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Abstract : ~~cie~lf and highly selective c~~nvers~o~l of cyc~~tane info 
cycloocfunone is obtained under pure biphasic conditiorls through 
t-butylhydroperoxide activation by the in situ formation of colloidal ruthenium 
species arising @om RuC13 , 3HzO. Model extension experiments to other 
cyckmkarzes are also discussed, 0 1998 Elsevier Science Ltd. All rights reserved, 

Hydrocarbon oxidation by oxygen catalyzed by soluble cobalt complexes is still one of the largest scale 
applications of homogeneous catalysis.l However, kinetic stability and low reactivity of alkanes require such 
drastic reaction conditions that high conversion and selectivity cannot be achieved simultaneously. 
Consequently, the search for reactions catalyzed by transition metal derivatives under milder conditions has 
received a great deal of interest2 To date, considerable efforts have been made to reproduce the performance 
of Cytochrome P4503 or Methane MonoOxygenase enzymes4 by building up various kinds of complexes based 
either on iron or exogeneous elements like ruthenium. 5 These approaches are extremely use&l but often 
hampered by oxidative degradation of the organic ligands. Recently alternative models were explored such as 
catalysis on zeolites or other inorg~c support& and dispersions of colloidal metal oxides7 An original 
approach consisted in mixing two reverse microemulsions containing respectively the oxidant (I$02 or tBHP) 
and the metallic salt leading rapidly to catalytically active colloidal particles. Very encouraging results have 
been obtained particularly because of the better control of peroxide consumption. However water or 
ferf-butyl alcohol production lead to evolution of the system towards emulsions and we later found that the 
~p~p~ic molecules used in the fo~ulation could have opposite eff&s: a good protection of the colloidal 
aggregates against collapsing but the lowering of their catalytic activity.* We have now found that with other 
transition metals such as ruthenium, no additives were necessary 

In the present paper, we describe the results obtained in a pure biphasic system (water and organic phase 
i.e. the alkane to be oxidized) with ~the~um tri~~o~de (colloid precursor) and tBHP as the oxygen source. 
The results of some typical experiments are listed in Table 1. The biphasic system is made of a vigorously 
stirred mixture of cyclooctane (a model alkane in this preliminary study) and an aqueous solution of RuCl3 to 
which tBHP is added quickly at room temperature under air or if required oxygen or argon. tier 3 h (almost 
total consumption of the oxidant) the GLC analysis9 of the organic layer is performed after decantation and/or 
extraction by ~ethylether if needed. Cy~loo~t~one 1 is always the major product (entry 1); various mounts of 
cyclooctanol 2 and terfiutylperoxycyclooctane 3 are also characterized. By analogy with the formation of an 
iron(II1) species,* ruthenium trichloride is rapidly transformed into colloidal particles which remain in the 
aqueous phase after removal of the organic layer. This aqueous phase retains its catalytic properties (being 
recycled up to four times under similar conditions) without loss of activity and selectivity (I/2/3). We observed 
that addition of surfactants (Aerosol-OT: entry Z)l* or poIyanionsll (t~phenyiphosp~ne oxide n-trisulfonate 
sodium salts : entry 3) have no effect on the catalytic activity Thus, contrary to the iron case8,1* the colbidal 
ruthenium species do not need external antiaggregants. This suggests that tertiobutylate residues may be 
present on the particles surface in sufficient amounts to prevent their collapsing and favor contact ruthenium 
colloids with the lipophilic substrate but with no excess in order to maintain an appropriate level of 
hydrop~lici~, Detailed investigation of the catalyst’s nature is under way 
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Table 1: Ruthenium colloids catalyzed oxidation of cyclooctane with tBHPa 

Entry 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

Products (mmol) ratio ratio Efficiencyb T.O.N. 
Conditions 1 2 3 one/o1 l/3 % 

Ad 1.90 0.55 0.27 3.4 7.0 54 160 
Ae 1.80 0.30 0.33 6.0 5.5 50 143 
Ae 1.90 0.64 0.36 3.0 5.3 56 171 
B 4.90 0 1.10 m 4.5 29 200 
Af 1.60 0.50 0.30 3.2 5.3 47 142 
Af 2.40 0.13 0.40 19 6 62 173 
Af 2.80 0.13 0.40 22 7 72 196 
Ag 1.70 0.30 0.20 5.7 8.5 46 130 
Ag 0.09 0.16 0.14 0.6 0.6 6 23 
Ag 1.00 0.34 0.21 2.9 4.8 30 92 
Ag 0.00 0.05 0.09 - - 02 09 

a) Reaction conditions are either (A) cyclooctane (57 mmol); aqueous R&13, 6H2O 0.025 M (0.017 mmol); 
tBHP 70% (8.6 mmol) or (B) q&octane (12.5 mmol); aqueous R&13, 6H2O 0.025 M (0.030 mmol); tBHP 
70% (37.5 mmol). All nms were carried out at 20°C (0°C for B) and under air unless otherwise stated (3 
hours). b) % Eff.= (2 R=O + R-OH + R-OOtBu) / tBHF? c) T.O.N.: moles of products per moles of catalyst. d) 
Oxidations run with the aqueous phase recovered after the first attempt still exhibited similar efficiencies and 
product distributions during at least four other cycles. e) Results for the reactions conducted either in reverse 
microemulsion (entry 2) or in emulsion (entry 3) after the addition of Aerosol-CT (20% in q&octane) or 
TPFTS (molar ratio TPPTS/Ru = 10). f) Experiments performed under anaerobic conditions with &gassed 
solvents and reagents (entry 5) or aerobic conditions with oxygen : 1 atm (entry 6) and 10 atm (entry 7). g) 
Entries 8, 9, 10, 11 correspond reqectively to the addition of carbon tetrachloride (1 ml.), dimethyl sulfide 
(650 pL), acctonitrile (200 pL) or EtOH (5 mL) to the standard conditions (entry 1). 

