3 group and
the Schiff-base ligand) and 4 and 5 (cis arrangement of the
ReCH3 group and the Schiff-base ligand) may be due to
packing effects in the solid state, as mentioned in the previ-
ous section. Therefore, it seemed interesting to examine
whether the cis and trans arrangements of the respective li-
gands are maintained in solution. A cis arrangement would
lead to two sets of oxygen signals (in a two to one ratio of
equatorial and axial oxygens) in the 17O NMR spectra, as
described previously in the literature.[10, 20] Usually, however,
such arrangements can only be observed at low tempera-
tures since a fast equilibrium between “axial” and “equato-
rial” oxygens is observed at elevated temperatures. It has
been shown by labelling experiments that this interchange is
due to an opening and closing of the donor ligand for both
N-[8c,20] and O-donor ligands.[12,20] Both complexes 3 and 5
were examined in the temperature interval from �50 to
+50 8C. Both complexes display only one 17O NMR signal
over the whole temperature interval, thus indicating a trans
arrangement of the Schiff-base ligand and the Re-bound
methyl group. Interestingly, the 17O chemical shifts of both
complexes are identical within the measurement error (see
Table 7). Mixing complex 3 with the ligand of complex 5

Figure 2. PLATON view of the solid-state structure of complex 2. The
thermal ellipsoids are shown at the 50 % probability level. Hydrogen
atoms are placed in calculated positions.

Figure 3. PLATON view of the solid-state structure of complex 3. The
thermal ellipsoids are shown at the 50 % probability level. Hydrogen
atoms are placed in calculated positions.

Figure 4. PLATON view of the solid-state structure of complex 4. The
thermal ellipsoids are shown at the 50 % probability level. Hydrogen
atoms are placed in calculated positions.

Figure 5. PLATON view of the solid-state structure of complex 5. The
thermal ellipsoids are shown at the 50 % probability level. Hydrogen
atoms are placed in calculated positions.
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and vice versa leads only to a minor line broadening rather
than to a significant shift change. The observed line broad-
ening at lower temperatures is well within the normal limits
and is not indicative of changes in the geometry of the com-
plexes.[8c,12,20] Whether it indicates ligand exchange is not
clear from these experiments alone since the 17O signals of
compounds 3 and 5 would be close together anyway. There-
fore, we added pyridine to both complexes 3 and 5. In this
case a major chemical shift change towards the signal of an
MTO–pyridine adduct is observed along with a more severe
line broadening. These latter observations clearly point to a
ligand exchange. Again, only one 17O NMR signal is ob-
served over the whole temperature range, thus indicating a
trans positioning of the ligand, as is known for monodentate
pyridine complexes.[8c,10, 20]

Application in epoxidation catalysis : Compounds 1–5 were
examined as catalysts for the epoxidation of cyclooctene
with hydrogen peroxide. Further details of the catalytic re-
action are given in the Experimental Section. Blank reac-
tions showed that no significant amounts of epoxide are
formed in the absence of catalyst. A catalyst:oxidant:sub-
strate ratio of 1:200:100 was used in all experiments, unless
stated otherwise. No significant formation of by-products
(e.g. diol) was observed for cyclooctene. All catalytic reac-
tions show similar time-dependent curves in which the yield
increases steadily during the first two hours of the reaction
and then slows down (first-order kinetics, as observed for re-
lated oxidizing systems;[3,10,15] see also Figure 6).

Complexes 1–3 show a similar high catalytic activity for
the epoxidation of cyclooctene during the first four hours of
the reaction and after 24 h the epoxide yield reaches 100 %.
However, the catalytic activity of complexes 4 and 5, both
of which possess an OCH3 moiety on the phenyl ring, is rel-
atively low, and even after a further 20 h the epoxide yield
does not increase significantly compared to the yield after
four hours (see Figure 7). In the reaction systems containing
complexes 4 or 5, the colour of the organic phase gradually
turns from the original yellow to brownish red during the
catalytic reaction, which is a strong indication of decomposi-
tion.[7] The colour change of the system with compound 5
takes place even earlier than that of the system with com-
pound 4, thus indicating that the catalysts decompose under
these reaction conditions even during the first two hours of
the reaction (see also Figure 6). In contrast, in the case of
compounds 1–3 the organic phase remains yellow during the

whole 24 h reaction time. This is similar to the observations
made with several aromatic N-ligated MTO complexes,
which are usually quite stable under oxidative conditions.[10]

