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The new mononuclear RuIII complexes [Ru(ntb)Cl2]Cl (1),
[Ru(ntb)Cl2]ClO4 (1a), and [Ru(mntb)Cl2]Cl (2) (ntb = tris-
(benzimidazol-2-ylmethyl)amine, mntb = tris(N-methyl-
benzimidazol-2-ylmethyl)amine) have been synthesized and
characterized. The X-ray crystal structure of 1 reveals that
the coordination geometry around the RuIII center is distorted
octahedral in which four sites are occupied by the tetraden-
tate ligand ntb and the remaining cis positions by two chlo-
ride ions. The stronger Ru–Nbzim bonds elongate the Ru–Cl
bonds thereby labilizing the coordinated chloride ions. In the
electronic absorption spectra the RuIII complexes show two
bands corresponding to π(bzim) � t2g(Ru) and pπ(Cl–) �
t2g(Ru) ligand-to-metal charge transfer (LMCT) transitions
along with intraligand transitions in the UV region. Complex

Introduction

Metal-catalyzed oxidations have received much attention
in the recent past owing to their ability to catalyze a wide
range of oxygen-transfer reactions.[1] Especially the oxi-
dation of alkanes, which are inert to chemical conversion,
has been a significant issue in bioinorganic and organic
chemistry. Such reactions are catalyzed by enzymes such as
heme containing cytochrome P-450 and non-heme methane
monooxygenase (MMO).[2] In order to mimic these reaction
systems many iron(II) and iron(III) complexes with a vari-
ety of ligands have been synthesized and their reactivity to-
ward alkane functionalization has been investigated.[3]

These oxidative transformations of organic compounds are
catalyzed by the heme and non-heme enzymes and their
model complexes via FeIV=O reactive intermediates.[3,4] The
variation of ligand environments around the metal center
plays a key role in modulating the spectral and catalytic
properties. Changing the metal ion from iron to its homolo-
gous element ruthenium might lead to the formation of
stable complexes and it would be interesting to explore the
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1 shows rhombic EPR spectral features (g1, 2.238; g2, 2.071;
g3, 1.790). The RuIII complexes display both RuIII � RuII re-
duction and RuIII � RuIV oxidation processes. Complexes 1
and 2 catalyze the allylic oxidation of cyclohexene, selective
and higher epoxidation of cyclooctene, and hydroxylation of
alkanes in the presence of the peroxide TBHP and the per-
acid m-CPBA as cooxidants illustrating that the electronic
and steric effects of tripodal 4N ligands can be tuned to cata-
lyze the effective oxidative transformation of organic com-
pounds. ESI-MS studies reveal the formation of ruthenium
peroxido species in these catalytic reactions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

roles of steric and electronic factors around the metal center
in the oxidation reactions.[5–11] The oxido-ruthenium-
(IV,V,VI) species, which are generated from the ruthenium-
(II/III) complexes using various oxidants, are utilized for
oxygen-transfer reactions. Several ruthenium complexes of
nitrogen-containing ligands have drawn much attention as
oxidation catalysts and have shown high catalytic ability
towards alkane oxygenation of both saturated and unsatu-
rated hydrocarbons.[10–17] Thus the tripodal 4N ligand tris-
(pyrid-2-ylmethyl)amine (tpa, Scheme 1) and its derivatives
have attracted considerable interest and metal complexes of
first-row transition metals and a few second- and third-row
transition metal complexes have been explored.[12,13] The
tpa ligand, which includes a σ-donating tertiary amine and
three π-accepting pyridine nitrogens, confers on ruthenium
interesting excited-state properties[12] and also catalytic
properties. Thus, Kojima et al. have reported the oxygena-
tion of alkanes catalyzed by mono- and dinuclear ruthe-
nium complexes [Ru(tpa)Cl2]ClO4 or [RuCl(tpa)]2(ClO4)2 in
the presence of m-chloroperbenzoic acid (m-CPBA),[14] tert-
butyl hydroperoxide (TBHP),[15] or molecular oxygen. Ma-
suda et al. have reported[16] ruthenium complexes of two
sets of tpa-based ligands having a 6-neopentylamino or 6-
pivalamide group on the pyridyl arm. When PhIO is used
as an oxidant for the oxidation of different substrates the



Ru(III) Complexes of Tris[(benzimidazol-2-yl)methyl]amine

amide-series complexes show relatively high epoxidation ac-
tivity in comparison with those of the amine-series com-
plexes. On the other hand, the amine-series complexes show
higher reactivity for C–H bond activation and C=C bond
cleavage. These complementary reactivities of ruthenium
complexes, regulated by substituents at the 6 position of the
tpa-type ligand, may have both a steric effect and an elec-
tronic effect on the catalytic ability. Recently, Yamaguchi et
al. reported[17] the chloro(dimethyl sulfoxide)ruthenium(II)
complexes of tpa and its derivatives 5-(MeOCO)3-tpa, tqa
[tqa = tris(2-quinolylmethyl)amine], and bpg [bpg = bis-
(pyrid-2-ylmethyl)glycinate]. The use of m-CPBA as a co-
oxidant showed efficient catalytic ability towards oxidation
of adamantane to 1-adamantanol with a high selectively of
up to 88%.

Scheme 1. Structures of tripodal ligands.

In this study we probe the effect of replacing the π-back-
bonding py rings in [Ru(tpa)Cl2]+ by the more strongly σ-
bonding and bulky benzimidazole (bzim) rings to obtain
[Ru(ntb)Cl2]+ and [Ru(mntb)Cl2]+, where ntb is tris(benz-
imidazol-2-ylmethyl)amine and mntb is tris(N-methylbenz-
imidazol-2-ylmethyl)amine (Scheme 1), on the molecular
structure and electronic and chemical properties and cata-
lytic efficiency of the complexes. In fact, the copper(II)[18]

and iron(III)[19,20] complexes of the ntb ligand have been
isolated and studied in detail and their structures observed
and the values of redox potentials measured are a clear
demonstration of the predominance of steric factors over
electronic contributions of the ligand. Also, Haga et al.[16]

have found that the complexes with bzim skeletons can cat-
alyze the oxidation of organic compounds. So, it is an op-
portunity to investigate the effect of bulky bzim pendants
on the ability of the RuIII–ntb complex to catalyze various
oxidation reactions – hydroxylation and epoxidation – of
saturated and unsaturated hydrocarbons by generating
high-valent Ru-oxido species. Very recently Que et al.[21]

have employed a bulky ligand to stabilize an FeIV=O com-
plex in the solid state. The mononuclear [Ru(ntb)Cl2]Cl
complex has been structurally characterized by single-crys-
tal X-ray diffraction and it contains two axial and one
equatorial bzim moieties coordinated to the metal.

