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Abstract

A synthetic strategy was developed to anchor an aminogaidline, on to chloromethylated styrene—divinyl benzene co-polymer beads with
6% and 8% cross-linking. The polymeric ligands containing bidentate N,O donor sites were treated with a solution of ruthenium(lll)chloride
to form the metal complex on the support. These immobilized Ru(lll) complexes were characterized by elemental analyses, FT-IR, ESR, SEM
and thermal analysis. Physico-chemical properties of the supported catalysts were also studied. The catalytic oxidation of cyclohexane and
toluene were investigated using the catalysts in presenttdfutyl hydroperoxide as the terminal oxidant at ambient and a4 the
case of cyclohexane the formation of cyclohexanol and cyclohexanone were observed. Benzaldehyde was selectively obtained with toluene
as substrate. The catalysts are also active in the epoxidation of olefins such as styrene and norbornylene. Recycling studies indicate that the
catalyst can be recycled three to four times without significant degradation of polymer matrix. The probable mechanistic pathway has been
described.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction coordinating ligands such 8sdiketones (O,0|7], dipyridyl
amine (N,N)[8], diphosphine (P,Hp], etc., have frequently

Heterogenization or immobilization of active metal com- been employed to form metal complexes for catalytic appli-
plexes on polymeric supports has evolved as a promising cations. The chemical modification of a polymer incorporat-
strategy for combining the advantages of homogeneous andng bifunctional ligand such as an amino acid (N,O donor)
heterogeneous catalysts due to their easy isolation from thehas however received less attention. A major problem as-
products by filtration and the possibility of recycling them by sociated with anchoring of optically active amino acids to
continuous operation in a reacfdr2]. polymeric supports is the presence of reactive amino and

Transition metal complexes of Ti(IV), Mo(VI), Mn(lll),  carboxylic functionalities. Additionally racemization, prod-
Cr(VI) and Fe(lll) with polymer-supported Schiff bases uct separation/purification, which are strongly influenced by
(N202 donor set) have been shown to be active catalysts for pH and other reaction conditions, can create further com-
oxidation of alkane/alkene in presences of hydrogen perox- plications. Literature search revealed the first instance of
ide, PhIO tert-butyl hydroperoxide, NaOCI ,etc., as the oxi- an amino acid complex of copper(ll) bound to cross-linked
dantg3-6]. Apart from Schiff bases polymeric supports with  poly(styrene—divinyl benzene) reqit0].

Homogeneous Ru(lll) complexes of nitrogen- and

* Corresponding author. Tel.: +01 0265 2232622; fax: +910265 2232098, OXYJeN- containing ligands are capable of catalyzing the
E-mail addressgopal.tembe@ipcl.co.in (G.L. Tembe). oxidation of olefins in presence of PhlOy©@r t-BuOOH
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as the oxygen sourd@1-13] However, systematic studies

V.B. Valodkar et al. / Journal of Molecular Catalysis A: Chemical 223 (2004) 31-38

ture onaVarian E112 spectrometer. TCNE was used as the ‘g’

on polymer-supported analogues, in general, are lacking. Inmarker. The analyses of various liquid products obtained in
the present work, a simple synthetic method has been de-the catalytic oxidation/epoxidation reactions were carried out

vised to anchor an amino acidvaline on chloromethylated

poly(styrene—divinyl benzene) resin followed by complexa-
tion with Ru(lll) metal ion. These polymer-supported cata-
lysts were evaluated for their performance in the oxidation

on Shimadzu 15A gas chromatograph using a 15% Carbowax
column (1/8 x 2m) and Data lab GC 9000 using capillary
column AT-1 (0.32 mnmx 15M x 0.25p thickness) attached

to a flame ionization detector and Mds carrier gas. Prod-

of alkanes and olefins usirtgrt-butyl hydroperoxide as the
oxidant under mild reaction conditions.

uct identification was also carried on a Finnigan MAT 9001
GCQ-GC/MS system operated in the full scan mode and a
quadrupole ion trap mass analyzer. The swelling behavior of
supported catalysts in representative polar and non-polar sol-
vents was carried out at 27 1°C by a previously described
procedurd16].

