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Abstract

Ž . w Ž . Ž .x w Ž . Ž .x w Ž . Ž .xRuthenium II perchlorate complexes, Ru dppm ClO ClO 1, Ru dppe ClO ClO 2, and Ru dpae ClO ClO3 4 4 3 4 4 3 4 4

3, catalyse the selective homogeneous oxidation of alkenes with TBHP and H O as oxidizing agents. Oxidation of2 2
Ž .cyclohexene with TBHP gave 2-cyclohexene-1-ol, 2-cyclohexenone and 1- tert-butylperoxy -2-cyclohexene. The homoge-

neous liquid phase oxidation of cyclohexene with TBHP shows appreciable solvent effect. Styrene on oxidation with TBHP
gave benzaldehyde as the major product and styrene oxide as the minor product. Oxidation with H O is radical-initiated2 2

and gives low conversion to products. TBHP and H O are compared for their oxidizing ability and TBHP is more effective2 2

than H O as an oxidizing agent. Linear and long chain alkenes are not efficiently oxidized. Cyclooctene and trans-stilbene2 2

are oxidized to the corresponding epoxides. q 1999 Elsevier Science B.V. All rights reserved.

Ž .Keywords: Ruthenium II perchlorate; Homogeneous oxidation; Catalyst; Alkenes; TBHP; H O2 2

1. Introduction

Transition metal catalysed oxidation reac-
tions find wide chemical and biological applica-

w xtions 1 . Asymmetric oxidation reactions have
synthetic applications in chemical and pharma-
ceutical industries. Among these reactions the
catalytic oxidation of alkenes has potential in-
dustrial applications since the selective oxida-
tion products serve as starting materials for the
production of many fine chemicals and poly-

w xmers 2,3 .
The oxidation and epoxidation of alkenes is

important from the synthetic point of view be-

) Corresponding author. Tel.: q91-44-235-1365; fax: q91-44-
235-0509; E-mail: v1143@hotmail.com

cause several types of hormones and mutagens
w xinvolve an oxirane moiety in their structure 4 .

There has been considerable interest in the na-
ture of selective olefin oxidation by alkyl hydro-
peroxides catalysed by group VIII transition
metal complexes. Homogeneous reaction sys-
tems of the transition metals and those of group
VIII, especially ruthenium have been developed
to explore new ways for the mild and selective

w xoxidation of hydrocarbons 5,2 . In the transition
metal-mediated oxidation of olefins with alkyl
hydroperoxides the catalytically active species
in most cases is the metal in the higher oxida-
tion state which is generated by oxidants such

w x w xas amine N-oxides 6 , alkyl hydroperoxides 7 ,
w xhydrogen peroxide 8 , peracids, hypochlorites

w x w x9 , and other oxidizing agents 2 .

1381-1169r99r$ - see front matter q 1999 Elsevier Science B.V. All rights reserved.
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Ruthenium complexes are potent oxidant sys-
tems for mild and selective oxidation reactions
at ambient conditions. The upsurge in the cat-
alytic oxidation reactions catalysed by ruthe-
nium complexes are due to their broad utility
for the oxidation of a variety of substrates such
as olefins, alcohols, alkanes, aldehydes, phos-

w xphines, sulphides and sulphoxides 10 . The oxi-
dation of organic substrates mediated by high
valent ruthenium-oxo species evokes much in-
terest in the modelling of cytochrome P-450
w x11 . Because of the periodic relationship of the
metal with iron, these oxidation reactions are of
significance and interest as the iron systems are
widely used in biomimetic oxidation reactions.
Ruthenium complexes are versatile catalysts for
the oxidation of alkenes and they often promote
the oxidative cleavage of the double bond into

w xaldehydes or ketones 12 . However, selective
epoxidation has been achieved by modification
of the ligand moiety. In the transition metal
catalysed oxidation reactions under homoge-
neous conditions, the nature of the coordinative
environment around the metal plays a signifi-
cant role in catalytic activity, which can lead to
different product formation, depending on the
reaction conditions.