Results and Discussion

Synthesis and Characterization

The dropwise addition of an ethanolic solution of the
ligand ntb to a refluxing solution of RuCl3·3H2O in etha-
nol[22] led to the almost quantitative formation of the
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[Ru(ntb)Cl2]+ and [Ru(mntb)Cl2]+ complexes. The composi-
tion of the complexes were determined by elemental analy-
sis (C, H, N). The RuIII complexes show conductivities in
acetonitrile solution revealing that they behave as 1:1 elec-
trolytes. The FTIR spectra of the complexes display a very
strong and broad band in the range 1100–1110 cm–1 and a
strong and sharp band around 635 cm–1, which are charac-
teristic of uncoordinated ionic perchlorate. All the present
RuIII complexes are essentially paramagnetic. The [Ru(ntb)-
Cl2]Cl, but not the perchlorate analogue, is highly soluble
in methanol giving red-brown solutions.

Molecular Structure of [Ru(ntb)Cl2]Cl·CH3CN·2H2O (1)

The molecular structure of the cation of complex 1 is
shown in Figure 1 with 50% probability thermal ellipsoids.
The coordination geometry around RuIII is distorted octa-
hedral in which four sites are occupied by the tetradentate
ligand ntb and the remaining cis positions by two chloride
ions. The bond angles around the Ru center (81.01–99.02;
162.09–179.52°) deviate considerably from the ideal values
of 90° and 180° and the N4–Ru–N6 bond angle of 162.1(2)°
indicates that the primary distortion involves the diagonally
opposite bzim nitrogen atoms (N4, N6), which are bent
away from an axis normal to the RuN1N2Cl1Cl2 plane
(Figure 2).

Figure 1. An ORTEP drawing of [Ru(ntb)Cl2]Cl (1) showing the
atom numbering scheme and the thermal ellipsoids (50% prob-
ability level) for the non-hydrogen atoms. Hydrogen atoms are
omitted for clarity.

Figure 2. Illustration of the distortion of the ligand donor atoms
from the octahedral positions.

Further, the coordination structure is similar to those of
[Fe(ntb)Cl2]+[19,20] and [Mn(ntb)Cl2].[23] The trans Ru–
Nbzim bonds [2.041(5), 2.047(5) Å] are shorter than the
other Ru–Nbzim bond [2.069(4) Å]. All the Ru–Nbzim bonds
are shorter than the Ru–Namine bond [2.119(4) Å], which is
expected of sp3 and sp2 hybrid orbitals used by the amine
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and imidazole nitrogen atoms, respectively, coordinated to
RuIII.[20,24,25,26] Further, as the RuIII center is not capable
of back-bonding the metal–ligand bond lengths are deter-
mined primarily by the σ basicity of the nitrogen atoms.[27]

Thus Ru–Nbzim bonds in 1 are shorter than the Ru–Npy

bonds (2.073–2.087 Å)[12,14] in the analogous complex
[Ru(tpa)Cl2]ClO4 (3) and other ruthenium complexes.[28]

Similarly, the Ru–Nim bonds (2.020, 2.043 Å) in [Ru(L)-
Cl2](ClO4)2 (4), where L is the tripodal ligand bis(1-methyl-
imidazol-2-yl)methyl[2-(pyrid-2-yl)ethyl]amine, are shorter
than the Ru–Npy bond (2.124 Å) in the same complex and
also shorter than those in 3. All these observations indicate
that the bz(im) nitrogen possesses a ligand basicity that is
higher and hence a σ-donor capacity better than the py
nitrogen. Further, the Ru–Namine (1, 2.119; 4, 2.142 Å) and
Ru–Cl bonds (1, 2.376, 2.395; 4, 2.335, 2.379 Å) in 1 and 4
are longer than those in 3 (Ru–Namine, 2.068; Ru–Cl,
2.344 Å)[12,14] revealing that the strongly σ-bonding bz(im)
nitrogens labilize the Ru–Namine and Ru–Cl bonds and that
both im and bzim moieties have identical electronic proper-
ties. The Ru–Cl bonds in 1 are longer than those in 4 indi-
cating that the bzim moieties in 1 exhibit a stronger steric
influence on the chloride ions making them move away
from ruthenium. The Cl–Ru–Cl bond angle of 88.6(1)° in 1
is lower than that in 3 (91.2°)[12,14] and 4 (94.6°)[12] because
of the steric bulk of the bzim moieties in 1, which is higher
than that of the py and im moieties, leading to the pinching
of the Ru–Cl bonds together and thus decreasing the Cl–
Ru–Cl bond angle. Thus, it is clear that both im and bzim
moieties have similar electronic properties but different ste-
ric effects with imidazole having less steric hindrance than
the bzim moiety. In the crystal structure of 1 there is an
extensive network of hydrogen bonds between the many
possible donor and acceptor sites (Figure 3). One of the
three bzim hydrogens (–NH) is hydrogen bonded to the un-
coordinated chloride anion and the other two bzim –NH–
nitrogens are hydrogen bonded to solvated water molecules
and so on.

Figure 3. Unit-cell packing diagram of [Ru(ntb)Cl2]Cl·
CH3CN·2H2O (1) showing the network of hydrogen bonds.

Electronic Spectral Properties

For the RuIII complexes the strong absorption band
around 430 nm (Figure 4), which is responsible for the red-
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dish-brown color of the complexes, and the less intense one
around 535 nm probably originate[12] from πbzim � t2g(Ru)
ligand-to-metal charge transfer (LMCT) transitions. The
shoulder around 325 nm may originate from the pπ(Cl–) �
t2g(Ru) LMCT transition.[29,30] The rhombic EPR spectra
of 1a and 2 in MeOH/acetone (4:1 v/v) glass at 77 K (Fig-
ure 5, Table 1) are characteristic of low-spin (S = 1/2) RuIII

complexes with a distorted octahedral environment.[31–39]

The analysis[40] of the EPR spectra using the g-tensor
theory of low-spin d5 ions provides the axial (∆) and rhom-
bic (V) components of distortion around RuIII (Figure 4,
Table 1) as well as the energies of the two crystal-field tran-
sitions (ν1 and ν2) from ground to upper Kramer’s dou-
blets.[31–33] In this analysis the combination, g1 and g2 nega-
tive, g3 positive, and g1 �g2 �g3, gave a reasonable value
of k (�1.0). In these complexes the axial distortion (∆/λ) is
approximately 2.3 times more than the rhombic distortion

Figure 4. Electronic spectrum of the complex [Ru(ntb)Cl2]ClO4

(1a) (concd., 1.8�10–4 ) in acetonitrile solution. Inset shows the
electronic spectrum of 1a (concd., 5.4 �10–3 ) in the range 2200–
1600 nm.

