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Introduction

The Mn-containing complexes [Mn ACHTUNGTRENNUNG(salen)], [Mn(por-
phyrin)], and [Mn ACHTUNGTRENNUNG(nonheme)] are well known as efficient

catalysts for olefin epoxidation and alkane hydroxylation.[1]

An understanding of the mechanism of O�O bond activa-
tion and a characterization of the reactive intermediates are
crucial in designing better catalysts for these manganese-ACHTUNGTRENNUNG(III)-complex-catalyzed oxygenation reactions. In most
cases, MnV=O, MnIV=O, and/or MnIII�OOR are invoked as
reactive intermediates during the catalytic cycles,[2] with an-
other intermediate, MnIII�O�MnIV, being catalytically inac-
tive.[3] The exact nature of the oxygenating species and the
mechanism of oxygen transfer to the substrate remain un-
clear, although the participation of multiple active oxidants
has been proposed to account for the experimental results.[4]

Several cyano-bridged rhenium cluster frameworks resem-
bling Prussian blue have been prepared in the hope that
their larger cavities might function as molecular sieves or
supporting matrices for catalysts.[5] We have previously syn-
thesized new rhenium clusters containing [MnACHTUNGTRENNUNG(OEP)] and
[Mn ACHTUNGTRENNUNG(TPP)] (OEP=octaethylporphinato dianion; TPP= tet-
raphenylporphinato dianion) complexes, in which
manganese ACHTUNGTRENNUNG(III) porphyrin units are linked to cyano-rhenium
clusters to form discrete molecules rather than extended
frameworks.[6] Interestingly, the [Mn ACHTUNGTRENNUNG(TPP)]-containing rhe-
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nium cluster showed high catalytic activity in olefin epoxida-
tion with iodosylbenzene (PhIO).[6]

To develop efficient, selective, readily available, and
stable catalysts, to discover new [Mn ACHTUNGTRENNUNG(salen)]-type-containing
Re clusters with novel magnetic properties, and to prevent
the formation of catalytically inactive dinuclear m-oxo com-
plexes (MnIV�O�MnIII), we designed and synthesized the
title clusters starting from Re clusters and the [MnIII-ACHTUNGTRENNUNG(saloph)] complex (saloph =N,N’-o-phenylenebis(salicylide-
naminato)).[7] We present here new molecular complexes
containing [Re4Q4(CN)12]

4� cluster anions surrounded by
[MnIII ACHTUNGTRENNUNG(saloph)] complexes through bridging CN ligands,
[Mn ACHTUNGTRENNUNG(saloph)H2O]4ACHTUNGTRENNUNG[Re4Q4(CN)12]·4 CH3OH·8 H2O (Q=

Se(1), Te(2)), among which the compound 1-Se exhibits par-
amagnetic behavior with an effective magnetic moment of
9.60 BM. Moreover, 1-Se and 2-Te have been found to be
stable, efficient, and selective catalysts for olefin epoxidation
with meta-chloroperbenzoic acid (mCPBA) as an oxidant.
Most significantly, mechanistic studies of the olefin epoxida-
tion reactions promoted by these catalysts have provided
evidence that multiple active oxidants, MnV=O, MnIV=O,
and MnIII�OOC(O)R, operate simultaneously in the epoxi-
dation. Furthermore, it has been observed that the participa-
tion of MnV=O, MnIV=O, and MnIII�OOC(O)R can be con-
trolled by changing the substrate concentration.

Results and Discussion

The new tetranuclear chalcocyanide cluster compounds,
[{Mn ACHTUNGTRENNUNG(saloph)H2O}4Re4Q4(CN)12]·4CH3OH·8H2O (Q= Se
(1-Se), Te (2-Te)), were synthesized by the direct diffusion
technique, in which a methanolic solution of [PPh4]4-ACHTUNGTRENNUNG[Re4Q4(CN)12] (Q= Te or Se) was accurately layered with a
methanolic solution of [Mn ACHTUNGTRENNUNG(saloph)]+ . The structure of 2-Te
was determined by X-ray crystallography. In the new com-
pound 2-Te, each Re is connected to one [Mn ACHTUNGTRENNUNG(saloph)]+

unit through one cyano group, and the remaining two cyano
groups are dangling (Figure 1). Each cluster-supported [Mn-ACHTUNGTRENNUNG(saloph)]+ unit is axially linked to a water molecule. The
overall size of the molecule is about 12.290 � (the Mn···Mn
distance through the rhenium cluster). The coordination ge-
ometry about Mn is best described as elongated octahedral.
The two N atoms and two O atoms from the tetradentate or-
ganic ligand define the equatorial plane and one N atom
from the cyano group and one O atom of the solvent H2O
are at the vertices of the pyramids (Table 1). These are the
first examples of Re4 cyano-bridged cluster compounds with
a ligand of this type, although a number of such complexes
have been described for Re6 octahedral cyanide clusters.[8]