2. Experimental

2.1. Materials
2.3. Synthesis of polymer-anchored amino acid
Chloromethylated poly(styrene-co-divinyl benzene) as
spherical beads with 6% and 8% cross-link (18-44 mesh, Pre-washed chloromethylated styrene—divinyl benzene
chlorine content 16% and 17.5%, respectively) were received copolymer beads (12g) were allowed to swell in 35ml
from lon-Exchange India Ltd. The commercial resin was pre- methanol for 1 h. An aqueous solution oivaline (9g) in
treated with aqueous dioxane (50:50 v/v) and finally washed 250 ml distilled water was separately prepared. The swollen
with methanol and dried under vaccum at@for 8 h before polymer in methanol and the amino acid solution were re-
chemical functionalization. Hydrated RuGLoba Chemie), fluxed for 16 h in presence of pyridine. The overall molar ratio
L-valine (Merck), styrene (Merck), norbornylene (Aldrich), of different reagents based on percent replaceable chlorine on
cyclohexane (Merck) and toluene (Merck) were used as re-resin approximately corresponds to 1:1.25:1.25 for Cl:amino
ceived. AR-grade 1,4 -dioxane, methanol, acetonitrile and acid:base. The contents were cooled and kept aside for one
ethanol were freshly distilled using standard methods prior week with occasional shaking. At the end of this period, pH
to use[14]. tert-Butyl hydroperoxide (TBHP, 70% aqueous of the reaction mixture came down from the initial value of
solution, Merck) was used as received. The active oxygen 7.1to 5.1. The colour of the beads changed from off-white to
content in commercial TBHP was determined iodometrically pale yellow indicating the attachment of the amino acid. The
following a literature methogil5]. L-valine linked polymer beads were filtered, washed with hot
water followed by ethanol and finally dried under vacuum at
90°C for 8h to yield 13.8 g of product. The liganded poly-
mers 8% or 6% poly(S-DVBj-val were used in subsequent
Elemental analyses of polymer metal complexes were complexation step.
carried out using a Carlo-Erba Strumentazione microanal-
yser. The total Ru content on the polymeric support af- 2.4. Ruthenium loading
ter loading was estimated using an Optima 4300DV In-
ductively Coupled Plasma Emission Spectrometer (Perkin-  The loading of ruthenium on the polymer was carried
Elmer). Chlorine content was estimated gravimetrically by out as follows: Poly(S-DVB)--val (12.5 g) was kept in con-
precipitation of chloride as AgCl. Surface area of supports tact with ethanol (50 ml) for 45 min. To this was added an
and the Ru-anchored polymer was determined on a Carlo-ethanolic solution (100 ml) of hydrated ruthenium(lll) chlo-
Erba surface analyzer employing BET relationship. UV-vis ride (1.25g, 0.0048 mol); the contents gently agitated on a
reflectance spectra of catalysts were recorded on a Shimadzushaker at constant speed for 8 days &t@%pH = 2.5). The
UV 240 and Perkin-Elmer UV—vis—NIR Lambda 19 instru- colour of the beads changed from pale yellow to gray dur-
mentusing spectroscopic-grade Ba$®a standard. UV-vis  ing this period indicating the formation of metal complex on
spectra in solution (200-900nm) were recorded on Shi- the polymer matrix (pH of the solution remained around 2.7
madzu UV 2201 spectrophotometer. IR and far-IR spectra of after 8 days.) Atthe end of this period the gray-coloured poly-
polymer-supported Ru-complexes at various stages of syn-mer was filtered, washed thoroughly with ethanol, dioxane
thesis were recorded on a Nicolet Magna 550 spectropho-and methanol to ensure the removal of any unreacted metal
tometer. Thermo gravimetric analyses of compounds were chloride and dried in vacuum for 6 h at 90.
carried out on Shimadzu DT-30 instrument at a heating rate
of 10°C min~! under an atmosphere of nitrogen. Scanning 2.5. Catalytic oxidation
electron micrographs of catalysts and supports were taken on
a CAMICA SU30 instrument with SE electrode at 20 kV. X- Atypical experimental procedure for the oxidation of alka-
band (9.5 MHz) electron spin resonance spectra of polymer-nes and olefins using polymer-anchored Ru(lll) catalysts is
anchored Ru(lll) complexes were recorded at room tempera-described below:

2.2. Measurements
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Table 1 Table 2

Analytical data of polymer support, ligand and Ru-anchored catalysts Physical properties of poly(S-DVB)-supported Ru catalysts

Compound C% H% Cl% N% Ru% Sample Surface area Bulk density  Pore volume
2 -1 3 —1

8%Poly(S-DVB)CHCl 7038 577 1756 (Mm°g™) (@em™) (cmg™)

