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Abstract: Kinetic isotopic effects (KIE) were measured for oxidation, bromination and 

selenylation of c-C6Ht2/c-C&i2 in pyridine solution for different Gif-type, Fenton and other 

systems. The comparison of KIE and relative reactivity data for the pair c-C5Ht&C6Ht2 

proved that the mechanism of activatton in Gif-type reactions is different from a hydrogen 
atom abstraction. 

The hydrogen kinetic isotopic effect (KIE) is widely used for establishing the mechanism of chemical 
reactionsl. A value of KIE different from unity indicates that the rate determining step involves the removal 

of an hydrogen atom, proton or hydride amon durmg a C-H bond cleavage. The quantitative analysis of KIE 
values for alkane oxidations has shown clearly its utility as a criterion for the understandmg of the nature of 

the reactive species involved in the process of C-H activation 2. The pair cyclohexanelcyclohexane-dia is 
commonly used for quantification of KIE in oxidation processes and nearly all of the available data were 

obtained for these hydrocarbons. 
The relative reactivity of cyclopentane and cyclohexane (C,-/C6) is another very useful criterion for 

establishing the mechanism of C-H bond cleavage2. This ratio depends on whether a carbocation or an alkyl 
radical 1s involved as an intermediate in the C-H bond cleavage, as it reflects the different changes in 

conformational ring strain for cycZopentane and cyclohexane. 
In previous papers we have described a number of systems for alkane functionalisation with unusual 

selectivity which we named Gif3. In the GiPV system hydrocarbons are oxidized by dioxygen in the presence 

of Zn powder and an Fen complex; in GoAggu (or GoAggu’) the oxidant is hydrogen peroxide and the 

catalyst is an Fenr complex. GoChAgg systems are the same as GoAgg but Fetn is replaced by Curt. The 

nomenclature used is purely geographical, after the places where each system was first discovered: 

Gif-sur-Yvette and Orsay in France, Aggieland in Texas, and Chemogolovka in the USSR3C. In these systems 

hydrocarbons are oxidized to ketones with minor amounts of alcohols, and the presence of pyndme is 
essential. A reaction mtermedtate can be trapped by, for example, CBrC13 or Ph,Se2, yielding alkylbromides 

or alkylphenylselenides, respectively, instead of ketones and alcohols4. 

There is practically no KE or relative reactivity data in the literature on alkane oxidations carried out in 
pyridine as the solvent The equimolar mixture of H,O, and Fe(II), known as Fenton’s system, has been 
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thoroughly studied and it is supposed to produce hydroxyl radicals as the reactive spectes5-‘. It was recently 
found that hydroxyl radicals can be generated under mild conditions by irradiation (W-lamp) of 

N-hydroxy-2-thiopyridone lg. The reactivity of the hydroxyl radical and its KIE ln water are well knownh 

However, as a solvent dependence could be expected for both, we decided to measure the KIF in pyndme 
solution using both Fenton’s system and photolytically generated hydroxyl radicals: 
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The data obtained in our experiments and those available in the hterature are shown in the Table. All 
the oxidative systems can be separated into three groups according to their KIE values. The lowest KIE 

obtatned, of about 1.6, is for Fenton’s system. It is slightly higher than the value reported in water (1 1)6. This 

small difference can be attributed to complexation of hydroxyl radicals with pyridine. Such a behavior IS well 

established for chlorine atoms m pyridine I3 The highest values of KIE (2.0-2.4) are observed for the . 
oxidation and brommatton reactions under Gif-type conditions, the KIE being the same within experimental 

accuracy. These data suggest that the same reactive species is involved in the cleavage of the C-H bond, attd 
the mechamsm of cleavage is the same regardless of the final product. 

Here it 1s worth mentionmg that cyclohexyl hydroperoxide was recently proved to be an mtermediate in 
the GoAgg” oxidation of cyclohexane, the noncatalyzed cycbalkyl hydroperoxide decomposition lcachng to 

ketone14. In principle, one could expect that the experimentally observed value of KIE, measured as the ratio 

of light and heavy ketones formed, would be the net result of two consecutive C-H bonds cleavages 
However, under certain kinetic conditions l5 the KIE for the cleavage of the first C-II bond is numerically 
equal to that ratio, The addition of PPh, to Gifrv systems changes the distribution of the products, the major 

product in this case is alcohol instead of ketone due to the reductton of the intermediate hydroperoxide’h. 

However, the value of KIE obtained is the same as in the absence of triphenylphosphme (Table). Thus, our 
systems display those kinetic characteristics, and the KIE can be derived from the ratio of the reaction 

products. 

The KIE for selenylation reactions in all the systems exannned 1s the same, its value being lower than 

for the oxidation and bromination and higher than for the formation of cyclohexyl-pyrtdmes in Fenton’s 
system. The similarity between these values needs to be investigated further. 