The powder X-ray pattern of 1-Se is the same as that of 2-
Te (Figure S1; see the Supporting Information), indicating
that they share a common structure. Compound 1-Se exhib-
its paramagnetic behavior, obeying the Curie–Weiss law X =

X0 + C/ ACHTUNGTRENNUNG(T�q) (Figure S2). At room temperature, its effec-
tive magnetic moment is 9.60 BM, which is close to the spin-
only value of 9.798 BM expected for four Mn3+ cations with

four unpaired electrons in d4 configuration. There is no evi-
dence of magnetic exchange coupling between the MnIII

units via the central Re4 cluster. Since [MnIII ACHTUNGTRENNUNG(salen)]-type
complexes are well known as versatile catalysts in a variety
of oxygenation reactions,[1,9] the reactivities of the cluster-
supported [MnIII ACHTUNGTRENNUNG(saloph)] compounds 1-Se and 2-Te as cata-

Figure 1. The structure of [{Mn ACHTUNGTRENNUNG(saloph)H2O}4Re4Te4(CN)12], 2-Te. All hy-
drogen atoms are omitted for clarity.

Table 1. Bond lengths [�] and angles [8] for 2-Te.

Re1�C3 2.065(16)
Re1�C1 2.075(15)
Re1�C2 2.104(15)
Mn4�O1 1.861(11)
Mn4�O2 1.865(12)
Mn4�N5 1.973(14)
Mn4�N4 2.011(14)
Mn4�O3 2.256(12)
Mn4�N3 2.395(14)
N1�C1 1.183(17)
N2�C2 1.177(16)
N3�C3 1.172(17)
O1-Mn4-O2 91.6(5)
O1-Mn4-N5 92.6(6)
O2-Mn4-N5 172.1(6)
O1-Mn4-N4 172.8(6)
O2-Mn4-N4 95.3(5)
N5-Mn4-N4 80.7(6)
O1-Mn4-O3 92.0(5)
O2-Mn4-O3 89.7(6)
N5-Mn4-O3 83.5(6)
N4-Mn4-O3 90.0(5)
O1-Mn4-N3 94.0(5)
O2-Mn4-N3 87.4(5)
N5-Mn4-N3 98.9(5)
N4-Mn4-N3 84.3(5)
O3-Mn4-N3 173.4(4)
N1-C1-Re1 178.8(14)
N2-C2-Re1 173.4(14)
N3-C3-Re1 173.4(13)
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lysts were examined in the epoxidation of olefins by
mCPBA. To this end, mCPBA (0.05 mmol) was added to a
mixture of substrate (0.035 mmol), 1-Se or 1-Te (2.96 �
10�5 mmol), and solvent (1 mL; CH3CN/CH2Cl2 1:1). The
mixture was stirred for 10 min at room temperature. We
confirmed that direct substrate oxidation by mCPBA was
negligible under comparable conditions (occurring over a
period of 10–60 min),[10a] whereas oxygen-transfer reactions
catalyzed by 1-Se and 2-Te occurred in less than two mi-
nutes after the addition of the peroxybenzoic acid. UV/Vis
spectrophotometry showed that 1-Se and 2-Te remained
stable during the catalytic reactions. Reactions with olefins
in the presence of 1-Se resulted predominantly in the forma-
tion of epoxides (Table 2). For example, the cyclic olefins cy-
clopentene, cycloheptene, and cyclooctene were oxidized to
the corresponding epoxides in good yields (entries 1–3),
with conversions ranging from 85 to 100 %. In the reaction
involving cyclohexene (entry 4), small amounts of the allylic
oxidation products cyclohexenol (2.9 %) and cyclohexenone
(3.5 %) were formed along with the major product cyclohex-
ene oxide (77.2 %). With cyclohexene under anaerobic con-
ditions (entry 5), almost identical yields of the products
were obtained, indicating that free-radical oxidation pro-
cesses were only minimally involved in the olefin epoxida-
tion reaction.[10] Moreover, terminal alkenes, which usually
tend to be the least reactive olefins in metal-catalyzed epox-
idations,[11] were readily epoxidized with mCPBA and 1-Se
(entries 6 and 7). cis-2-Octene was used to probe the stereo-
chemistry of the reaction, which gave cis-2-octene oxide as