In the presence of excess H2O2, MTO is known to form a
catalytically active bisperoxo complex of composition
[(CH3)ReO(O2)2L] (L=H2O, N-ligand, etc.) via a monoper-
oxo complex.[4] This latter—[(CH3)ReO2(O2)]—is also a cat-
alyst for the same reaction. In order to examine the differ-
ent catalytic behaviour of complexes 1–3 in comparison to
that of complexes 4 and 5, kinetic 1H NMR measurements
were performed to detect the monoperoxo- and bisperoxo-
rhenium species of complexes 1–5 in the presence of H2O2.
Thus, H2O2 was gradually added to a CDCl3 solution of
complexes 3 and 5, separately, as examples of the complexes

Table 7. Temperature-dependent 17O NMR spectroscopic data for complexes 3 and 5 as well as the ligand-exchange reactions between complexes 3 and
5 and Schiff-base ligands and pyridine in CDCl3.

Temp. [8C] 3 5 3+L5
ACHTUNGTRENNUNG(1:1)

5+L3
ACHTUNGTRENNUNG(1:1)

3+pyridine
ACHTUNGTRENNUNG(1:1)

5+pyridine
ACHTUNGTRENNUNG(1:1)

d [ppm] Dn1/2 [Hz] d [ppm] Dn1/2 [Hz] d [ppm] Dn1/2 [Hz] d [ppm] Dn1/2 [Hz] d [ppm] Dn1/2 [Hz] d [ppm] Dn1/2 [Hz]

�50 835 116 836 122 834 157 835 203 883 400 883 425
�25 832 70 833 78 832 93 832 85 884 255 884 259
0 830 39 830 41 830 42 830 42 885 119 884 118
25 830 30 830 31 829 31 829 32 880 99 878 98
50 830 28 830 28 829 27 830 27 870 56 868 83

Figure 7. Yield of the cyclooctene epoxidation after 4 h (hatched bars)
and after 24 h (black bars) in the presence of complexes 1–5 as catalysts.

Figure 6. Time-dependent yield of cyclooctene epoxide in the presence of
1 mol % of compounds 1 (diamonds), 2 (squares), 3 (triangles), 4 (circles)
or 5 (stars) as catalyst at room temperature.
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with two different Lewis base ligand configurations (see
above). In the case of complex 3, the formation of a mono-
peroxo complex is observed when a 1:1 ratio of MTO and
H2O2 is used. The corresponding 1H NMR signal is found at
d=2.84 ppm. A large excess of H2O2 (10 equivalents) leads
to the formation of a signal at d=2.89 ppm, which originates
from a bisperoxo complex.[4,10,21] In the case of complex 5,
after the addition of one equivalent of H2O2 the same spec-
tral changes are observed as in the case of complex 3, with
the signal of the monoperoxo complex occurring at d=

2.83 ppm. However, when 10 equivalents of H2O2 are added
no signal assignable to a bisperoxo complex is found. In-
stead, a pronounced methanol signal (at around d=

3.44 ppm) appears, which indicates complex decomposition.
This decomposition is also evident from the deep red colour
of the reaction mixture. The formation of considerable
amounts of methanol in the presence of excess H2O2 indi-
cates that the Schiff-base ligands of complexes 4 and 5 pro-
mote the decomposition of MTO under catalytic conditions.
These observations explain why complexes 4 and 5 show
much lower catalytic activity than compounds 1–3 and why
longer reaction times lead to no significant improvement of
epoxide yield in the cases of compounds 4 and 5.

Since the rate-accelerating effect of excess of some Lewis
base ligands in the presence of MTO is known,[9,10] we exam-
ined the influence of the amount of applied ligand on the
catalytic performance in olefin epoxidation with complex 3
as catalyst. When a mixture of MTO and Schiff base is used
in a 1:1 ratio, a similar catalytic activity and selectivity are
obtained as with complex 3. When applying a 10:1 ratio of
ligand and MTO, however, after four hours only a 32 % ep-
oxide yield is reached and after 24 h no further increase of
the yield is observed. During this catalytic reaction the
colour of the reaction mixture changes from yellow to deep
red, as noted in the cases of compounds 4 and 5, thus indi-
cating that an excess of Schiff-base ligand furthers catalyst
decomposition.