6%Poly(S-DVB)CHCI 76.26 636 1614 8%Poly(S-DVB)CHCI  32.7 0.44 0.20

8%Poly(S-DVB)i.-val 6015 500 947 256 6%Poly(S-DVB)CHCI  38.3 0.38 0.29

6%Poly(S-DVB)+.-val 6328 544 948 247 RuA 235 0.51 0.14

RuA 57.23 479 ND 261 171 RuB 36.9 0.46 0.18

RuB 5990 523 ND 270 130

ND: not determined. 1.3%) (Table 9. Though nearly similar swelling behaviour

was observed for the two catalysts in acetonitrile (1.6 mol%;
Table 3, there is an increase in Ru uptake by at least about
24% for a cross-link difference of 2%. The results of swelling
behavior indicate that it increased in polar solvents than in
non-polar aliphatic and aromatic hydrocarbon solvents.

In order to ascertain the attachment of amino acid and the
metal on the polymer support-IR spectra were recorded sep-
arately in mid (4000-400 crit) and far IR (600—30 cmt)
regions at different stages of synthesis. The sharpl@eak
(due to—CH,Cl group) at 1261 cm! in the starting polymer
was practically absent or seen as a weak band after introduc-
tion of valine on the support. A strong band at 3423¢rin
d- poly(S-DVB)4i.-valine is assigned to —NHécamine) vibra-
tion. Medium-intensity band due to-@l stretching appears
at 1082 cmi! both in the supported ligand and in the cata-
lysts. A slight shift in the —NH str. band-12 cn1) in Ru
A and Ru B indicates the coordination of ‘N’ of amino acid
to the meta[19]. The characteristic absorptions due/tgym
COO™ str. andvsym COO™ str. of carboxylic group are seen
at 1639 cm! and 1487 cml, respectively, in the ligand as
well as in Ru A and Ru B. Weak bands in the far IR region at
~300-310 cmt and 440-460 cm* have been assignedito
Ru—Cl andv Ru-N/O vibrations[20,21]

The diffuse reflectance spectra (200—700 nm) of Ru A and
Ru B display nearly identical features with two strong ab-
sorption bands at 350 nm and 400 nm, respectively, with ref-
erence to the BaS&tandard. These are assignedte- tog
charge transfer bands as has been observed for many mono
nuclear Ru(lll) compoundg0-23] No other spin-allowed
d—d transitions were observed in the visible region. Based on
the structural features of six coordinate complexes derived
from RuCk and bidentate ligands, for e.g. [Ru(g@)2]CI
(en = NH(CH2)2NH2) or [Ru(bipyxCl2]Cl (bipy = 2,2-
bipyridyl), it is possible to envisage similar octahedral

The catalyst (0.2 g) was initially allowed to swell in ace-
tonitrile (10 ml) for 30 min in a two neck round bottom flask
equipped with a nitrogen inlet and a condenser. To this was
added 2mmol of the substrate followed bsrt-butyl hy-
droperoxide (5 mmol). A known amount of an internal stan-
dard (chlorobenzene) was added to the above solution prior
to the run. The flask was stoppered and the mixture stirred
magnetically at different temperatures under nitrogen atmo-
sphere taking care to avoid any loss of solvent vapours during
agitation. At the end of specified time, the contents were an-
alyzed by GC. Control experiments in the absence of catalyst
showed practically no or only traces0.1%) of oxidation
product formation. Peak positions of various reaction pro
ucts were compared and matched with the retention times
of authentic samples. Identity of the products was also con-
firmed by GC-MS.

3. Results and discussion
3.1. Complex formation

The reaction of hydrated ruthenium(lll) chloride with
polymer-anchored-valine was conducted in the pH range of
2.4-2.5 at a metal:ligand molar ratio of 1:2 (based on mmole
L-valine anchored). A maximum Ru loading up to 1.7% was
obtained Table 1. Depending on the solution phl;valine
can coordinate to metal ion through either or both of amino
(NH,) or carboxyl (CGQ ™) groups. For the trivalent Ri¥ ion,
itis expected that the formation of [Rual),Cl»]Cl type of
chelate may be favourdd7]. Based on ky values, Gillard
et al. reported similar (N,O) chelation for different amino
acid complexes at lower pH rang#8]. The two polymer-
anchored Ru complexes used in the present work for catalytic
oxidation of olefins and alkanes are designated as under:

Table 3
. o )

Ru A: 8% pon(S-DVB)L-vaI RU(III) complex Swelling data of Ru A and Ru B in different solvents (mol%)