the major product (80.0 %) along with some trans-2-octene
oxide (15.1 %). This result indicated that the catalytic epoxi-
dation reaction occurred with approximately 70 % stereo-
chemical retention (entry 8). trans-2-Octene was oxidized
exclusively to trans-2-octene oxide. In a competition experi-
ment involving cis- and trans-2-octenes, cis-2-octene was
found to be 3.4 times more reactive than trans-2-octene, im-
plying a reactivity preference for cis over trans (entry 10).
This value is larger than that obtained with peracids (kcis/
ktrans =1.2–2.2),[12] but somewhat smaller than those observed
with the PhIO/[Fe ACHTUNGTRENNUNG(TPP)Cl] (kcis/ktrans = 5.8)[13] and NaOCl/
[Mn ACHTUNGTRENNUNG(porph)] (kcis/ktrans =5.0) systems.[14] cis-2-Hexene and
trans-2-hexene showed the same reaction preference as the
2-octenes with 1-Se. cis-Stilbene was oxidized rapidly under
the reaction conditions (entry 14), giving cis-stilbene oxide
(47.9 %) as the major product, along with some trans-stil-
bene oxide (6.7 %) and benzaldehyde (11.6 %), indicating
that either a peroxyl radical or an oxomanganese(IV) spe-
cies was involved as the epoxidizing agent, since these spe-
cies would be expected to oxidize cis-stilbene to nonstereo-
specific or radical-induced rearranged products.[14] The oxi-
dation of trans-stilbene by 1-Se produced trans-stilbene
oxide and benzaldehyde (entry 15). The lower overall yield
(40.5 %) of products from trans-stilbene is best explained in
terms of steric constraint at the activating site.[15] Styrene
was oxidized to styrene oxide (56.5 %), benzaldehyde
(5.7 %), and phenylacetaldehyde (19.8 %), again indicating
that either a peroxyl radical or an oxomanganese(IV) spe-
cies was involved as the epoxidizing agent. Analogous re-

Table 2. Olefin epoxidations by mCPBA with the catalysts 1-Se and 2-Te in CH2Cl2/CH3CN 1:1 at room temperature.[a]

Entry Substrate Product
1-Se 2-Te

Conversion [%][b] Yield [%][b] Conversion [%][b] Yield [%][b]

1 cyclopentene epoxide 85.4�3.4 84.9�2.3 91.5�1.3 80.7�1.9
2 cycloheptene epoxide 100 85.5�1.8 100 81.9�0.9
3 cyclooctene epoxide 84.5�1.1 75.5�2.7 88.2�3.6 82.6�3.4
4 cyclohexene epoxide 88.3�3.4 77.2�2.5 91.0�2.1 82.1�1.6

2-cyclohexen-1-ol 2.9�0.2 3.4�0.1
2-cyclohexen-1-one 3.5�0.3 4.1�0.1

5[c] cyclohexene epoxide 89.7�2.5 78.5�2.0 90.0�2.0 83.0�2.8
2-cyclohexen-1-ol 3.1�0.1 3.6�0.2
2-cyclohexen-1-one 3.6�0.1 4.3�0.2

6 1-octene epoxide 75.4�1.7 64.1�2.5 73.5�3.1 68.3�1.4
7 1-hexene epoxide 70.7�2.7 64.0�1.5 75.0�1.1 65.5�1.4
8 cis-2-octene cis-oxide 97.0�1.8 80.0�1.2 100 83.0�3.5

trans-oxide 15.1�0.7 15.5�0.4
9 trans-2-octene trans-oxide 72.5�2.2 68.9�1.3 70.2�1.1 67.1�2.1
10 cis-/trans-2-octene cis-/trans-oxide 3.4 4.5
11 cis-2-hexene cis-oxide 90.4�1.8 76.6�1.2 93.0�1.8 81.6�3.5

trans-oxide 10.6�1.1 10.9�0.4
12 trans-2-hexene trans-oxide 57.0�2.2 54.5�1.3 58.7�1.5 52.3�3.1
13 cis-/trans-2-hexene cis-/trans-oxide 7.4 3.4
14 cis-stilbene cis-oxide 75.3�2.2 47.9�3.3 64.5�0.1 39.3�0.8

trans-epoxide 6.7�0.5 4.6�0.3
benzaldehyde 11.6�1.1 12.2�1.5

15 trans-stilbene trans-oxide 45.3�1.2 31.5�2.3 53.0�1.0 35.0�3.1
benzaldehyde 9.0�0.9 7.9�0.2

16 styrene epoxide 97.0�2.2 56.5�3.1 98.5�2.3 58.8�1.1
benzaldehyde 5.7�1.2 5.8�1.5
phenylacetaldehyde 19.8�1.2 18.6�0.4

[a] Reaction conditions: olefin (0.035 mmol), catalyst (2.96 � 10�5 mmol), mCPBA (0.05 mmol), solvent (1 mL, CH3CN/CH2Cl2 1:1). [b] Based on sub-
strate. [c] Under anaerobic conditions in an N2 atmosphere.
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sults were obtained for 2-Te, indicating that the substitution
of Se by Te in the cluster-supported [MnIII ACHTUNGTRENNUNG(saloph)] com-
pound 1-Se does not affect the reactivity of the system. On
the other hand, for a reactivity comparison between the
cluster-supported [MnIII ACHTUNGTRENNUNG(saloph)] compounds 1-Se and 2-Te
and the mononuclear [MnIII ACHTUNGTRENNUNG(saloph)] complex, epoxidation
of olefins by the mononuclear [MnIII ACHTUNGTRENNUNG(saloph)] complex with
mCPBA was studied under the same reaction conditions. In
this case, the formation of a dinuclear m-oxo complex
(MnIV�O�MnIII) with lower epoxide yields of 10–50 % was
observed.