When complex 3 is used as catalyst for the epoxidation of
1-octene, the epoxide yield reaches 62 % after four hours
and 98 % after 24 h, with very good selectivity (>95 %). For
the epoxidation of styrene the epoxide yield after 24 h is
35 % and the selectivity of the reaction is higher than 80 %.
These results can be regarded as acceptable, particularly
when compared with other epoxidation catalysts based
either on rhenium or other transition metals.[3,22,23]

Conclusions

Several Schiff bases readily form stable complexes with
MTO with distorted trigonal-bipyramidal structures. The
Schiff-base ligands are either arranged in a cis or a trans
fashion to the Re-bound methyl moiety. The phenolic
proton of the ligand is transferred to a ligand imine group
upon coordination to Re, which means that the Lewis acidic
rhenium ACHTUNGTRENNUNG(VII) is coordinated to O� and forms a compara-
tively short Re�O bond. In solution, the molecules seem to

be flexible with respect to their structures. Nevertheless, dif-
ferent Schiff-base ligands have a pronounced influence on
the catalytic performance of the complexes. Thus, whilst
OCH3 groups on the Schiff base seem to destabilize the re-
sulting complex under oxidative conditions, other Schiff
bases lead to active and highly selective epoxidation cata-
lysts. An excess of ligand, however, always leads to rapid de-
composition of the catalyst.

Given the ready availability and stability of the title com-
plexes, together with the good catalytic activity and high se-
lectivity of some of them, they appear to be good alterna-
tives to less stable MTO N-donor complexes as epoxidation
catalysts. The Schiff base adducts of the latter can also be
prepared and applied in situ. In contrast to N-donor adducts,
no pronounced ligand excess is necessary to achieve high
yields and selectivities in olefin epoxidation catalysis.

Experimental Section

Synthesis and characterisation : All preparations and manipulations were
initially performed using standard Schlenk techniques under an argon at-
mosphere. However, it turned out that the syntheses can also be per-
formed under (dry) air, without problems. Solvents were dried by stan-
dard procedures (n-hexane and Et2O over Na/benzophenone; CH2Cl2

over CaH2), distilled under argon and used immediately or kept over 4-R
molecular sieves. Elemental analyses were performed with a Flash EA
1112 series elemental analyser. 1H, 13C NMR and 17O NMR were mea-
sured in CDCl3 with a mercury-VX 300 spectrometer or a 400 MHz
Bruker Avance DPX-400 spectrometer. IR spectra were recorded with a
Perkin Elmer FT-IR spectrometer using KBr as the IR matrix. FAB mass
spectra (FAB matrix: 3-nitrobenzyl alcohol) and CI mass spectra (isobu-
tene as CI gas) were obtained with a Finnigan MAT 90 mass spectrome-
ter. Thermogravimetry coupled with mass spectrometry (TG-MS) was
conducted utilizing a Netzsch TG209 system; typically, about 10 mg of
each sample was heated from 35 to 1000 8C at 10 8C min�1. Catalytic runs
were monitored by GC methods on a Hewlett–Packard instrument (HP
5890 Series II) equipped with a FID, a Supelco column Alphadex 120
and a Hewlett–Packard integration unit (HP 3396 Series II). The Schiff-
base ligands were prepared as described previously.[23]

Compounds 1–5 were prepared as follows: A solution of [(CH3)ReO3]
(0.2 g, 0.8 mmol) in diethyl ether (5 mL) was added dropwise to an equal-
ly concentrated solution of ligand (0.8 mmol) in diethyl ether (5 mL)
whilst stirring at room temperature. After 15 min the yellow solution was
concentrated to about 3 mL under an oil pump vacuum and the orange
(1–4) or orange-red (5) precipitate was collected by filtration, washed
with n-hexane and dried under reduced pressure.

1: Yield: 83%. 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=13.25 (s,
1H; NH), 8.63 (s, 1 H; CH=N), 7.46–7.26 (m, 7 H; Ph), 7.05–6.92 (m, 2 H;
Ph), 2.62 ppm (s, 3H; MTO-CH3); 13C NMR (100.28 MHz, CDCl3, 25 8C):
d=162.50 (CH=N), 161.23, 148.17, 133.16, 132.25, 129.34, 128.97, 126.87,
121.07, 119.09, 118.98, 117.24 (aryl-C), 19.43 ppm (MTO-CH3); IR (KBr):
see Tables 1 and 2; MS (FAB): m/z (%) 197.9 (100) [M+�MTO]; ele-
mental analysis calcd (%) for C14H14NO4Re (446.46): C 37.66, H 3.14, N
3.14; found: C 37.64, H 3.14, N 3.15.