Ru B: 6% poly(S-DVB)t-val Ru(lll) complex Solvent 8% Poly(S-  6%Poly(S-  RuA  RuB
DVB)CH,Cl  DVB)CH,Cl
P Acetonitrile 199 202 161 162
3.2. Catalyst characterization Benzene 07 111 as4 095
) . . Dichloromethane 8 177 127 135
Some of the important physical properties of these cata- gthanol 170 190 162 164
lysts have been measured and the data compil@alite 2 n-Heptane ®8 059 047 058
Ru B has a slightly higher surface area and larger pore volumeg/'etth';‘”g' f 2112 igg éég ég‘l‘
. . 0 _li etranyarofuran

than Ru A. The metal loading on Ru A with 8% cross-link Toluene 108 113 as1 080

(Ru 1.7%) was higher than Ru B with 6% cross-link (Ru
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stereochemistry for the presentvaline complexes repre-  Table 4

sented as [Polyftval),RuCh]Cl (Scheme L TG data of polymeric supports and anchored Ru(lll) catalysts
Scanning electron micrographs (SEM) at various stages of Compound Degree temperatur€] ~ Weight loss (%)
preparation of the polymer-supportedraline and the ruthe-  8%Poly(S-DVB)CHCI 440 210
nium complexes were recorded to understand morphological6%Poly(S-DVB)CHCI 410 210
changes occurring on the surface of the polymer. Scanningry A 111 24
was done at 50—1Q0range across the length of the polymer 370 212
beads. Comparison of images taken at a magnificatiOfBof. RuB 110 20
x 10% showed that the smooth and flat surface of the starting 350 210

poly(S-DVB) (Fig. 1a) is distinctly altered, exhibiting con-
siderable roughening of the top layer upon anchoring of the the weight loss which was around 21% at 350-320It
amino acid Fig. 1b). After metal incorporation, randomly  appears that either the dissociation of covalently bound amino
oriented dark depositions on the external surface of the resinacid ligand moieties or a partial scission of polymeric chain
were seenKig. 1c). might be occurring at this temperature. Some weight loss
A single-step degradation peak in the TG was observed (~2%) was also observed at110°C due to loosely bound
for the unsupported polymer in the 410—-44Dtemperature  surface moisture or volatiles on the surface of catalysts.
range. On the other hand, both ruthenium-supported catalysts The X-band EPR spectrum of Ru A recorded in the solid
degrade at considerably lower temperaturksbl(e 4. The state at room temperature displays broad signals as shown
variationin cross-linkingin RuAand Ru B does not, however, in Fig. 2 The spectra can be interpreted assuming an axial
show much deviation in their thermal stabilities as seen from symmetry for an isolateS = 1/2 low spin 69)5 Ru(lll) ion
using the Spin-Hamiltonian suggested by Drago ef2a].
The broadening of signals with increase in temperature is on
account of the effects of large spin-orbit coupling constant
(\) for Ru(lll). As the temperature is raised the orbital an-
CHZC' + HN gular momentum on the metal probably couple with electron
0 spin leading to extremely short relaxation times accompa-
OH nied by broad EPR lines. The spectrum of Ru g 2
is characterized by two resonances in therggion (g. =
Py. l 2.91) which are split into two components with the rgs-
onance observed at 2.26. No hyperfine splitting is noticed
at this temperature. Interestingly, the spectral features have
been ascribed to the presence of mixed valent Ru (I11)/(II)
G CH—NH species for dimeric ruthenium complexgl,24—-26] The
2 ESR spectra of high-spin Ré (4cf) ion would be diffi-
© cult to observe and are not consistent with the spectrum in
OH this study. Similarly low-spin Rt? (4df) ion would be ESR
silent. Therefore, it seems unlikely that the observed spectral
RuCl,.3H,0 l feature in our case can be due to the simultaneous existence
of Ru in two different oxidation states on a rigid polymeric
support.
[/ /
H.C
|
) HN
el compiled inTable 5 All compounds undergo oxidation in
o ‘ © presence of the Ru-supported catalysts and in some cases
Cl very high selectivities are obtained. Toluene oxidation results
_ T in selective formation of benzaldehyde whereas in case of

Scheme 1. Synthesis of poly(S-DVB)-supported amino acid-Ru(lll) Cyclohexane both cyclohexanol and cyclohexanone were
complex. obtained Table 5. Styrene oxidation results in multiple

oxidation of various alkanes and alkenes were systematically
examined in the presence of TBHP as the terminal oxidant.
Cl Blank experiments revealed that no reaction occurred in
‘ NH ol the absence of either the catalyst or the oxidant. The results
Ru < of oxidation carried out at two different temperatures are