The values obtained for the partial relative reactivity of cyclopentane and cyclohexane (Cj/C,) in 

oxidation under GifTv, GoAggm or GoChAgg condntons are different from most of the values in the other 

systems; C,-/C, values being smaller than in a hydrogen abstraction by hydroxyl radicals in water and higher 
than in the reaction with NO,+ in H$O, (Table). Although the system HMnO, in H,O shows a value of 

C&6 similar to those for Gif-type reactions, the reported KE is far from being comparable to those found in 

our systems. The value for radical brommation is 1 .312. 
The values of KIE and C,/C, obtained in our experiments are considered together, show clearly that for 

all the systems examined belonging to the Gif-family the first reaction step is snnilar and involves the 

cleavage of a C-H bond in the rate deternuning reaction step The reactive species is not a strong electrophtle, 

tn agreement with previous data deduced from its chemical reactivity”, and the mechanism of C-H bond 

activation differs from hydrogen atom abstraction by hydroxyl radicals. 
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Table. Kinetic Isotopic Effect and Partial Relative Selecuvtty (C,/c,) a. 

Giev GoAg$ GoAgg” GoChAgg Fenton 11 +hv IFentonFIHMnQ f! NGz+ g System 

Solvent 

Additional 
Reagents, 
Major 
Products* 

none; 3,3’ 2.3 

PPh,b; 2,2’ 2.0 

Ph,SeZc; 5,5* 1.7 

N,; 6,6*,7,7* 1 ____ 

CBrClsd; 4,4* n --__ 

Pyridine I Water I H2s04 
I t 

Kinetic Isotopic Effect (KIE) h 

2.2 

____ k 

k ____ 

m ____ 

2.4 

2.1 2.3 1.1 5.0 2.2 

k k ____ ____ k ____ 

____ k k ____ 1.7 1.7 

m ____ ___ m 1.5 

2.1 24 1.5 

Partial Relative Selecttvtty (C,/C,) 1 

g/3 0.60’ 0.85 0.80 

nr 
a Reacnons were caned out at room temperature and atmospheric pressure Gd” 2X 0 ml of pyndiie, 5 0 ml of acetic ad. 0 2 mm01 of 

FeC13 6H2O. 7 0 mm01 of Zn powder, under a~. GoAgg II same a5 GlfIV but using 13 0 mm01 of H202 mstead of Zn III GoAgg same as GoAgg n 

with addItional 6 mm01 of pxoluuc acid GoCChAgg 33.0 ml of ppldme, 3 0 mmol of Py HClO4,0,3 mm01 of Cu(ClO& 6H20 Fenton- 2X 0 ml 

of pyridme. 5 0 of acetx and, 12 0 mm01 of Fe(C104)2 6H20, R 0 mm01 of H202 Photolysw qfl 6.0 mm01 of 1 m 28 0 ml of pyndine and 5 0 ml 

Of acetic acld were uradmted (w lamp, 150 W) m the presence of Ph2Se2 An equimolarratto of C6H12 and C6&2 (10.~’ mmol each) wrls used m 

every case. The astensk mdicates the correspondmgper-deuterated Lyclohexyl-denvative b.16 0 mm01 c 28 0 mm01 d 15 0 mm01 e From 

from reference 6 f From reference 10 g From reference 11 h For detoled expenmental detals, see reference 9 1 Yxkk of ketones normal&d 

per C-H bond j From reference 12 k H202 reacts very rapidly wtb the addloonal reagent (PPh3 or Ph2Se2), therefore no funher reactloo IS 

observed 1, React~oon requires 02 m 02 does not not have any cffcct on tkis reaction (ree reference 14) a C&C13 ~cac!s with& thcrcfore dus 

reactloo IS studzd m H202-based systems only 

R’ 2. R’=H; R2=GH 

R2 
3 R’ R2=G 
4: RtLH. R2=Br 
5. R’=HI R2=SePh 
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It can be demonstrated that for a reaction scheme like the one shown below, if 

k, kz 
R’R2CH2 - R’R*CHOOH- R1R2C=0 

k3 
+ R’RVHOH 

d[RtR2C=O]/dt=k2[R1R2CHOOH]” and d[R’R2CHOH]/dt=k3[R1R2CHOOH]“, the ratio of unlabelled 

and deuterated products will be equal to the KIE of the rate determmlng step if there is one major 

reaction product, e.g kpk, or k2ak3 Then the decomposition of the intermediate cycloalkyl 

hydroperoxide will not influence the value of KIE. Under appropnate conditions ketone and alcohol are 

formed m comparable yields16, from these data the KIE for the hydroperoxide fragmentation to ketone 

was estimated to be about 2. This was done consldenng that in the reduction of the former to the 
alcohol there is not hydrogen isotopic effect (breakage of an O-O bond). 
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