Ž .The cationic complexes of ruthenium II con-
taining phosphines and arsines are of interest in
view of their catalytic activity for a variety of
homogeneous reactions. We have previously re-

Ž .ported the catalytic activity of the ruthenium II
perchlorate complexes for the oxidation of
alkenes with CHP and NMO as the oxidizing

w xagents 13 . In this paper we report the catalytic
Ž .oxidation of alkenes with ruthenium II perchlo-

rate complexes under mild and homogeneous
conditions in the liquid phase with TBHP and
H O as oxidizing agents.2 2

2. Experimental

Products were analyzed on a Nucon 5700 gas
chromatograph with a carbowax and an OV-17
column and ORACLE-1 computing integrator in

Ž .the FID mode. TBHP Lancaster was obtained
as a 70% aqueous solution. Hydrogen peroxide
Ž .Ranbaxy, India was used as a commercial
30% aqueous solution. Other experimental pro-
cedures were similar to those previously re-

w x w Ž .ported 13 . The complexes Ru dppm -3
Ž .x w Ž . Ž .xClO ClO 1, Ru dppe ClO ClO 2, and4 4 3 4 4
w Ž . Ž .xRu dpae ClO ClO 3 were prepared as re-3 4 4

w xported 14 . Products were identified by a QP
1000 EX Shimadzu GC–MS spectrophotometer.
UV–visible spectra were recorded on a Perkin-
Elmer Lambda 17 UV–visible spectrophotom-
eter. IR spectra were recorded on a Shimadzu
IR 470 spectrometer.

3. Results and discussion

3.1. Oxidation of alkenes with TBHP

3.1.1. Oxidation of cyclohexene with TBHP
The homogeneous oxidation of cyclohexene

catalysed by ruthenium complexes 1, 2 and 3

Table 1
Oxidation of cyclohexene with TBHP: effect of solvent

Ž .Number Solvent Yield mol% Conversion
Ž .mol%Ž .Epoxide 2-Cyclohexen- 2-Cyclo- 1- tert-Butylperoxy -

1-ol hexenone 2-cyclohexene

Ž . Ž . Ž .1 CHCl – 5.2 22.7 8.8 38.4 8.9 39.0 22.93
Ž . Ž . Ž .2 C H – 5.7 21.4 10.4 38.1 10.9 40.4 27.06 6
Ž . Ž . Ž .3 CH CN – 1.4 9.7 3.4 24.0 9.2 66.3 14.03
Ž . Ž . Ž .4 THF – 1.3 15.3 1.9 25.2 4.6 59.5 7.90

Ž . Ž . Ž . Ž .5 CH OH 2.7 17.8 2.7 18.1 4.4 29.9 5.0 40.4 14.83

w Ž . Ž .x y6 y2 y3Conditions: solvents2 ml; catalyst Ru dppm ClO ClO s9.7=10 mol, cyclohexenes1=10 mol, TBHPs4.54=10 mol,3 4 4

times5 h, 508C. Percentage conversion was based on olefin. Values in parenthesis indicate percentage selectivity.
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Table 2
Oxidation of cyclohexene with TBHP: variation of catalyst concentration

Ž .Number Catalyst Yield mol% Conversion
Ž . Ž .concentration mol% mol%Ž .2-Cyclohexen- 2-Cyclo- 1- tert-Butylperoxy -

1-ol hexonone 2-cyclohexene
y6 Ž . Ž . Ž .1 5.40=10 7.3 30.7 7.4 31.6 8.9 37.7 23.6
y6 Ž . Ž . Ž .2 9.40=10 5.5 19.8 11.1 39.7 11.2 40.4 27.8
y5 Ž . Ž . Ž .3 1.34=10 3.3 13.5 10.6 42.4 10.9 44.1 24.8
y5 Ž . Ž . Ž .4 2.01=10 2.6 11.4 9.3 41.6 10.6 47.0 22.5

Conditions: cyclohexene s 1 = 10y2 mol; solvent s CHCl , temperature s 508C, 5 h, TBHP s 5.8 = 10y3 mol, catalyst s3
Ž . Ž .xRu dppm ClO ClO .3 4 4

gave 2-cyclohexene-1-ol, 2-cyclohexenone and
Ž .1- tert-butylperoxy -2-cyclohexene. Cyclohex-

ene oxide was not formed. In cyclohexene a
preferential attack of the C–H bond occurs over
the C5C bond to give mainly the allylic oxida-

w xtion products over the expected epoxide 15,16 .