//
3.3. Catalytic evaluation
The ability of the newly synthesized polymer bound
L Ru(ll-v-valine complexes (Ru A and Ru B) to catalyze the
CH,

o)
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(¢) Ru A

Fig. 1. Scanning electron micrographs of (a) poly(S-DVBYCH (b) 8% poly(S-DVB)x.-val, (c) Ru A (magnification, 3 10°).

product formation viz. epoxide, benzaldehyde and acetophe-substrates into the polymer matrix at the sites where active
none. In this reaction, interestingly aldehyde is the major catalytic species are locat2i].
product. Norbornylene selectively yields corresponding
epoxide. In the examples discussed above, both Ru A and3 .4, Catalyst recycling
Ru B display comparable activity towards both alkanes and
olefins. One of the main objectives of supporting a homogeneous
For a proper understanding of the efficacy of the present metal complex on to a polymer support is to evaluate the
polymer-supported Ru catalysts \dsvis its homogeneous potential of the catalyst for practical applications. A prelim-
counterpart, namely Ri{valineCl, complex, direct com-  inary study of the recycling efficiency of Ru A using toluene
parison of catalytic activities under optimized reaction condi- and cyclohexane as model substrates was undertaken. The
tionsis desirable. Inthe absence of relevant data on oxidationscatalyst was separated from the reaction mixture after each
of alkanes using homogeneous amino acid—-metal catalystsexperiment by filtration, washed with solvent and dried care-
an attempt was made to generate in situ (without isolation) a fully to constant weight before using itin the subsequent run.
simplec-valine complex of Ru(lll) by mixing the ligand and  These results are shown Table 6 It can be inferred that
the metal chloride in 1:2 molar ratio in an aqueous solution the catalyst can be recycled at least about four times. How-
at a pH of~2.2. After a reaction period of 24 h (reaction ever, there is a progressive loss of activity accompanied by
temperature 45C) an aliquot of the solution corresponding  diminished yields. Estimation of Ru present in the recycled
to 0.026 mmol Ru was taken up for subsequent oxidation re- catalyst after four cycles gave a value of 0.82% Ru which
action with toluene and cyclohexane in presence of TBHP corresponds te-50% depletion of active metal center than
under identical reaction conditions. The overall yields were that present at the start of the first cycle. In order to ver-
higher than for the supported catalystalfle 3 and were  ify whether the catalysts operate in a truly heterogeneous
found to be 11.2% and 30.1%, respectively. A plausible rea- manner, the ‘hot filtration’ probe suggested by Sheldon et
son for lower activity exhibited by the polymer bound Ru al. [28] was applied to our system. The result of this test
A and Ru B may be due to the slower rate of diffusion of confirmed that the catalysts behave in a truly heterogeneous
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g= 2.26

9=2.91

—

1 1 1 1 1 1 1
2000 2200 2400 2600 2800 3000 3200 3400 3600
G(gauss)

Fig. 2. ESR spectra of Ru A. Inset: resonance signal with field set at 3.2 kG, scan range 400 G, gain@'25

manner[29]. More importantly, the Ru species leached For the present catalyst system, formation of products can be
into the filtrate is not responsible for the observed catalytic explained by the following mechanism:
activity.

Poly -LnRu*™ + -BuOOH -LnRu™ + +~BuOO + H*
3.5. Mechanism Poly -LnRu™ + ~BuOOH -LnRu* + ~BuO" + HO"
It has now been well recognized that the metal-catalyzed Catalyst
oxidation_ of olefins and or a}lkanes .in.presen.ce of alkyl hy- 2 -BuOOH » BuOO + £BuO + H,0
droperoxides can proceed via two distinctly different mecha-
nisms; one involving a high valent metal oxo/peroxo species 2 +-BuOO’ — » 2tBuO + O,
or the other which involve free radical intermedialgg]. In OH
order to gain some insight into the nature of this reaction a t-BuOO-
series of experiments were carried out using a free radical O + tBUO-
trap, 2,6-ditert butyl-4-methyl phenol (BHT) in the oxida-

tion of cyclohexane using catalyst Ru A. These results are

summarized inTable 7 BHT (25 and 50 equivalents) was

added to the reaction mixture prior to addition of TBHP. The ~ TBHP decomposition leads to the generation of oxygen
overall yield was only marginally reduced from 18.2% to inaddition to the formation of freebutoxyl radicals. No ox-
16.6% with 25 equivalent of BHT in the reaction with cyclo- idation was observed in presence of puredas, indicating
hexane and at h|gher concentrations of BHT (50 equiva|ents) its non-involvement in the reaction. In Subsequent tests for
yields were reduced from 18.2% to 14.0%. It is known that free radicals, experiments were conducted with£8hal-
BHT scavenges peroxy free radicals and thus suppress thé/S|S showed partial reduction in y|E|dS for CyCthexane, but
oxidation reaction proceeding via free radical path\ia). no other free radical-induced side products, viz. cyclohexyl