Figure 5. EPR spectrum of [Ru(ntb)Cl2]ClO4 (1a) in methanol/ace-
tone (4:1 v/v) glass at 77 K. Inset shows the splitting of the t2g

orbitals.
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(V/λ), which is consistent with the observation for the trans
Ru–Nbzim bond distances, which are shorter than the equa-
torial Ru–Nbzim distance in the X-ray crystal structure of 1.

Table 1. The EPR g values[a] and distortion parameters[b,c] of the
ruthenium(III) complexes.

1 1a

g1 –2.2379 –2.2463
g2 –2.0710 –2.1002
g3 1.7901 1.8193
a 0.2052 0.1892
b 0.9778 0.9814
c 0.0417 0.0354
k 0.4266 0.4710
∆/λ 3.9087 4.2009
V/λ –1.8522 –1.8099
ν1/λ 3.1259 3.4142
ν2/λ 5.1368 5.3996

[a] In methanol/acetone (4:1, v/v) solution at 77 K. [b] Orbital re-
duction factor (k), axial distortion (∆/λ), rhombic distortion (V/λ)
and ligand-field transitions (ν1/λ, ν2/λ). [c] A second solution having
small distortions where both ν1 and ν2 values also exist but are
eliminated as unacceptable as they are inconsistent with the experi-
mentally observed near-IR spectroscopic results.

Electrochemical Studies

The RuIII complexes 1, 1a, and 2 show an irreversible
RuIII–RuII redox process (E1/2, –0.400 to –0.445 V; ∆Ep,
200–274 mV) and a quasi-reversible RuIII–RuIV redox pro-
cess (E1/2, 1.16 V; ∆Ep, 120–140 mV, Table 2, Figure 6). The
effect of incorporating the N–Me group as in 2 shifts the
RuIII/RuII redox potential to more negative values on ac-
count of the electron-releasing methyl group rendering the
reduction of RuIII difficult. The observed irreversibility of
the RuIII–RuII redox process for 1a is in contrast to the
reversibility of that for the py analogue [Ru(tpa)Cl2]ClO4

(3). The replacement of the labile chloride (cf. molecular
structure description) by solvent on electrochemical re-
duction leads to the formation of the solvated
[Ru(ntb)(Cl)(MeOH)]+ species, which undergoes facile re-
oxidation at a potential more positive than that expected
for [Ru(ntb)Cl2], and hence the higher ∆Ep observed. For
1a the RuIII/RuII redox potential is more negative and the
RuIII/RuIV redox potential less positive than those (–0.13,

Table 2. Redox properties of ruthenium(III) complexes[a] in meth-
anol at 25 �0.2 °C.

Epc Epa ∆Ep E1/2 E1/2
[b] ipc/ipa D�106 Redox

[V] [V] [mV] [V] [V] [cm2 s–1] Process

1 –0.502 –0.298 204 –0.400 –0.429 0.76 4.2 RuIII/RuII

1.088 1.228 140 1.158 1.147 0.81 7.6 RuIII/RuIV

1a –0.537 –0.263 274 –0.400 –0.443 0.83 4.0 RuIII/RuII

1.096 1.216 120 1.156 1.135 0.75 7.9 RuIII/RuIV

[a] Measured vs. non-aqueous Ag/Ag+ reference electrode; scan
rate, 50 mVs–1; supporting electrolyte, [(C4H9)4N](ClO4) (0.1 ).
[b] Differential pulse voltammetry, scan rate, 1 mV s–1; pulse height,
50 mV.
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1.37 V)[12,14] for 3. This indicates that the strongly σ-donat-
ing bzim nitrogens in 1a stabilize the higher RuIII and RuIV

oxidation states much better than the pyridine nitrogens in
3 do.

Figure 6. Cyclic votammogram of complex [Ru(ntb)Cl2]ClO4 (1a)
(0.001 ) in CH3CN at 25 °C at 0.05 Vs–1 scan rate.

Catalytic Oxidations of Hydrocarbons with [Ru(ntb/mntb)-
Cl2]Cl

The RuIII complexes of tripodal tpa ligands with pival-
amide substituents on the pyridyl rings show catalytic epox-
idation activity that is higher than that for the RuII com-
plexes of tpa ligands with neopentylamine substituents,
while the latter complexes show a catalytic activity for hy-
droxylation, allylic oxidation, and C=C bond cleavage reac-
tions higher than that for the former through the involve-
ment of oxido-ruthenium(V) species generated in the pres-
ence of PhIO as oxidant.[16,41] In the present study the effect
of replacing the pyridyl pendants in [Ru(tpa)Cl2]Cl by bzim
pendants on the catalytic activities of [Ru(ntb)Cl2]+ (1) and
its N-methyl analogue [Ru(mntb)Cl2]+ (2) has been ex-
plored. The complexes 1 and 2 show catalytic activity
towards allylic oxidation, epoxidation, and alkane hydrox-
ylation in the presence of the peroxide TBHP and the per-
acid m-CPBA as cooxidants in methanol solution
(Scheme 2, Table 3, Table 4). These oxidants are known[41]

to be potentially strong in generating high-valent RuV=O
active species from RuIII complexes for oxygen-transfer re-
actions. When a methanolic solution of 1 is treated with m-
CPBA the band around 534 nm (ε = 1040 –1 cm–1) disap-
pears and that around 428 nm (ε = 1510 –1 cm–1) is shifted
to around 414 nm (ε = 1090 –1 cm–1) with its intensity
reaching a maximum within a few minutes. Also, the ESI-
mass spectrum of a methanolic solution of 1 and 100 equiv.
of m-CPBA after 1 h of mixing shows prominent peak clus-
ters at m/z values of 713 and 804 corresponding to the per-
oxido species [Cl(ntb)Ru–O–O–CO–C6H4Cl]+ and its sol-
vated adduct [(MeOH)2(H2O)3Cl(ntb)Ru–O–O–CO–
C6H4Cl]+, respectively. When TBHP is used in place of the
m-CPBA similar spectral changes are observed but with the
intensity of the band around 414 nm (ε, 1560 –1 cm–1)
reaching a maximum over a period of 7 h. This suggests the
formation of the peroxido species [Cl(ntb)Ru–O–O–tBu]+
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as the reaction intermediate, similar to that obtained for the
addition of m-CPBA. The formation of the peroxido species
is in sharp contrast to the direct formation[16,41] of the high-
valent [RuV(tpa-based)(O)(Cl)]2+ species from [Ru(tpa-
based)Cl2]Cl on treatment with the PhIO cooxidant as de-
tected by ESI-MS. Also, interestingly, the complex
[RuV(L)(O)](ClO4)2 {HL = [2-hydroxy-(2-pyridyl)ethyl]bis-

Scheme 2. Various oxidative transformations catalyzed by 1 and 2.