Several groups have proposed a [(salen)MnV=O] inter-
mediate as a reactive species responsible for olefin epoxida-
tion,[16] whereas a [(salen)MnIV=O] complex, analogous to
[(porph)MnIV=O],[17] has been invoked in radical-type oxida-
tions to account for the formation of ring-opened products
in the [MnIII ACHTUNGTRENNUNG(salen)]-catalyzed epoxidation of a radical
probe.[18] Talsi et al. observed that when [(salen)MnIV=O]
was reacted with styrene at 20 8C in CH2Cl2 the products
were benzaldehyde (22% with respect to manganese) and
styrene oxide (13 %).[4c]

Therefore, the minimal extent of free radical oxidation re-
actions, the high degree of stereospecificity, and the forma-
tion of some trans-epoxide and aldehyde from the epoxida-
tion reaction of cis-aromatic olefins observed with our cata-
lytic systems imply that two different oxidants, MnV=O and
MnIV=O, are produced in these catalytic reactions. The re-
sults also suggest that the MnIV=O complex is responsible
for the nonstereoretentive portion of the epoxidation reac-
tion.[19]

To obtain more information about the nature of the reac-
tive intermediates, we studied the influence of substituent
electronic effects on the rate of epoxidation using styrene
and five para-substituted styrenes. A significant electronic
effect on the reaction rates with 1-Se was observed, showing
that more electron-rich olefins react more rapidly than elec-
tron-deficient substrates. This indicates that the reactive in-
termediates have electrophilic character. As shown in Fig-
ure S3, a more precise linear correlation could be obtained
by plotting krel against sp

+ (r= 0.97) rather than against sp

(r= 0.87; data not shown). The small negative value of the
observed slope (1=�0.66) compares well with previously
reported values for the epoxidation of styrenes obtained
using systems based on manganeseACHTUNGTRENNUNG(III) tetraphenylporphyr-
in (1=�0.41),[20] manganeseACHTUNGTRENNUNG(III) salen (1=�0.3),[18a]

manganese ACHTUNGTRENNUNG(III) TMTACN (1�=�0.63; TMTACN=1,4,7-
trimethyl-1,4,7-triazacyclononane),[21] and manganeseACHTUNGTRENNUNG(III)
H,MePyTACN (1�=�0.67; H,MePyTACN= 1-methyl-4-
methyl(2-pyridyl)-1,4,7-triazacyclononane).[1h] 2-Te showed a
similar result (1=�0.47) to 1-Se (see Figure S4).

We carried out 18O-labeling experiments, which are com-
monly used in studies of reaction mechanisms, to test for the
involvement of a high-valent metal-oxo intermediate in the
metal-mediated oxygen atom transfer reactions.[10a, 22] We ex-
amined the epoxidation of cyclohexene by 1-Se and
mCPBA in the presence of an approximately 28-fold excess
of H2

18O relative to the substrate in a mixture of anhydrous

CH2Cl2/CH3CN 1:1 (Table S1). As the results in Table S1
show, no 18O from the H2

18O was incorporated into the cy-
clohexene oxide (entry 1). Even in an approximately 440-
fold excess of H2

18O (entry 3), the epoxide product showed
no 18O incorporation. This suggests that the oxygen of the
active intermediate derived from 1-Se and mCPBA did not
exchange with H2

18O. Analogous results were also obtained
for 2-Te, as shown in Table S1 (entry 4). The lack of oxygen
exchange might be explained in one of three ways,[22–24] as
shown in Scheme 1: 1) direct epoxidation by Mn�OOC(O)R

(3) may be much faster than its O�O bond cleavage (k1 @

kO�O); 2) although Mn=O may be formed, the rate of
oxygen exchange may be much slower than the rate of
oxygen transfer from the Mn=O intermediate to the sub-
strate (k2 @ kex); or 3) as Meunier, Nam, and co-workers
proposed,[22b, 24] the axial NCQ ligand of the Mn=O inter-
mediate may inhibit oxygen exchange of the Mn=O with
bulk H2

18O because the six-coordinated metal-oxo inter-
mediate does not have an appropriate binding site for water.
Any one of these situations might account for the results ob-
tained with our catalytic systems.