V.B. Valodkar et al. / Journal of Molecular Catalysis A: Chemical 223 (2004) 31-38 37
Table 5
Catalytic oxidation with Ru A and Ru B
Catalyst Substratk Temperature®C) Yield (%) Products/selectivity (wt.%)
PhCHO
RuA 28 71 100.0
RuA Toluene 45 13 100.0
RuB 28 68 100.0
Ru B 45 101 100.0
Cy-oné Cy-ol Cy-ol/Cy-one
Ru A 28 182 79.6 20.5 0.26
Ru A Cyclohexane 45 29 70.7 29.3 0.40
Ru B 28 178 85.6 14.4 0.20
Ru B 45 290 71.7 28.3 0.38
Epoxide PhCHO PhCOMe
RuA 28 404 21.2 67.2 11.0
RuA Styrené 45 528 37.5 49.3 13.2
Ru B 28 418 14.7 70.1 14.7
RuB 45 538 23.8 57.5 18.7
RuA 28 307 100.0
RuA Norbornylené 45 427 100.0
RuB 28 244 100.0
Ru B 45 400 100.0
Cy-one, cyclohexanone; Cy-ol, cyclohexanol; reaction time, 24 h.
a0.2g.
b 2.0mmol.
¢ 5.0mmol.
9 Yield based on starting material.
chloride or bicyclohexyl, were detectg8PR]. The cyclohex- Table 7 _ o
anol to cyclohexanone mole ratio remain unaltered (prior Effect of free radical trap on oxidatiémising Ru A
to and after BHT addition reaction, reféable 5 and was Substrate (mmole) Additive Catalyst:additiverield Cy-ol/Cy-one
found to be between 0.26 and 0.29. In the works of Que, (mole ratio) (*0)
Fish and other§33—35] using cationic F&® catalyst such ~ Cyclohexane (2.0) BHT 25 16 029
as [Fe(TPA)GH]T (TPA = tetradentate Nligand, tris (2- 50 143 030
CCly Excess 10 0.29

pyridyl methyl) amine) oxidation of cyclohexane in presence
of TBHP in acetonitrile at room temperature gave almost 1:1
ratio of Cy-ol:Cy-one. A high valent Fé = O oxo species
was proposed as the active species.

From the results of various mechanistic probes it is pos-

sible to predict that the major route for the formation of dif-
ferent products is via a homolytic cleavage of peroxide bond.

a Temperature, 28C; solvent, CHCN; oxidant, TBHP; time, 24 h.

ical traps even under high concentration points to the exis-
tence of a second, as yet unclear, mechanism which might
involve the metal in higher oxidation state. The existence of

such dual mechanistic pathways: i.e. one proceeding in a het-

Nevertheless, the partial suppression of reaction by free rad-erolytic manner (via Ru(VI) or Ru(IV) oxo species) and the

Table 6
Recycling of Ru A in oxidation of toluene and cyclohexane using TBHP
Cycle no. Yield (%Y
Benzaldehyde ol/one mixturd
1 103 293
2 84 240
3 6.2 194
4 51 158

@ Reaction conditions: 200 mg catalyst; 5.0 mmol TBHP; 10 ml acetoni-
trile; 45°C; 24 h; 2.0 mmol substrate.

b Yield based on starting alkane.

¢ Toluene.

d Cyclohexane.

other by radical auto oxidation process essentially leading
to the same products has been indicated by earlier workers
[32,36]

4. Conclusions

Ruthenium  (lll) anchored on vr-valine-bound
styrene—divinyl benzene copolymer has been shown to
catalyze the oxidation of alkanes/alkenes in presence of
alkyl hydroperoxide under mild conditions. The catalysts
can be recycled without any loss in selectivity. Slow deac-
tivation of the catalysts was observed over extended reuse,
which can limit their application. Apart from the reaction
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