Table 3. Oxidation of alkanes/alkenes by [Ru(ntb)Cl2]Cl (1).[a]

Substrate Products tBuOOH (air) tBuOOH (N2) mCPBA
Yield[c] [%] TON[b] A/E Yield[c] [%] TON[b] A/E Yield[c] [%] TON[b] A/E

Cyclohexene[b] 2-cyclohexen-1-ol (A) 26.4 264 1.0 25.5 255 3.3 26.1 261 0.9
2-cyclohexen-1-one (A) 0.8 8 28.7 287 3.9 39
1,2-epoxycyclohexene (E) 14.6 146 3.3 33 13.8 138
2-methoxy-1-cyclohexanol (E) 11.3 113 6.9 69 21.1 211
cyclohexane-1,2-diol (E) trace – 6.4 64 – –

Cyclohexene[d] 2-cyclohexen-1-ol (A) 0.3 – – 1.2 – – 3.1 – –
2-cyclohexen-1-one (A) 0.7 – 0.8 – 1.6 –
1,2-epoxycyclohexene (E) 0.6 – 10.8 – 4.7 –

Cyclooctene 1,2-epoxycyclooctene 15.9 159 0.5 1.2 11 0.7 20.4 204 0.3
cyclooctanol 8.2 83 0.4 4 5.9 59
2-cycloocten-1-one – – 0.4 4 – –

Styrene benzaldehyde 8.8 89 32.8 328 2.9 29
1-phenyloxirane trace 1 1.6 16 3.5 35
2-phenylethanol 13.3 133 – – 8.3 83

Cyclohexane cyclohexanol 0.86 9 trace –
cyclohexanone 0.51 5 – –

Tetrahydrofuran tetrahydrofuran-2-ol trace – – –
γ-butyrolactone 2.7 27 0.6 6
3-hydroxypropionic acid 1.6 14 0.9 9
2-methoxytetrahydrofuran – – 1.0 10

Ethylbenzene 1-phenylethanol 1.0 10 1.0 10 trace –
acetophenone 0.4 4 3.2 32 0.6 6

Toluene benzaldehyde 0.8 8 0.8 8
Cumene acetophenone trace – 1.2 12 – –

2-phenyl-2-propanol – – 1.9 20 – –

[a] Reaction conditions: alkanes/alkenes (1.0 ), complex (1.0 �10–4 ), tBuOOH/m-CPBA/H2O2 (1.0�10–1 ), CH3OH (5 mL), tem-
perature 25 °C, time 12 h. [b] TON = mol product/mol catalyst. [c] Yield based on the substrate, average of 3 runs. [d] Control reaction
without catalyst.
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[2-(2-pyridyl)ethyl]amine} has been isolated and is found to
be a very active stoichiometric oxidant towards hydro-
carbons.[42] For the present complexes 1 and 2 the peroxido
species are stabilized by incorporating bulky and strongly
σ-donating bzim moieties in place of the py pendants in the
analogous [Ru(tpa)Cl2]+ complex. This is supported by the
observation of RuIII � RuIV oxidation for 1 and 2 at poten-
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Table 4. Catalytic oxidation of alkanes/alkenes by [Ru(mntb)Cl2]Cl (2) in the presence of N2.[a]

Substrate Products tBuOOH m-CPBA
Yield[c] [%] TON[b] A/E Yield[c] [%] TON[b] A/E

Cyclohexene 2-cyclohexen-1-ol (A) 21.2 212 0.3 32.7 327 0.5
1,2-epoxycyclohexene (E) 1.8 18 9.5 95
2-methoxy-1-cyclohexanol (E) 8.3 83 17.4 174
cyclohexane-1,2-diol (E) 7.0 70 7.5 75
2-cyclohexen-1-one (A) 36.4 364 35.4 355

Cyclooctene cyclooctanol 12.4 124 1.3 12.9 129 0.4
1,2-epoxycyclooctene 14.1 141 33.7 337
2-cycloocten-1-ol 2.6 26 – –
2-cycloocten-1-enone 3.8 34 – –

Styrene benzaldehyde 35.0 350 2.0 20
1-phenyloxirane 7.7 1 3.9 39

Cyclohexane cyclohexanol 0.4 4 trace –
cyclohexanone 0.6 6 – –
chlorocyclohexane 1.2 12

Ethylbenzene 1-phenylethanol 4.3 43 0.1 1
acetophenone 17.4 173 0.8 8

Cumene 2-phenylpropan-ol 9.9 99 0.7 7
acetophenone 3.1 31 0.2 2

[a] Reaction conditions: alkanes/alkenes (1.0 ), complex (1.0�10–4 ), tBuOOH/m-CPBA/H2O2 (1.0�10–1 ), CH3OH (5 mL), tem-
perature 25 °C, time 12 h. [b] TON = mol product/mol catalyst. [c] Yield based on the substrate, average of 3 runs.

tials less positive than [Ru(tpa)Cl2]+ (cf. above). These per-
oxido species are assumed to be directly involved in oxi-
dation reactions as they do not decompose to generate the
high-valent species[16,41,43] [(ntb/mntb)(Cl)RuV=O]2+ or
[(ntb/mntb)RuV=O]3+ (see Schemes 3, 4, and 5) for effecting
the catalytic oxidation reactions.