3.1.2. Effect of solÕent
The effect of various solvents for the oxida-

tion of cyclohexene with TBHP was studied

Ž .with ruthenium catalysts Table 1 . The oxida-
tion reactions were carried out in polar, non-
polar, coordinating and protic solvents. In the
oxidation of cyclohexene with catalysts 1, 2 and

Ž .3 with TBHP as oxidant, 1- tert-butylperoxy -
2-cyclohexene was formed as the major prod-

Ž .uct. The selectivity for 1- tert-butylperoxy -2-
cyclohexene formation was almost 60% while
the selectivity for 2-cyclohexenone and 2-
cyclohexen-1-ol was less than 45%. Coordinat-

w Ž . Ž .x Ž .Fig. 1. Time scan for the oxidation of cyclohexene with TBHP catalysed by Ru dppm ClO ClO . a Time scan for the oxidation of3 4 4
w Ž . Ž .xcyclohexene with TBHP catalysed by Ru dppm ClO ClO in the presence of radical scavenger 2,6-di-tert-butyl-p-cresol.3 4 4
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ing solvents give low yield of the products. In
THF percentage yield of 2-cyclohexen-1-ol and
2-cyclohexenone was less than 4%. The forma-
tion of the peroxy species is reported with other

w xmetal complexes 17 . In solvents like aceto-
nitrile, the peroxy species was obtained as the
major product and the yield of 2-cyclohexen-1-ol
and 2-cyclohexenone was less than 5%. Since

Ž .ruthenium II has a high affinity for p-acidic
donor ligands, the yield of the products were

w xlow in p-acidic solvents like acetonitrile 18 . In
protic solvents like methanol significant amount
of cyclohexene oxide was formed. The selectiv-
ity for the peroxy species decreases in methanol,
benzene and chloroform. In benzene and chloro-
form the yield of 2-cyclohexen-1-ol and 2-
cyclohexenone was higher and lower yield of
the peroxy species was obtained as compared to
the other solvents. The efficiency of the cata-
lysts for oxidation of cyclohexene in different
solvents are of the order: benzene)chloroform
) methanol ) acetonitrile ) tetrahydrofuran.

The metal complexes catalysed oxidation reac-
tions with alkyl hydroperoxides under homoge-
neous reaction conditions show appreciable sol-

w xvent effect 19 . In the oxidation of cyclohex-
ene, the allylic hydrogen is more reactive than
the C5C double bond towards the tertiary butyl
peroxy or tertiary butyl alkoxy radical and the
reaction proceeds to give mainly the allylic

w xoxidation products 20 .

3.1.3. Effect of catalyst concentration
The effect of varying the catalyst concentra-

tion for the oxidation of cyclohexene with TBHP
w Ž . Ž .xand Ru dppm ClO ClO as catalyst is shown3 4 4

in Table 2. With increase in the concentration of
the catalyst, a decrease in the yield of 2-
cyclohexen-1-ol was observed, while there was
an increase in the yield of 2-cyclohexenone.

Ž .The yield of 1- tert-butylperoxy -2-cyclohexene
remained almost constant. The yield of 2-
cyclohexen-1-ol decreases with increase in the
concentration of the catalyst. The yield of 2-

w Ž . Ž .x Ž .Fig. 2. Time scan for the oxidation of cyclohexene with TBHP catalysed by Ru dppe ClO ClO . a Time scan for the oxidation of3 4 4
w Ž . Ž .xcyclohexene with TBHP catalysed by Ru dppe ClO ClO in the presence of radical scavenger 2,6-di-tert-butyl-p-cresol.3 4 4
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cyclohexenone increases up to a concentration
of 9.4=10y6 mol and a slight decrease in the
percentage conversion was observed beyond this
concentration. The decrease in percentage con-
version at higher catalyst concentrations is at-
tributed to the formation of m-oxo dimers, which
inhibit the catalytic cycle. This type of m-oxo
dimer formation is observed with many transi-
tion metal systems. In transition metal por-
phyrin complexes, steric and cage effects have
been developed to avoid the formation of these

w xcatalytically inactive m-oxo dimers 21 .
nq1 ny1por–M 5O q por–M

n n
™ por–M –O–M –por

3.1.4. Mechanistic studies
The formation of the allylic oxidation prod-

ucts 2-cyclohexen-1-ol and 2-cyclohexenone
shows the preferential attack of the activated