To gain a clearer insight into the reactive oxidants that
are involved in olefin epoxidation, we used peroxyphenyl-
acetic acid (PPAA) as a mechanistic probe. The use of
PPAA to distinguish homolytic versus heterolytic cleavage
of the peracid O�O bond is well established.[10a,23,25] When
the O�O bond of the coordinated anion of PPAA (3 a) is
cleaved homolytically (Scheme 2, pathway c), an acyloxyl
radical (7) is generated. This acyloxyl radical undergoes
rapid b-scission (diffusion-controlled rate ~109 s�1) to give
benzyl alcohol (8), benzaldehyde (9), and toluene (10). In
contrast, heterolytic O�O bond cleavage of 3 a (pathway a)
or direct oxidation by 3 a (pathway b) yields phenylacetic
acid (PAA, 6).

Scheme 1.
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First, a control experiment with PPAA as oxidant under
the same reaction conditions as used for mCPBA was car-
ried out in the absence of substrate (Table 3, entry 1). Inter-
estingly, the heterolytic cleavage product, phenylacetic acid
(53.5 % based on PPAA), and the homolytic cleavage prod-
ucts, benzaldehyde (54.7 %) and benzyl alcohol (2.9 %),
were formed in a ratio of 48:52. These results indicate that
heterolytic (48 %) and homolytic (52%) O�O bond cleav-
age of 3 a occur simultaneously to produce high-valent
MnV=O and MnIV=O species in the reactions involving the
Mn complex and peracids. Next, we varied the concentra-
tion of the substrate to examine the concentration depend-
ence of the ratio of heterolysis to homolysis. Surprisingly,
the ratio of heterolysis to homolysis varied from 0.93
(48:52) for 0 mm cyclohexene to 1.64 (62:38) for 35 mm cy-
clohexene to 2.45 (71:29) for 140 mm cyclohexene, as shown
in Table 3 (entries 1, 3, and 5). Analogous results were ob-
tained for 2-Te (entries 6–10). These results suggest that
Mn�OOC(O)R (3) might also be a possible reactive species
in the epoxidation, as previously proposed for [Mn ACHTUNGTRENNUNG(salen)]-
and [Fe ACHTUNGTRENNUNG(porph)]-catalyzed epoxidations with mCPBA as
oxygen donor.[26] Moreover, these results demonstrate that
both heterolysis and homolysis of the O�O bond of PPAA
occur in the Mn–peroxy acid system if the substrate is less
active or the concentration of the substrate is very low. In
contrast, when the substrate is active or the concentration of

the substrate increases, the spe-
cies Mn�OOC(O)R (3) gradu-
ally becomes involved in the
epoxidation reaction, as pro-
posed for the iron porphyrin/
mCPBA system by van Eldik
et al.[26a] As a result, the multi-
ple oxidants MnIII�OOC(O)R,
MnV=O, and MnIV=O act simul-
taneously as the key active in-
termediates in the epoxidation
reaction. This simultaneous op-
eration of the three oxidants
might also apply to other
metal-catalyzed olefin epoxida-
tions, including those employing

[Mn ACHTUNGTRENNUNG(salen)], [Mn(porphyrin)], and [MnACHTUNGTRENNUNG(nonheme)] com-
plexes.

In order to observe the proposed reactive intermediates
MnIII�OOC(O)R, MnV=O, and MnIV=O, we carried out
UV/Vis spectrophotometric measurements at low tempera-
tures (�40 8C and �70 8C, respectively). Following the addi-
tion of 1.2 equiv of mCPBA to a solution of 1-Se in the ab-
sence or presence of the substrate cyclohexene, UV/Vis
spectra were recorded within 3 s and at intervals of 30 s for
20 min. As shown in Figure S5, no spectral changes were ob-
served, neither at �40 8C nor at �70 8C (the spectral change
below 330 nm is attributed to meta-chlorobenzoic acid), sug-
gesting that the above reactive intermediates might not be
spectroscopically observable. Similar results were also ob-
tained with 2-Te.

Scheme 2 shows the competing reaction pathway mecha-
nism, which may well explain our present epoxidation reac-
tions and other oxidation reactions reported previously.[2,4, 26]

For example, an appropriate mixture of the MnIII�
OOC(O)R, MnV=O, and MnIV=O species might account for
the stereochemical data[27] and the increase in enantioselec-
tivity in the low-temperature epoxidation of styrene report-
ed for [Mn ACHTUNGTRENNUNG(salen)]/oxidant systems.[28] The amount of each
oxidant in solution would be sensitive to solvent polarity,
axial ligands, ligand structures, metal ions, temperature, and
oxidant structures that influence the lifetime of MnIII�

Scheme 2.