The yields of products of oxidations catalyzed by 1 and
2 are modest on account of the catalyst containing a substi-
tutionally inert chloride ligand[44] and bulky bzim pendants,
which render the approach[16] of substrates towards the cat-
alyst difficult. When treated with hydrogen peroxide 1 and
2 fail to generate the hydroperoxido intermediate as seen
from a UV/Vis spectral study and no catalytic oxidation of
alkanes is observed, which can be attributed to the forma-
tion of an inactive catalyst.[45]

Cyclohexene Oxidation

The oxidation of all the organic substrates was carried
out in methanol as the solvent at room temperature under
both aerobic and anaerobic conditions over 12 h. In the
presence of TBHP complex 1 effects the allylic oxidation of
cyclohexene to provide 2-cyclohexene-1-ol (A, 26.4%) and
2-cyclohexene-1-one (A, 0.8 %), which is the further oxid-
ized product of the former involving a dehydrogenation
pathway[16,46] catalyzed by 1. In addition, the epoxidation
product 1,2-epoxycyclohexene (E), obtained in yields lower
than the allylic oxidation products, undergoes nucleophilic
attack by hydroxide and methoxide ions in methanol solu-
tion to give the cleavage compounds cyclohexane-1,2-diol
(E, traces) and 2-methoxy-1-cyclohexanol (E, 11.3%),
respectively. Similar results are obtained when m-CPBA is
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used as the cooxidant. This is in contrast to the formation
of epoxide in major amounts and allylic oxidation products
in small amounts when the analogous [Ru(tpa-based)Cl2]+

complexes are used as the catalysts in the presence of PhIO
as the cooxidant.[16] Thus, the A/E ratio is enhanced from
0.05–0.83 for the tpa-based complexes to 0.9 (m-CPBA)
and 1.0 (TBHP) for 1. Also, complex 2, the N-methylated
analogue of 1, yields increased amounts of allylic oxidation
products and decreased amounts of epoxidation products
(A/E ratio: TBHP, 1, 1.0, 2, 0.3; m-CPBA, 1, 0.9; 2, 0.5).
This is interesting because TBHP and m-CPBA are well
known to facilitate epoxidation reactions[16] even in the ab-
sence of a catalyst. Masuda et al. have suggested that the
epoxidation activity of Ru(tpa-based) complexes involves
the abstraction of the allylic proton by the high-valent
RuV=O species generated by PhIO,[16,41] followed by a rapid
in-caged one-electron transfer before the alkenyl radical in-
termediate R and RuV–OH diffuse into solution.[46–48]

Meyer et al. have argued that the RuIV=O species prefers an
attack on the allylic C–H rather than on the olefin double

Scheme 3. Proposed mechanism for allylic oxidation using TBHP.
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Scheme 4. Proposed mechanism for epoxidation using TBHP.

bond,[46] which is followed by rapid comproportionation of
the intermediate to give the RuIII species. So, for the com-
plexes 1 and 2 we propose that the peroxido species [Cl-
(ntb)Ru–O–O–tBu]+ directly attacks the allylic C–H bond
(Scheme 3) to form the alkoxido RuIII species [Cl(ntb)Ru–
O–C6H9]+ through heterolysis of the peroxido bond in the
intermediate. The latter reacts with tBuOH and a chloride
ion to yield the allylic alcohol product and regenerate the
original complex. The alkylperoxido intermediate attacks
the olefinic double bond, such as the RuV=O species,[46] to
yield a carbo cation, which collapses to a RuIII species upon
attack of the chloride ion (or solvent molecule) to yield the
epoxide and regenerate the original complex (Scheme 4).
Further, the strong σ-bonding and weakly π-accepting na-
ture of bulky benzimidazole moieties in 1 and 2 facilitate
the heterolysis of the O–O bond in the reaction intermedi-
ate [Cl(ntb)Ru–O–O–tBu]+.

It is well established that autoxidation of cyclohexene by
m-CPBA, even in the absence of a catalyst, occurs through
free radical chain reactions[49] to yield 2-cyclohexen-1-ol, 2-
cyclohexen-1-one, and 1,2-epoxycyclohexane in the pres-
ence of oxygen. Thus, control experiments for cyclohexene
oxidation without the catalyst gave the total yield (epoxide,
alcohol, and ketone) of only 3–5% for m-CPBA and �1 %
for TBHP as cooxidants under aerobic conditions and the
yields (2-cyclohexen-1-ol; 1.2%, 2-cyclohexen-1-one; � 1 %,
and 1,2-epoxycyclohexane; 10.8%) are higher under anaer-
obic (N2) conditions revealing the possibility of autoxid-
ation of cyclohexene in the presence of oxygen. On the
other hand, the yields of these products obtained in the
presence of the catalysts 1 and 2 are much higher (50–75%)
suggesting that both the complexes catalyze the oxidation
reactions and that the solvent methanol may retard the re-
actions by competing for the coordination positions of the
active metal species.[50] Further, when the reaction mixtures
containing the catalysts and TBHP are deaerated with N2

the yields of epoxidation products of cyclohexene decrease
and the allylic oxidation products increase with the A/E ra-
tio increasing from 1.1 to 3.3 and the total yield enhancing
from 53 to 71 %. This confirms the presence of autoxidation
in methanol as solvent and provides strong evidence for
metal-catalyzed allylic oxidation and epoxidation reactions.
Similar enhanced allylic oxidation products (Table 4) were
also obtained for 2, the N-methyl analogue of 1, revealing
that allylic oxidation is favored by the bzim complexes. Fur-

www.eurjic.org © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2009, 3238–32493244

ther, 2 appears to be much better than 1 for allylic oxidation
with higher A/E ratios in a nitrogen atmosphere, and for
further oxidation of 2-cyclohexen-1-ol to 2-cyclohexen-1-
one in the presence of TBHP. Also for m-CPBA the A/E
ratio is increased from 0.9 to 2.0. It is also revealed that
exclusion of oxygen is crucial for increasing the selectivity
for allylic oxidation. Further, for the cyclohexene oxidation
with TBHP, addition of water increases the yield of the ep-
oxide by up to 0.9%, effects almost no change in that of 2-
cyclohexen-1-ol, and decreases the yield of the allylic oxi-
dation product 2-cyclohexen-1-one by up to 0.8 %. Thus the
present catalysts 1 and 2 have the potential to be developed
into selective allylic oxidation catalysts using TBHP rather
than m-CBPA as the cooxidant in a non-aqueous solvent.