2 : Yield: 85 %. 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=13.39 (s,
1H; NH), 8.63 (s, 1H; CH=N), 7.40–7.38 (m, 2 H; Ph), 7.21 (m, 4H; Ph),
7.05–6.94 (m, 2H; Ph), 2.63 (s, 3H; MTO-CH3), 2.39 ppm (s, 3H; CH3);
13C NMR (100.28 MHz, CDCl3, 25 8C): d=161.36 (CH=N), 145.19,
136.92, 133.02, 132.12, 129.92, 120.82, 119.04, 118.84, 117.22 (aryl-C),
20.94 (Ph-CH3), 19.61 ppm (MTO-CH3); IR (KBr): see Tables 1 and 2;
MS (FAB): m/z (%) 211.9 (100) [M+�MTO]; elemental analysis calcd
(%) for C15H16NO4Re (460.49): C 39.13, H 3.48, N 3.04; found: C 39.15,
H 3.48, N 3.03.
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3 : Yield: 80 %. 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=13.00 (s,
1H; NH), 8.59 (s, 1 H; CH=N), 7.41–7.37 (m, 4H; Ph), 7.23- 7.20 (m,
2H; Ph), 7.04–6.92 (m, 2H; Ph), 2.62 ppm (s, 3 H; MTO-CH3); 13C NMR
(CDCl3, 100.28 MHz, room temp.): d=162.65 (CH=N), 161.03, 146.68,
133.35, 132.32, 129.37, 122.32, 119.07, 118.85, 117.17 (aryl-C), 19.40 ppm
(MTO-CH3); IR (KBr): see Tables 1 and 2; MS (FAB): m/z (%) 231.9
(100) [M+�MTO]; elemental analysis calcd (%) for C14H13ClNO4Re
(480.90): C 34.97, H 2.91, N 2.70; found: C 34.78, H 2.90, N 2.64.

4 : Yield: 79 %. 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=13.40 (s,
1H; NH), 8.60 (s, 1 H; CH=N), 7.38–7.36 (m, 2 H; Ph), 7.29–7.26 (m, 2 H;
Ph), 7.03–6.93 (m, 4H; Ph), 3.84 (s, 3H; OCH3), 2.61 ppm (s, 3H; MTO-
CH3); 13C NMR (100.28 MHz, CDCl3, 25 8C): d=161.41 (CH=N), 159.89,
158.72, 140.28, 132.84, 131.92, 122.02, 118.96, 118.71, 117.15, 114.47 (aryl-
C), 55.29 (Ph-OCH3), 19.73 ppm (MTO-CH3); IR (KBr): see Tables 1
and 2; MS (FAB): m/z (%) 227.9 (100) [M+�MTO]; elemental analysis
calcd (%) for C15H16NO5Re (476.49): C 37.82, H 3.36, N 2.94; found: C
38.04, H 3.37, N 2.95.

5 : Yield: 80 %. 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=13.80 (s,
1H; NH), 8.59 (s, 1H; CH=N), 7.19 (m, 4 H; Ph), 6.97–6.94 (m, 2H; Ph),
6.87 (m, 1 H; Ph), 3.91 (Ph-OCH3), 2.58 (MTO-CH3), 2.36 ppm (Ph-
CH3); 13C NMR (100.28 MHz, CDCl3, 25 8C): d=161.37, 151.41, 148.30,
145.11, 136.88, 129.85, 123.52, 120.80, 118.94, 116.25, 114.41, 55.96 (Ph-
OCH3), 20.88 (Ph-CH3), 19.40 ppm (MTO-CH3); IR (KBr): see Tables 1
and 2; MS (FAB): m/z (%) 241.9 (100) [M+�MTO]; elemental analysis
calcd (%) for C16H18NO5Re (490.51): C 39.18, H 3.70, N 2.86; found: C
39.19, H 3.68, N 2.82.

Single-crystal X-ray structure determination of Complexes 1–5 : Details
of the X-ray experiment, crystal parameters, data collections and refine-
ments are summarised in Table 8. Single crystals were mounted on a
Bruker smart 1000 CCD diffractometer operating at 50 kV and 30 mA
equipped with a MoKa radiation source (l=0.71073 R). Data collection
was performed at 293 K with a w/f diffraction measurement method and
reduction was performed using the SMART and SAINT software with
frames of 0.38 oscillation in the q range 1.5<q<26.28. An empirical ab-
sorption correction was applied using the SADABS program. The struc-
tures were solved by direct methods and all non-hydrogen atoms were
subjected to anisotropic refinement by full-matrix least-squares on F2

using the SHELXTL package. All hydrogen atoms were generated geo-

metrically (C�H bond lengths fixed at 0.96 R), assigned appropriate iso-
tropic thermal parameters and included in structure-factor calculations in
the final stage of F2 refinement.[24]