Table 3. Yields of products derived from peroxyphenylacetic acid (PPAA) mediated by the catalysts 1-Se and 2-Te in the presence of cyclohexene.[a]

Entry Catalyst Cyclohexene
Heterolysis[b] Homolysis[b]

Hetero (6)/Homo (8+9 +10)
Oxidation products[c]

6 8 9 10 oxide -ol -one

1 1-Se 0 53.5�2.4 54.7�3.0 2.9�0.1 – 48/52 (0.93) – – –
2 1-Se 20 55.1�2.1 34.2�1.6 2.3�0.1 – 60/40 (1.51) 58.9�2.5[d] 4.6�0.3[d] 3.2�0.2[d]

3 1-Se 35 58.2�1.7 33.9�1.6 1.6�0.0 – 62/38 (1.64) 46.5�3.4[d] 6.2�1.2[d] 1.9�0.5[d]

4 1-Se 70 75.2�10.3 31.0�1.9 1.6�0.1 – 70/30 (2.31) 63.1�8.8[e] 6.2�1.2[e] 4.1�1.2[e]

5 1-Se 140 75.3�9.7 29.4�6.3 1.4�0.1 – 71/29 (2.45) 74.7�10.0[e] 11.9�0.2[e] 8.5�0.7[e]

6 2-Te 0 51.9�2.0 57.7�2.5 3.5�0.2 – 46/54 (0.85) – – –
7 2-Te 20 56.3�1.9 28.3�1.8 2.9�0.1 – 64/46 (1.79) 42.9�2.0[d] 4.7�0.2[d] 4.4�0.2[d]

8 2-Te 35 73.1�3.1 35.0�2.0 1.7�0.1 – 67/33 (1.99) 48.3�2.4[d] 3.2�0.3[d] 2.0�0.2[d]

9 2-Te 70 75.8�9.8 30.7�0.3 1.7�0.1 – 70/30 (2.34) 62.1�9.0[e] 5.7�0.7[e] 4.6�0.4[e]

10 2-Te 140 80.3�2.3 25.2�5.5 1.5�0.2 – 75/25 (2.97) 78.1�8.2[e] 9.3�0.6[e] 8.6�2.3[e]

[a] Reaction conditions: cyclohexene (0–0.14 mmol), catalyst (2.96 � 10�5 mmol), PPAA (0.05 mmol), solvent (1 mL, CH3CN/CH2Cl2 1:1); values in bold
were obtained under the same reaction conditions as used for mCPBA. [b] Based on PPAA. [c] oxide, -ol, and -one indicate cyclohexene oxide, cyclohex-
enol, and cyclohexenone, respectively. [d] Based on substrate, cyclohexene. [e] Based on oxidant, PPAA.
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OOC(O)R and the ratio of heterolysis versus homoly-
sis.[2,4,16a, 26,28, 29] Therefore, these factors may influence the re-
action pathway shown in Scheme 2, resulting in the various
product partitions, cis-epoxide versus trans-epoxide, epoxide
versus aldehyde, and so on.[27] More detailed mechanistic
studies on the factors that influence heterolysis versus ho-
molysis, the lifetime of MnIII�OOC(O)R (3), and the vari-
ous product partitions, are in progress in our laboratory.

Conclusion

We have successfully synthesized discrete molecules of rhe-
nium cluster-supported [MnIII ACHTUNGTRENNUNG(saloph)] complexes, which
catalyze a wide range of olefin epoxidations with excellent
efficiencies, even with terminal olefins, while retaining their
integrity under mild experimental conditions. Reactivity and
Hammett studies, H2

18O exchange experiments, and the use
of PPAA as a mechanistic probe suggest that the multiple
oxidants MnIII�OOC(O)R, MnV=O, and MnIV=O operate si-
multaneously as the key active intermediates in the epoxida-
tion reactions. However, an attempt to observe the proposed
reactive intermediates MnIII�OOC(O)R, MnV=O, and
MnIV=O by UV/Vis spectrophotometry at low temperatures
(�40 8C and �70 8C) proved unsuccessful. Nonetheless, the
present results provide important clues for a resolution of
the long-standing dichotomy of views pertaining to the
nature of the active oxidants in [Mn ACHTUNGTRENNUNG(salen)]-catalyzed reac-
tions, and even in those catalyzed by [Mn(porphyrin)] and
[Mn ACHTUNGTRENNUNG(nonheme)] complexes.[1–4]

Experimental Section

General : Olefins, epoxides, cyclohexenol, cyclohexenone, ethanol, metha-
nol, acetone, o-phenylenediamine, salicylaldehyde, dichloromethane, ace-
tonitrile, Mn ACHTUNGTRENNUNG(OAc)2·4 H2O, mCPBA (65 %), and H2