Very good yields can be obtained for instance by increasing the amount of tBHP (entry 4) or under an 
oxygen atmosphere (entries 6 and 7). In those conditions, the selectivity in the formation of ketone versus 
alcohol improves considerably. Starting under anaerobic conditions (entry 5), the system is less efficient; 
however one part of the oxidant introduced is transformed into oxygen (authentified by GLC analysi&), 
justifiying that the other experiments were conducted under aerobic conditions. Actually the best results (entry 
7) are obtained under oxygen pressure, which favours the ketonisation process versus alcohol and 
dialkylperoxide productions. 

At the very beginning of the reaction (tBHP addition) the mixture becomes blue, indicating the presence of 
Ru (II) species and then turns to red as long as tBHP is not entirely consumed. These observations militate in 
favor of the occurence of a Haber-Weiss decomposition of tBHP leading to tertiobutylperoxy and tertiobutoxy 
radicals with the concomittant disproportionation effect producing tertiobutanol and oxygen. The formation of 
tBu0’ and tBuOO’ are in good agreement with the participation of a radical pathway leading to 3 and 
eventually to cyclooctylhydroperoxide (not detected by GLC anaIysis)(SchemeI). However, this radical 
process is not the only one as shown by the results obtained in the presence of a radical scavenger (entry 8). 
Addition of acetonitrile (entry lo)13 or dimethylsulfide (entry 9) have a much larger influence especially on the 
production of cyclooctanone. 
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2 tBuO0’ - ZtBuO* + 02 ; tBuO’+ RH - tBuOH + R 

R’+o2 - ROO’ ; ROO’ + tBuO0 ’ - 02 + ROOtBu 
ROO’+ RI-I - ROOH + R’ : R’ + O2 - ROO’ 

Scheme 1 : radical reactions occuring in the process (R = cyclooctyl) 

The efficient inhibition observed in the presence of Me2.S suggests that ruthenium 0x0 species of high 
oxidation level (Scheme 2) are the most effective catalysts for ketonisation.14 Measurement of the primary 
Kinetic Isotope Effect ( KIE = 12 for cyclohexane versus cyclohexane-dl2) is consistent with the C-H bond 
activation in the rate determining step by such 0x0 species. l5 Although quantification of tertiobutanol 
production could not be effected by GLC we have checked that even in large excess this alcohol does not affect 
the efficiency of the reaction contrary to methanol or ethanol which were probably oxidized into aldehydes 
(entry 11). In the presence of low molecular weight primary alcohols no alkane transformation was observed. 
Other oxidizing systems based on RuQ-tBHP have been described for efficient conversions of various 
alcohols into carbonyl derivatives, l6 However, kinetic studies of our reaction show that ketone 1 and alcohol 2 
are formed independently and we have checked that in our conditions, compound 2 is very slowly oxidized. 

Ru(W + tBuOOH - tBuOH + Ru(W.0 ’ w 4 Droducts 
Ru(n) + tBuOOH - tBuOH + RuW)=O ~ u2 a 

Scheme 2 : formation of 0x0 ruthenium species (R=tBu ; cycloalkyl) 

Finally, we have extended this cycloalkane fimctionalization to other substrates. The standard oxidation of 
cycloheptane (entry 12), cyclohexane (entry 13) cyclopentane (entry 14) was carried out at room temperature 
and the influence of cycloalkane size was studied by comparison with cyclooctane (entry 1) as model (Table 2). 
The results show that that cycloheptane and cyclooctane give similar results and appear to be three times more 
reactive than cyclohexane. Undoubtedly, carbon-hydrogen bond activation decreases with the cycle size in 
agreement with the poor turnover number of cyclopentane (compare entries 1 and 12 with entries 13 and 14). 

Table 2: Functionahzation of various cycloalkanes a 

Entry 

1 

12 

Products (mmol) Efficiencyb T.0 N. 
Substrate R=O R-OH R-OOtBu m 

R-H 

0 

Ii 
1.90 0.55 0.27 54 160 

o- 

H 
2.05 0.83 0.30 61 187 

13 
CJ 

H 
0.71 0.31 0.09 21 66 

H 

14 0.45 0 16 0.06 13 40 

a) Reaction conditions. substrate (57 mmol); aqueous RuC13, 6H2O 0.025 M (0.017 mmol); tl3HP 70% (8.6 
mmol). All runs were carried out at 2OOC. b) % Eff.= (2 R=O + R-OH + R-OOtBu) / tEWF’ 
c) T.O.N.: moles of products per moles of catalyst. 

Our results shed light on new interesting aspects of biphasic catalysis where the active species is able to 
mnctionahze hydrocarbons under mild conditions with high effciency and conversion rates at the surface of 
polynuclear aggregates. More detailed studies on the colloidal particles and on the mechanistic aspects of this 
reaction, actually in progress, will allow us to improve the understanding of this new biphasic system for C-H 
bond activation by taking into account very recent results on the distinction between radical and other types of 
activation in the field of Gif chemistry.17 
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