Cyclooctene Oxidation

The epoxidation of cyclooctene to give 1,2-epoxycylo-
octane and cyclooctanol is selectively catalyzed by 1 through
the heterolytic cleavage of the peroxido intermediate
(Scheme 4) and the cyclooctanol results from the reduction
of the epoxide by the methanol solvent. But, when the reac-
tion mixture is deaerated with nitrogen the yield of the
epoxidation product 1,2-epoxycyclooctane decreases enor-
mously suggesting the role of autoxidation under aerobic
conditions. However, the yields are higher and also the
TONs are three times higher than that of the analogous
[Ru(tpa)Cl2]+ complex.[16] Further, the catalyst 2 is much
better than 1 for epoxidation of cyclooctene under anaero-
bic conditions in terms of higher yields; however, the epox-
idation has lower selectivity (A/E, 1.3) than the allylic oxi-
dation products when TBHP is used as the cooxidant.
Interestingly, m-CPBA is found to be a very selective and
better cooxidant than TBHP for epoxidation catalyzed by
2, which does not contain the reactive N–H group.

Styrene Oxidation

Styrene is catalytically epoxidized by 1 under aerobic
conditions to provide 1-phenyloxirane (traces), 2-phenyl-
ethanol, and benzaldehyde with the peroxide TBHP giving a
higher TON than m-CPBA. The product 2-phenylethanol
is expected to be formed by the attack of the methanol sol-
vent on the epoxide obtained by the attack of the alkylper-
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Scheme 5. Proposed mechanisms for the oxidation of alkene (styrene).

oxido intermediate on the olefinic double bond of styrene
(Scheme 5, A). The amount of benzaldehyde detected in the
N2 atmosphere is lower than that in the presence of oxygen
supporting its formation through further oxidation of the
carbo cation directly by oxygen or through C=C cleavage[47]

in the absence of oxygen (Scheme 5, B). The product pheny-
lethanol is not detected under nitrogen for 1 and also for 2
even in the presence of oxygen, suggesting the involvement
of oxygen and the (bzim)N–H group (1) in its formation.

Alkane Oxidation

The catalytic activity of 1 and 2 towards alkane function-
alization was also examined using cyclohexane, THF, ethyl-
benzene, toluene, and cumene as typical substrates in the
presence of both TBHP and m-CPBA as cooxidants. Cata-
lytic oxidations under a nitrogen atmosphere gave similar
results and TBHP was found to be a better cooxidant than
m-CPBA. Control reactions without 1 and 2 as catalysts
fail to effect any significant oxidative transformations of al-
kanes in the presence of both m-CPBA and TBHP revealing
that the reactions are only metal-catalyzed. In the presence
of TBHP cyclohexane is oxidized to cyclohexanol (A)
(Scheme 2) and further to cyclohexanone (K). The yields
are lower but the TONs are almost the same as those ob-
served for the analogous [Ru(tpa-based)Cl2]+ com-
plexes.[14,16,42] Interestingly, in contrast to the [Ru(tpa)Cl2]+

and [Fe(tpa)Cl2]+ complexes,[13,14] no chlorinated product is
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obtained for 1. This indicates that the reaction intermediate
involved in oxygen transfer is [Cl(ntb)Ru–O–O–tBu]+ rather
than the putative and sterically hindered [Ru(Cl)(O)(ntb)]
species, which would have otherwise been responsible for
the chloride transfer[14,16] as observed for [Ru(Cl)(O)(tpa)].
The mechanistic pathway for the oxidation of alkanes by
[Ru(ntb/mntb)Cl2]+ is suggested to involve the peroxido
species [Cl(ntb)Ru–O–O–tBu]+ as reaction intermediates
(cf. above). The latter attacks the alkane directly, followed
by heterolysis of the O–O bond to give the alkoxido ruthe-
nium species [Cl(ntb)Ru–O–CH2–]+, which reacts with H+

and Cl– to give the hydroxylated product and regenerate the
catalyst (Scheme 6). The observation of an A/K value of 1.8
supports the heterolytic cleavage of the O–O bond in the
peroxido intermediate and the noninvolvement of a free
radical mechanism. However, the A/K value obtained (0.6)
for 2 under N2 is lower and the addition of 2,6-di-tert-butyl-
4-methylphenol (BHT) as a radical trapping agent to the
oxidation reaction of cyclohexane catalyzed by 1 and 2
using TBHP yields no BHT oxidation product, illustrating
the noninvolvement of a radical mechanism. Chloroben-
zene has been detected in very small quantities as one of
the products in cyclohexane oxidations supporting our pro-
posal of heterolytic O–O bond cleavage of the active species
[Cl(ntb)Ru–O–O–CO–C6H4Cl]+. Interestingly, chlorocyclo-
hexane, in addition to cyclohexanol and cyclohexanone, has
been detected in good yield for 2 indicating that the active
species is [Cl(ntb)Ru–O–O–tBu]+ rather than [Ru(O)-
(mntb)].
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Scheme 6. Proposed mechanistic pathway for the catalytic oxi-
dation of alkanes.

In the case of THF as substrate traces of the hydroxyl-
ated product tetrahydrofuran-2-ol is detected and higher
amounts of the further oxidized product γ-butyrolactone is
preferentially obtained. On hydrolysis the latter provides 4-
hydroxybutyric acid, which then undergoes decarboxyl-
ation[49] to give the 3-hydroxypropyl radical followed by its
facile catalytic oxidation to 3-hydroxypropionic acid. Tolu-
ene preferentially yields the further oxidized product benz-
aldehyde. It is obvious that the complexes 1 and 2 can oxid-
ize toluene first to benzyl alcohol (Scheme 6) and then to
benzaldehyde, the oxidation of benzyl alcohol to benzalde-
hyde is expected to be 200 times faster than that of toluene
to benzyl alcohol.[48] The secondary C–H bond of ethylben-
zene is selectively oxidized to give the hydroxylated product
1-phenylethanol, which undergoes dehydrogenation cata-
lyzed by 1 and 2 to provide acetophenone. Also the selective
oxidation of tertiary C–H bonds of cumene to give 2-
phenyl-2-propanol and the further oxidized product aceto-
phenone has been observed.