18O (95 % 18O enrich-
ment) were purchased from Aldrich Chemical Co. and were used without
further purification. [PPh4]4 ACHTUNGTRENNUNG[Re4Se4(CN)12]

[30] and peroxyphenylacetic
acid (PPAA)[10a] were synthesized according to literature methods. Prod-
uct analyses following olefin epoxidations, partition reactions of PPAA,
and 18O incorporation reactions of cyclohexene oxide were performed on
either a Hewlett–Packard 5890 II Plus gas chromatograph interfaced with
a Hewlett–Packard model 5989 B mass spectrometer or a Donam Sys-
tems 6200 gas chromatograph equipped with an FID detector using a
30 m capillary column (Hewlett–Packard DB-5 or HP-FFAP). XRD data
were obtained on a Rigaku X-ray diffractometer using CuKa radiation
(l=1.5418 �). 1H NMR spectra were recorded on a Bruker 250 MHz
spectrometer from samples in CDCl3 solution, with TMS as an internal
standard. Elemental analyses for C, H, and N were performed on a
Perkin–Elmer 240 C instrument. Magnetic susceptibility measurements
on powder samples were carried out in the temperature range from 5 to
300 K in an applied magnetic field of 1000 G using a Quantum Design
MPMS-5 SQUID magnetometer.

Preparation of H2saloph : The ligand N,N’-disalicylidene-1,2-phenylenedi-
amine (H2saloph) was prepared by the condensation reaction of o-phe-
nylenediamine and salicylaldehyde according to the previously published
procedures[7b, 31–34] with some modification. A solution of salicylaldehyde
(10 mmol) in ethanol (10 mL) was added to a stirred solution of o-phe-
nylenediamine (5 mmol) in ethanol (15 mL). After refluxing for 2.5 h and
then leaving the mixture to stand overnight, the orange-yellow product

was collected by filtration and washed with cold ethanol. The reaction
was performed under N2.

1H NMR (CDCl3): d=12.97 (2 H), 8.65 (2 H),
7.41–6.93 ppm (12 H).

Preparation of MnIII ACHTUNGTRENNUNG(saloph) complex : The complex was prepared ac-
cording to the previously reported literature method[7] with a small modi-
fication. Mn ACHTUNGTRENNUNG(OAc)2·4H2O (1 mmol) was added to a stirred solution of
H2saloph (1 mmol) in ethanol (20 mL). After refluxing for several mi-
nutes and then stirring overnight at room temperature, a dark-brown
solid was collected by filtration and washed with acetone.

Preparation of [Mn ACHTUNGTRENNUNG(saloph)H2O]4 ACHTUNGTRENNUNG[Re4Q4(CN)12]·4 CH3OH·8 H2O (Q=Se
(1-Se) and Te (2-Te)): The cluster compounds were prepared by a direct
diffusion technique in which a methanolic solution of [PPh4]4-ACHTUNGTRENNUNG[Re4Q4(CN)12] (0.05 mmol; Q=Se or Te) containing a trace amount of
H2O was carefully layered with a methanolic solution of [MnIII ACHTUNGTRENNUNG(saloph)]
(0.25 mmol). Dark-violet crystals of 2-Te suitable for X-ray analysis were
obtained after three weeks. The powder X-ray pattern of 1-Se was found
to be the same as that of compound 2-Te, indicating that they share a
common structure. Elemental analysis calcd (%) for
C96H88Mn4N20O24Re4Te4 (2-Te) (3380.82): C 34.11, H 2.62, N 8.29; found:
C 34.06, H 2.65, N 8.34; elemental analysis calcd (%) for
C96H88Mn4N20O24Re4Se4 (1-Se) (3186.26): C 36.19, H 2.79, N 8.79; found:
C 36.12, H 2.73, N 8.81.

Olefin epoxidations by the cluster-supported Mn complexes (1-Se and 2-
Te) with mCPBA : a) Aerobic conditions: mCPBA (0.05 mmol) was
added to a mixture of substrate (0.035 mmol), the cluster-supported Mn
complex (2.96 � 10�5 mmol), and solvent (CH3CN/CH2Cl2 1:1; 1 mL). The
mixture was stirred for 10 min at room temperature. Each reaction mix-
ture was applied to a column of silica gel and the organic products were
eluted; the eluent was monitored by subjecting periodically withdrawn
20 mL aliquots to GC/MS analysis. Dodecane as an internal standard was
used to quantify the products and conversions of substrates. All reactions
were run at least in triplicate and the average product yields are present-
ed. The product yields are based on substrate consumed. In the competi-
tive reaction of cis-2-octene and trans-2-octene, the amount of each sub-
strate was 0.035 mmol. b) Anaerobic conditions: Substrate (0.035 mmol),
the cluster-supported Mn complex (2.96 � 10�5 mmol), and solvent
(CH3CN/CH2Cl2 1:1; 1 mL) were placed in a vial that could be sealed
with a rubber septum. N2 was then bubbled into the vial containing the
reaction solution for 10 min. Thereafter, mCPBA (0.05 mmol) was added
to the solution. The rest of the procedure was the same as above.