C–H bond over the C5C bond. The formation
Ž .of 1- tert-butylperoxy -2-cyclohexene shows

that this product arises from a radical pathway
w x20 . To investigate the mechanism of the reac-
tion the reactions were carried out in the pres-
ence of radical scavenger 2,6-di-tert-butyl-p-
cresol. Fig. 1 shows the time scan for the oxida-
tion of cyclohexene with TBHP catalysed by
w Ž . Ž .xRu dppm ClO ClO . The yield of the allylic3 4 4

oxidation products parallels the yield of the
peroxy species and the yield of 2-cyclo-
hexenone is higher than that of 2-cyclohexen-1-
ol. The yield of 2-cyclohexen-1-ol and 2-
cyclohexenone are independent of each other.
The oxidation of cyclohexene catalysed by
w Ž . Ž .xRu dppm ClO ClO , in the presence of rad-3 4 4

ical scavenger, 2,6-di-tert-butyl-p-cresol is
shown in Fig. 1a. In the presence of radical trap

Ž .the yield of 1- tert-butylperoxy -2-cyclohexene
remained almost constant suggesting that this

w Ž . Ž .xFig. 3. In situ UV spectra of the catalyst Ru dppe ClO ClO recorded at time intervals of 5 min. One spectrum of the catalyst. Two to3 4 4

six spectra of the catalyst recorded after the addition of TBHP at time intervals of 5 min. Seven to nine spectra recorded after the addition of
cyclohexene to the above.
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product was formed through a radical pathway.
However, in the presence of radical trap the
yield of 2-cyclohexenone increases significantly
which suggests that the formation of this prod-

Ž .uct occurs through the ruthenium IV -oxo inter-
mediate.

The time scan for the oxidation of cyclohex-
w Ž . Ž .xene with TBHP and Ru dppe ClO ClO as3 4 4

catalyst is shown in Fig. 2. In the presence of
radical trap 2,6-di-tert-butyl-p-cresol the yield
of 2-cyclohexenone was greater than that of
Ž . Ž .1- tert-butylperoxy -2-cyclohexene Fig. 2a

while in the absence of radical trap the yield of
Ž .these two products were nearly equal Fig. 2 .

On the addition of the radical trap to the reac-
tion there was a significant rise in the yield of

Ž .2-cyclohexen-1-ol Fig. 2a . If the formation of
this product occurs through a radical intermedi-
ate, then the opposite trend, namely, a decrease
in the yield of cyclohexen-1-ol would be ob-
served. The formation of 2-cyclohexen-1-ol and

2-cyclohexenone occurs probably through a
higher valent ruthenium-oxo species as the in-
termediate.

With TBHP as terminal oxidant a radical
chain type of reaction mechanism is inhibited

Ž .by ionol 2,6-di-tert-butyl-p-cresol . In the epo-
xidation of alkenes the metal complex serves as

w xan initiator by generation of radicals 22 . In the
presence of a reactive substrate like cyclohex-
ene, metal complexes catalyse the introduction

w xof a peroxy group into the substrate 17 . The
oxidation of cyclohexene to the peroxy product
occurs through a radical intermediate. The yield
of the peroxy species decreases in the presence

w xof a radical scavenger 22 . The shuttling of the
metal complex between the two oxidation states
formally correspond to an oxidative-addition–
reductive-elimination sequences and the metals
which are capable of undergoing two electron
changes like iron and ruthenium are effective in

w xthis catalysis 23 .

w Ž . Ž .xFig. 4. In situ UV spectra of the catalyst Ru dppm ClO ClO recorded at time intervals of 5 min. One spectrum of the catalyst. Two to3 4 4

six spectra of the catalyst recorded after the addition of TBHP at time intervals of 5 min. Seven to nine spectra recorded after the addition of
cyclohexene to the above. Ten spectra recorded after 20 h indicate loss of catalytic activity.
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Ž . w Ž . Ž .x Ž . w Ž . Ž .xFig. 5. a IR spectra of the catalyst Ru dppe ClO ClO , b IR spectra of the catalyst Ru dppe ClO ClO recorded after the3 4 4 3 4 4

addition of TBHP.

3.1.5. UV–Õisible studies
The in situ UV–visible studies for the cata-

lysts 1 and 2 at different time intervals were
Ž .carried out Figs. 4 and 3 . The spectra were

recorded after the addition of TBHP to the
complex at intervals of 5 min. The UV–visible

w Ž . Ž .xspectra of complex Ru dppe ClO ClO3 4 4

changes on the addition of TBHP and new
Ž .bands are observed at 496 and 714 nm Fig. 3 .