CCDC-609570 (1), -609571 (2), -609572 (3), -609573 (4) and -609574 (5)
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Catalytic reactions : Method A : cis-Cyclooctene (800 mg, 7.3 mmol),
1.00 g of mesitylene (internal standard), H2O2 (30 % aqueous solution;
1.62 mL, 14.6 mmol) and 1 mol % (73 mmol) of compounds 1–5 as catalyst
were mixed.

Method B : Styrene (250 mg, 2.39 mmol), 100 mg of mesitylene (internal
standard), H2O2 (30 % aqueous solution; 5.3 mL, 4.78 mmol) and
1 mol % (24 mmol) of compound 3 as catalyst were mixed.

Method C : 1-Octene (800 mg, 7.12 mmol), 1.00 g of mesitylene (internal
standard), H2O2 (30 % aqueous solution; 1.58 mL, 14.2 mmol) and
1 mol % (71 mmol) of compound 3 catalyst were mixed.

Olefin, mesitylene (1 g, internal standard) and compounds 1–5 were
added to the reaction vessel under air at room temperature and the reac-
tion was started by adding H2O2. The course of the reactions was moni-
tored by quantitative GC analysis. Samples were taken at regular time in-
tervals, diluted with CH2Cl2, and treated with a catalytic amount of
MgSO4 and MnO2 to remove water and to destroy the unreacted perox-
ide. The resulting slurry was filtered and the filtrate injected onto a GC
column. The conversion of cyclooctene and the formation of cyclooctene
oxide were calculated from calibration curves (r2=0.999) recorded prior
to the reaction.
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Table 8. X-ray crystal data and data collection and refinement parameters for compunds 1–5.

Compound 1 2 3 4 5

empirical formula C14H14NO4Re C15H16NO4Re C14H13ClNO4Re C15H16NO5Re C16H18NO5Re
formula weight 446.46 460.49 480.90 476.49 490.51
crystal system monoclinic monoclinic monoclinic monoclinic triclinic
space group P21/m P21/m P21/m P21/c P1̄
a [R] 9.6219(18) 9.608(3) 9.670(2) 8.9004(16) 7.114(3)
b [R] 6.7686(13) 6.793(2) 6.8088(15) 16.340(3) 9.494(5)
c [R] 11.906(2) 12.402(4) 12.428(3) 10.896(2) 11.954(6)
a [8] 90 90 90 90 91.220(7)
b [8] 113.026(3) 109.351(5) 109.125(3) 99.220(3) 90.117(8)
g [8] 90 90 90 90 94.434(7)
V [R3] 713.6(2) 763.7(4) 773.1(3) 1564.1(5) 804.8(7)
Z, 1calcd [mg m�3] 2, 2.078 2, 2.002 2, 2.066 4, 2.023 2, 2.024
absorption coefficient [mm�1] 8.525 7.969 8.044 7.791 7.574
F ACHTUNGTRENNUNG(000) 424 440 456 912 472
crystal size [mm3] 0.30 \ 0.26 \ 0.20 0.32 \ 0.22 \ 0.20 0.24 \ 0.20 \ 0.20 0.32 \ 0.28 \ 0.24 0.34 \ 0.28 \ 0.20
q range for data collection [8] 1.86–26.33 1.74–26.43 1.73–26.35 2.27–26.46 1.70–25.01
reflections collected/unique 4015/1580

[R ACHTUNGTRENNUNG(int)=0.0597]
4316/1705
[R ACHTUNGTRENNUNG(int)=0.0439]

4381/1714
[R ACHTUNGTRENNUNG(int)=0.0518]

8705/3205
[R ACHTUNGTRENNUNG(int)=0.0485]

3941/2811
[R ACHTUNGTRENNUNG(int)=0.0376]

goodness-of-fit on F2 1.058 1.050 1.055 1.019 1.039
final R indices [I>2s(I)]
R1 0.0433 0.0263 0.0334 0.0368 0.0581
wR2 0.1034 0.0622 0.0750 0.0764 0.1478
R indices (all data)
R1 0.0506 0.0311 0.0474 0.0713 0.0669
wR2 0.1100 0.0642 0.0816 0.0880 0.1561
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