We propose that [Cl(ntb)Ru–O–O–tBu]+ rather than the
[(ntb)RuIV=O]2+ species is the active intermediate
(Scheme 6) involved in the hydroxylation reactions. Chloro-
benzene has been detected in very small quantities as one
of the products in both cyclohexene and cyclohexane oxi-
dations and the methoxide ion formed enhances the yield
of 2-methoxy-1-cyclohexanol when m-CBPA is used for cy-
clohexene oxidation, supporting our proposal. However,
interestingly, chlorocyclohexane, in addition to cyclohexa-
nol and cyclohexanone, has been detected in good yield for
2 indicating that the active species is [Ru(Cl)(O)(mntb)]
rather than [Ru(O)(mntb)]. The electron-releasing N-methyl
groups are expected to stabilize the higher oxidation states
of metal ions and hence their interaction with chloride
anions. The electron-donating and bulky bzim pendants are
expected to stabilize the intermediate RuIV=O species lead-
ing to enhanced oxidation activities by 1; however, the
bulkiness of the bzim moiety would hinder the approach of
the substrate causing a decrease in hydroxylation activity. It
is interesting that allylic oxidation is favored for cyclohex-
ene while epoxidation is favored for cyclooctene and sty-
rene. This illustrates that the catalytic oxidation activity of
the tripodal ligand complex is controlled and tuned by elec-
tronic as well as steric factors around the metal center.
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Conclusions

We have described here the synthesis, characterization,
and catalytic behavior of monomeric RuIII complexes of the
sterically constrained tripodal tetradentate ligands tris(ben-
zimidazol-2-ylmethyl)amine (ntb) and its NMe derivative
(mntb). The X-ray crystal structure of [Ru(ntb)Cl2]+ indi-
cates that the steric constraints of the tripodal ligand with
bulky bzim moieties cause geometric distortion in the octa-
hedral coordination sphere of RuIII, which is consistent
with the EPR and near-IR spectra. The incorporation of
the sterically hindered and strongly σ-donating and weakly
π-accepting bzim rings as in [Ru(ntb)Cl2]+ and [Ru(mntb)-
Cl2]+ facilitates the formation of [Cl(ntb/mntb)Ru–O–O–
CO–C6H4Cl]+ and [Cl(ntb/mntb)Ru–O–O–tBu]+ species re-
sponsible for oxidation activity. Interestingly, allylic oxi-
dation is favored for cyclohexene while epoxidation is fa-
vored for cyclooctene and styrene. The RuIII complexes
have the potential to be developed into a selective and ef-
ficient catalyst for allylic oxidation, epoxidation, and alkane
functionalization.

Experimental Section
General: RuCl3·3H2O was obtained from Arora–Mathey Ltd. The
ligand tris(benzimidazol-2-ylmethyl)amine (ntb)[51] and tris(N-
methylbenzimidazol-2-ylmethyl)amine (mntb)[52] were synthesized
by using a published procedure. All the common chemicals were of
reagent grade and were used as received. Reagent grade solvents
were dried and distilled by usual methods and the solvents were
stored over molecular sieves (4 Å). Tetra-N-ethylammonium per-
chlorate (TEAP) was prepared from tetra-N-ethylammonium bro-
mide (G. F. Smith, USA) by a standard procedure.[53] Cyclohexene
was purified by passing it through a column of alumina to remove
the BHT (2,6-di-tert-butyl-4-methylphenol) stabilizer followed by
fractional distillation. The purity of the other substrates were
checked by gas chromatography before use.

Physical Measurements: The elemental analyses were performed at
the Central Drug Research Institute (CDRI), Lucknow, India. The
solution electrical conductivity was obtained using a Systronic 305
conductivity bridge. The IR spectra of the complexes (400–
4000 cm–1) were measured with a Perkin–Elmer Spectrum One FT-
IR spectrophotometer. The electronic spectra were recorded using
a Hitachi U3410 double beam UV/Vis/NIR spectrophotometer.
The 1H spectra were obtained at room temperature using a Bruker
400 MHz spectrometer. The chemical shift values in [D6]DMSO
are reported with respect to tetramethylsilane as internal standard
and the values are reported as: δ values (multiplicity, assignment).
The EPR spectra were obtained with a Varian E-112 X-band spec-
trometer, the field being calibrated with diphenylpicrylhydrazyl
(DPPH). The g values were derived for the 77 K spectra. ESI-mass
spectra for characterization of the intermediate ruthenium species
in a methanol solution was obtained with a Q-top Micro ESI-Mass
spectrophotometer. Cyclic voltammetry and differential pulse vol-
tammetry with a platinum sphere electrode were performed at
25�0.2 °C. The temperature of the electrochemical cell was main-
tained by a cryocirculator (HAAKE D8-G). Voltammograms were
generated with the use of a EG&G PAR Model 273 potentiostat.
A Pentium IV computer along with EG&G M270 software was
used to control the experiments and acquire the data. A three-elec-
trode system consisting of a platinum sphere (0.287 cm2), a plati-



Ru(III) Complexes of Tris[(benzimidazol-2-yl)methyl]amine

num auxiliary electrode, and a reference electrode was used. The
reference electrode for the non-aqueous solution was Ag(s)/Ag+,
which consisted of a Ag wire immersed in a solution of AgNO3

(0.01 ) and tetra-N-hexylammonium perchlorate (0.1 ) in aceto-
nitrile placed in a tube fitted with a vycor.[54] The E1/2 and ∆Ep

observed under identical conditions for the Fc/Fc+ couple in aceto-
nitrile was 0.100 V and 76 mV, respectively, with respect to the Ag/
Ag+ reference electrode. The cyclic voltammograms (CV) and
differential pulse voltammograms (DPV) were obtained in
CH3OH/CH3CN solutions with 0.1  [(C4H9)4N]ClO4 as the sup-
porting electrolyte at ambient temperatures under N2. Redox po-
tentials were measured relative to a Ag/Ag+ reference electrode. All
the complexes are electroactive with respect to the metal as well as
the ligand centers over the potential range �2 V.

Synthesis of Complexes

[Ru(ntb)Cl2]Cl (1): Ntb (0.41 g, 1 mmol) in ethanol (20 mL) was
added to a solution of RuCl3·3H2O (0.26 g, 1 mmol) heated at re-
flux in ethanol (80 mL). The mixture was further heated at reflux
for 12 h. The color of the solution changed from brown to red
brown. The red-brown solution was filtered while hot and concen-
trated to 30 mL. The concentrated solution was kept at 5 °C and
the resulting red-brown crystalline precipitate was filtered off and
dried in vacuo giving a yield of ca. 75% (0.46 g). A single crystal
of compound 1 was obtained by recrystallizing it from a 2  HCl
solution. C24H21N7Cl3Ru (1): calcd. C 46.88, H 3.44, N 15.95;
found C 47.21, H 3.73, N 16.04. ΛM = 142 Ω–1 cm2 mol–1. UV/Vis
(CH3OH): λmax (ε, –1 cm–1) = 534 (1040), 428 (1510), 325 (sh), 275
(25470), 240 (sh) nm.