On the addition of cyclohexene the intensity of
the bands at 425 and 714 nm decrease and the
disappearance of the bands was observed with
time. The band at 425 nm may be due to the

Ž .ruthenium IV -oxo species. The absorption band
at 714 nm is due to the ligand to metal charge
transfer from the peroxide to the metal. There
are two types of electronic transition in the

Ž U .Ru5O systems, the ligand field d ™d andxy p

Scheme 1.
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Scheme 2.

Ž . Ž .ligand to metal P O ™d M charge transferp p

Ž . w xLMCT 24 .
Fig. 4 shows the UV–visible spectral studies

w Ž . Ž .xcarried out for Ru dppm ClO ClO during3 4 4

the catalytic oxidation of cyclohexene with
TBHP. On the addition of TBHP to the catalyst
new bands were observed at 692, 490 and 388
nm. After the addition of cyclohexene to the
above reaction the band at 388 nm is red-shifted
to 364 nm and the intensity of the bands at 692
and 490 nm decrease rapidly. The absorption in
the region 450 to 500 nm is due to the ruthe-

Ž . w xnium IV -oxo species 25,26 .
The IR spectra of the catalyst before and

after the addition of the oxidant are shown in
Fig. 5. On the addition of TBHP to the complex
2, a new peak was observed at 838 cmy1 which

Ž .corresponds to Ru IV 5O species formation.
The reaction mechanism for the formation of

the allylic oxidation products 2-cyclohexene-1-ol
and 2-cyclohexenone is more related to the cage
controlled metal-oxo chemistry rather than to
free radical chemistry.

The oxidation of cyclohexene to the allylic
oxidation products 2-cyclohexene-1-ol and 2-
cyclohexenone proceeds through a ruthenium-
Ž . Ž .IV -oxo intermediate Scheme 1 . The forma-

Ž .tion of 1- tert-butylperoxy -2-cyclohexene
Žoccurs through a radical intermediate Scheme

. w x2 20 .

3.1.6. Oxidation of cyclic and linear alkenes
The oxidation of linear alkenes like 1-heptene,

1-hexene, 1-dodecene and 1-pentene by TBHP
is catalysed by ruthenium complexes 1, 2 and 3
Ž .Table 3 . Long chain alkenes like 1-dodecene
gave less than 3% yield. Linear alkenes are less
reactive than cyclic alkenes. Cyclooctene gave
moderate yields of cyclooctene oxide. Oxidation
of trans-stilbene gave stereoselectively trans-
stilbene oxide. In the case of trans-stilbene, the
oxidative cleavage product namely benzal-
dehyde was formed in less than 3% yield. The
yield of trans-stilbene oxide was greater than
67% as determined from proton NMR. No iso-
meric products such as cis-stilbene oxide was
detected. The conversion of trans-stilbene to
trans-stilbene oxide denotes the high stere-
ospecificity of the reaction.

3.1.7. Oxidation of styrene with TBHP
In the oxidation of electrophilic substrates

such as styrene preferential oxidative cleavage

Table 3
Oxidation of alkenes with TBHP

Ž .Number Catalyst Alkene Yield mol% Product

1 2 cyclooctene 17.3 epoxide
2 1 1-dodecene 2.5 epoxide
3 2 1-dodecene 2.1 epoxide
4 1 1-octene 3.2 epoxide
5 1 1-hexene -1 epoxide
6 3 1-pentene -1 epoxide

a aŽ .7 1 trans-stilbene 67 3 trans-stilbene oxide
Ž .benzaldehyde

Conditions: alkenes1=10y2 mol, TBHPs5.8=10y3 mol, catalysts1.2=10y5 mol, temperatures508C, 5 h.
a 1 Ž .Yield determined by H NMR. Trans-stilbenes500 mg, solventsCHCl 3 ml .3
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Table 4
Oxidation of styrene with TBHP

Ž .Number Complex Solvent Additive Yield mol% Conversion
Ž .mol%Benzaldehyde Styrene oxide

1 2 CHCl – 18.7 4.0 22.73

2 2 C H – 12.8 5.0 17.96 6
a3 2 CHCl CPC 49.6 – 49.63

4 1 CHCl – 5.7 1.6 7.33

5 1 CHCl CPC 5.8 -1% 6.83

6 3 CHCl – 6.0 -1% 7.03

7 3 CHCl CPC 11.1 -1% 12.43

Conditions: temperatures508C, times5 h, catalysts1.2=10y5 mol, styrenes1=10y2 mol, TBHPs7=10y3 mol, CPCscetyl
Ž .pyridinium chloride 30 mg .