Competitive reactions of styrene and para-substituted styrenes for the
construction of a Hammett plot : mCPBA (0.018 mmol) was added to a
mixture of styrene (0.01 mmol) and para-X-substituted styrene
(0.01 mmol, X= -OCH3, -CH3, -Cl, and -CN), the cluster-supported Mn
complex (2.96 � 10�5 mmol), and solvent (CH2Cl2/CH3CN 1:1; 1 mL). The
mixture was stirred for 10 min at room temperature. The amounts of styr-
enes before and after reactions were determined by GC. The relative re-
activities were determined using the equation kx/ky = log ACHTUNGTRENNUNG(Xf/Xi)/logACHTUNGTRENNUNG(Yf/Yi),
where Xi and Xf are the initial and final concentrations of substituted
styrenes and Yi and Yf are the initial and final concentrations of styre-
ne.[22a]

H2
18O experiments : mCPBA (0.005 or 0.01 mmol) was added to a mix-

ture of cyclohexene (0.005–0.02 mmol), the cluster-supported Mn com-
plex (2.96 � 10�5 mmol), and H2

18O (10–40 mL, 95 % 18O-enriched, Aldrich
Chemical Co.) in a dried solvent mixture (CH3CN/CH2Cl2 1:1; 1 mL).
The reaction mixture was stirred for 3 min at room temperature and then
directly analyzed by GC/MS. The 16O and 18O compositions were deter-
mined from the relative abundances of the mass peaks at m/z 99 for
[16O]-cyclohexene oxide and m/z 101 for [18O]-cyclohexene oxide. All re-
actions were run at least in triplicate and the average values are present-
ed.

Analysis of the O�O bond cleavage products from the reactions of the
cluster-supported Mn complexes with PPAA : PPAA (0.05 mmol) was
added to a mixture of cyclohexene (0–0.14 mmol), the cluster-supported
Mn complex (2.96 � 10�5 mmol), and solvent (CH3CN/CH2Cl2 1:1; 1 mL).
The mixture was stirred for 10 min at room temperature. Each reaction
was monitored by GC/MS analysis of 20 mL aliquots withdrawn periodi-
cally from the reaction mixture. All reactions were run at least in tripli-
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cate and the average product yields are presented. Product yields are
based on PPAA consumed.

UV/Vis spectrophotometric studies : UV/Vis spectrophotometric studies
were carried out as follows. Solutions of 1-Se (1.0 � 10�5 mmol) in
CH2Cl2/CH3CN 1:1 (3 mL) were first cooled to �40 8C or �70 8C in 1 cm
UV cells. mCPBA (1.2 equiv, diluted with CH2Cl2 (30 mL)) was then in-
jected into each UV cell in a single portion, whereupon the spectral
changes were directly monitored within 3 s and at intervals of 30 s for
20 min by UV/Vis spectrophotometry. Analogous studies with 2-Te gave
similar results. In addition, the same results were obtained with both 1-Se
and 2-Te in the presence of cyclohexene (0.01 mmol).

Crystallography : Single-crystal X-ray diffraction data for 2-Te were col-
lected at 170 K on a Bruker SMART AXS diffractometer.[35] Graphite-
monochromated MoKa radiation (l =0.71073 �) was used. Crystal decay
was monitored by re-collecting 50 initial frames at the end of the data
collection. Cell refinement and data reduction were carried out with the
program SAINT.[35] Absorption corrections were applied using the
SADABS program.[35] The crystal structure was solved by direct methods
and was refined by full-matrix least-squares techniques, with anisotropic
thermal parameters for non-hydrogen atoms except O3S and C3S in the
solvent molecule, using the SHELX package.[36] Hydrogen atoms (except
those connected to O3 in the solvent H2O) were placed in calculated po-
sitions with C�H distances of 0.93–0.96 � and isotropic thermal parame-
ters and were included in the refinement in a riding motion approxima-
tion with Uiso =1.2Ueq(C) or Uiso =1.5Ueq(C), where C is the parent C
atom to which the H atom is attached. The crystal data, experimental,
and refinement results are summarized in Table 4.
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F ACHTUNGTRENNUNG(000) 3208
crystal size [mm3] 0.06 � 0.05 � 0.03
2q range for data collection [8] 1.77 to 26.00
reflections collected 29 240
independent reflections 5238 (Rint =0.2499)
refinement method full-matrix least-squares on F2

data/restraints/parameters 5238/6/347
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