[Ru(ntb)Cl2]ClO4 (1a): [Ru(ntb)Cl2]Cl (1) (0.31 g, 0.5 mmol) was
dissolved in methanol (25 mL) and a saturated aqueous solution of
NaClO4 was added, and the solution was stirred vigorously for
10 min. A reddish-brown crystalline precipitate was isolated by
slow evaporation at room temperature, filtered off, and dried in
vacuo giving ca. 71% (0.46 g) yield. C24H21Cl3N7O4Ru (678.90):
calcd. C 42.46, H 3.12, N 14.44; found C 42.79, H 2.98, N 14.28.
ΛM = 151 Ω–1 cm2 mol–1. IR (KBr disk): ν̃ = ν(ClO4

–), 1100,
610 cm–1. UV/Vis (CH3CN): λmax (ε, –1 cm–1) = 530 (1060), 425
(1540), 325 (sh), 275 (25360), 235 (sh) nm.

[Ru(mntb)Cl2]Cl (2): The procedure used for 1 was employed for
isolating 2 in 82% yield. C27H27Cl3N7Ru (656.99): calcd. C 49.36,
H 4.14, N 14.92; found C 49.37, H 4.13, N 14.94. ΛM =
142 Ω–1 cm2 mol–1. UV/Vis (CH3OH): λmax (ε, –1 cm–1) = 537
(1075), 430 (1640), 325 (sh), 280 (262010), 245 (sh) nm.

Caution: During handling of the perchlorate salts of metal com-
plexes with organic ligands care should be taken because of the
possibility of explosions.

Data Collection and Structure Refinement: A crystal of suitable size
was selected after careful examination under an optical microscope.
Intensity data for the crystal were collected using Mo-Kα (λ =
0.71073 Å) radiation with a Siemens three circle diffractometer at-
tached with a CCD area at 293 K. The crystallographic data are
collected in Tables 5 and 6. The SMART[55] program was used for
collecting frames of data, indexing the reflections, and determi-
nation of lattice parameters; the SAINT[55] program was used for
the integration of the intensity of reflections and scaling; the SAD-
ABS[56] program was used for absorption corrections. The structure
was solved by the Patterson method using the SHELXS-97 pro-
gram[57] and refined by the full-matrix least-squares method on F2

using the SHELXL-97 program.[57] The non-hydrogens were re-
fined anisotropically. The nitrogen atom of the uncoordinated ace-
tonitrile molecule is disordered and the site occupancies were given
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as 0.4 and 0.6. The hydrogen atoms were geometrically fixed at
calculated positions. The molecular structure was drawn using the
POV-ray.[58]

Table 5. Selected bond lengths [Å] and angles [°] for [Ru(ntb)Cl2]-
Cl·CH3CN·2H2O (1).[a]

Ru(1)–N(6) 2.041(5) N(6)–Ru(1)–N(4) 162.09(17)
Ru(1)–N(4) 2.047(5) N(6)–Ru(1)–N(2) 88.25(18)
Ru(1)–N(2) 2.069(4) N(4)–Ru(1)–N(2) 87.36(17)
Ru(1)–N(1) 2.119(4) N(6)–Ru(1)–N(1) 81.01(17)
Ru(1)–Cl(1) 2.3757(15) N(4)–Ru(1)–N(1) 81.23(17)
Ru(1)–Cl(2) 2.3949(14) N(2)–Ru(1)–N(1) 83.06(17)

N(6)–Ru(1)–Cl(1) 90.70(14)
N(4)–Ru(1)–Cl(1) 91.86(13)
N(2)–Ru(1)–Cl(1) 174.00(13)
N(1)–Ru(1)–Cl(1) 90.94(12)
N(6)–Ru(1)–Cl(2) 98.76(13)
N(4)–Ru(1)–Cl(2) 99.02(13)
N(2)–Ru(1)–Cl(2) 97.36(13)
N(1)–Ru(1)–Cl(2) 179.52(12)
Cl(1)–Ru(1)–Cl(2) 88.64(5)

[a] Standard deviations in parenthesis.

Table 6. Selected crystallographic data for [Ru(ntb)Cl2]Cl·
CH3CN·2H2O (1).

Empirical formula C26H28Cl3N8O2Ru
Mr [gmol–1] 691.98
Crystal system triclinic
Space group P1̄
a [Å] 9.9702(6)
b [Å] 11.1762(6)
c [Å] 14.2826(8)
α [°] 84.8837(13)
β [°] 73.9297(11)
γ [°] 74.2851(11)
V [Å] 1471.97(14)
Z 2
ρcalcd [gcm–3] 1.561
λ(Mo-Kα) [Å] 0.71073
T [K] 293(2)
Number of reflections collected 6197 (Rint = 0.0478)
Unique reflections with I�2.00σ(I) 4125
Goodness-of-fit on F2 0.982
R1

[a] 0.0411
wR2

[a] 0.0890

[a] R1 = Σ||Fo| – |Fc|| / Σ|Fo|; wR2 = {Σ[w[(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2.

CCDC-652838 contains 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 Oxidations: The oxidation of substrates was carried out
in methanol as the solvent at room temperature under both aerobic
and anaerobic conditions. Catalytic amounts of the complex
(1.0� 10–4 ) were dissolved in 5 mL of CH3OH and 1  of al-
kanes/alkenes, and the oxidant tert-butyl hydroperoxide (TBHP)/
m-chloroperbenzoic acid (m-CPBA)/hydrogen peroxide (H2O2)
(1.0�10–1 ) was then added to it. After stirring for 12 h an ali-
quot (1.0 mL) was taken from the reaction mixture, filtered through
a silica column, and the silica washed with ethyl ether. The sample
solution was concentrated to 1 mL by passing nitrogen gas over it
and 1 mL of bromobenzene in ethyl ether (0.080 ) was added as
an internal standard. The organic products in the mixture were
identified by a Perkin–Elmer Clarus 500 GC–MS and quantita-
tively analyzed by a HP 6890 series GC equipped with a HP-5
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capillary column (30 m�0.32 mm�2.5 µm). The oxidation of cy-
clohexane and cyclohexene was carried out under an atmosphere of
nitrogen also using the same procedure. Control reactions without
catalysts were carried out under identical conditions.
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