a In the presence of oxygen.

of the C5C bond occurs rather than epoxide
w xformation 27 . The oxidation of styrene with

TBHP catalysed by 1, 2 and 3 gave benzal-
dehyde as the major product and styrene oxide

Ž .as the minor product Table 4 . Other oxidation
products such as phenyl acetaldehyde were de-
tected in less than 2% yield. Reactions were
carried out in the presence and absence of oxy-
gen. The yield of benzaldehyde increases in the
presence of oxygen while the yield of styrene
oxide decreases in the presence of oxygen. The
effect of phase transfer additive cetyl pyri-
dinium chloride on the oxidation of styrene was
studied. In benzene significant amount of styrene

oxide was formed. The yield of benzaldehyde
was the highest in chloroform. In the presence
of phase transfer additive, the yield of benzal-
dehyde increases whereas the yield of styrene
oxide decreases.

3.2. Oxidations with H O2 2

The use of hydrogen peroxide as an oxidant
is related to environmental considerations. Hy-
drogen peroxide has been used for many transi-
tion metal catalysed oxidation reactions and the
main reaction pathway is the homolytic cleav-
age of the O–O bond, in which only 50

Table 5
Oxidation of alkenes with H O2 2

Number Complex Alkene Additive Yield Product
Ž .mol%

1 1 styrene – 5.4 benzaldehyde
2 1 styrene CPC 9.4 benzaldehyde
3 2 styrene – 1.6 benzaldehyde
4 2 styrene CPC 7.8 benzaldehyde
5 2 styrene CTMAB 9.7 benzaldehyde
6 3 styrene – 2.1 benzaldehyde
7 3 styrene CPC 8.7 benzaldehyde
8 2 1-octene no reaction
9 1 cyclooctene no reaction

10 2 cyclohexene CPC 3.5 2-cyclohexen-1-ol
5.7 2-cyclohexenone

Conditions: temperatures508C, times5 h, catalysts1.2=10y5 mol, alkenes1=10y2 mol, H O s1.7=10y2 mol, solvent2 2
Ž .CHCl s2 ml, CPCscetyl pyridinium chloride, CTMABscetyl trimethyl ammonium bromide.3
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kcalrmol are involved for the generation of
Ž .hydroxy radical OH . The rate of decomposi-

tion of hydrogen peroxide increases with tem-
perature in the presence of certain metal com-
plexes and metal salts. Table 5 shows the cat-
alytic oxidation of cyclohexene with H O . The2 2

reactions were carried out in the presence and
absence of phase transfer additives like
cetylpyridinium chloride and cetyl trimethyl-
ammonium bromide. Cyclooctene and linear
alkenes such as 1-octene, 1-heptene and 1-
hexene did not react. Cyclohexene on oxidation
with H O gave the allylic oxidation products,2 2

2-cyclohexenone and 2-cyclohexene-1-ol.
Styrene gave selectively benzaldehyde in less
than 10% yield in all the reactions. The yield of
benzaldehyde increases in the presence of phase
transfer additives. In the presence of phase
transfer additive and a ruthenium catalyst,
styrene yields mainly benzaldehyde or aceto-
phenone and no styrene oxide was formed
w x28,29 .

4. Summary and conclusions

The oxidation of cyclohexene with catalysts
1, 2, and 3 gave 2-cyclohexen-1-ol, 2-cyclohexe-

Ž .none and 1- tert-butylperoxy -2-cyclohexene.
The reactions show appreciable solvent effect.
The formation of 2-cyclohexene-1-ol and 2-
cyclohexenone occurs through the higher valent

Ž .ruthenium IV -oxo species as evidenced from
UV-Visible and IR studies. The formation of

Ž .1- tert-butylperoxy -2-cyclohexene occurs
through a radical pathway. TBHP is a better
oxidant than H O with these catalysts. Hydro-2 2

gen peroxide is a poor oxidant and the yield of
the products increase significantly in the pres-
ence of phase transfer additives. Linear alkenes
are oxidized to a lesser extent than cyclic and
branched alkenes. Styrene undergoes a C5C
bond cleavage preferentially over epoxide for-
mation to give benzaldehyde rather than styrene
oxide which is formed as the minor product.
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