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I. INTRODUCTION 

Reactions of organoelement compounds of the non-transition elements (OEC) with OX- 
ygen have been known for over a century and were the first reactions of OEC’s noted for 
substances of this class. 

However, serious study of OEC oxidation processes began mainly in the early part of this 
century and in fact most papers relating to OEC autoxidation processes have been published 
during the last 3040 years. 

For a number of reasons the investigation of OEC oxidation reactions is somewhat com- 
plicated experimentally. Thus on the one hand, a detailed mechanism for a given OEC oxi- 
dation process is only possible if information is available regarding the importance of quite 
a number of subsidiary reactions involved in the process Le. spontaneous decomposition and 
bimolecular reactions with oxygen, homolytic and heterolytic reactions involving intermediate 
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peroxide and non-peroxide oxygen compounds, the influence of catalysts on the products, 
solvation reactions both of a general ‘and specific nature and so on. 

On the other hand, the variety of intermediate products formed and of the Intermediate 
reactions involved during the oxidation of OEC’s, together with the considerable influence 
of the nature and structure of the intermediate products on the route followed by the re- 
action mechanism under particular experimental conditions and the significant role of solva- 
tion effects on the intermediate reactions all play an important part in establishing the sharp 
distinctions often found between the oxidation mechanisms of even similar OEC analogues. 

All of these factors help to make OEC oxidation processes one of the most fascinating 
fields of chemistry having great theoretical interest. 

From the practical viewpoint OEC oxidation reactions have a variety of applications 
ranging from the preparation of valuable organic oxygen-element compounds and the 
polymerization of vinyl monomers to the commercial utilization of potentially harmful or- 

ganometallic compounds in the disposal of waste water and gases. 

A knowledge of the exact mechanism of OEC autoxidation processes and of the kinetic 
nature of their occurrence is vital to the solution of problems related to the correct choice 

of the optimum conditions for each individual OEC oxidation and for each practical appli- 
cation of the same. 

These various problems have stimulated an increasing interest in OEC oxidation processes 

as reflected by the recent monograph of Brilkina and Shushunov’ and by the appearance 
of a number of reviews’-’ which, to a certain extent, are related to OEC oxidations and 
problems arising from these processes. 

In this review attempts are made to consider the main stages in the OEC autoxidation 
mechanism: the primary reaction depending on the nature of the OEC, the reaction medium, 
the electronic state of the oxygen employed and the transformation pathways of inter- 
mediate organoelement peroxides and of organic oxygen-element non-peroxide compounds. 

In any consideration of the main intermediates and their reactions in the autoxidation 
of OEC’s, account must be taken of the accompanying formation of organoelement peroxide 
compounds and non-peroxide organic oxygen-element compounds_ In addition to the oxi- 
dation of organic fragments of OEC’s the solvent also sometimes brings about the formation 
of organic hydroperoxides and non-peroxide oxygen compounds. 

Thus in the general case complete account must be taken of these various intermediate 
reactions and consideration taken of the behaviour of all the above-mentioned substances 
in the reaction system. Unfortunately, however, it is not possible at present to make such 
detailed considerations as all the data necessary are not available. In addition, reactions of 

OEC’s with different organic peroxide compounds, of the type considered in detail by 
Razuvaev, Shushunov, Dodonov and Brilkina 3, have been omitted from some mechanisms 
since in some autcxidations, especially those in the liquid phase, such reactions are not con- 

sidered important. 
In the latter part of this review some examples are given of the autoxidation reactions 

of OEC’s which demonstrate how the mechanisms and the individual characteristics of OEC 
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antoxiation processes depend to a large extent on the nature of the primary reaction and 

on the properties of the intermediates formed. 

As far as the author is aware no othersystematic review such as this has been published. 

Since the appearance of the results of various OEC autoxidation investigations over the 

past few years, it has now become possible to make some general observations regarding 

the mechanisms of the main stages involved in the reaction which could be of use to those 

interested in controlling the autoxidation of OEC’s. 

II. PRIMARY REACTIONS IN OEC AUTOXIDATIONS - 

A. Possible primary reactions 

The number of primary reactions and their probability and relative importance is ob- 

viously related to the wide range of bonds available in OEC’s which in the simplest case 

consists of element-carbon (E-C), element-element (E-E), carbon-carbon (C-C) and 

carbon-hydrogen (C-H) bonds. 

If primary reactions are confined to those involving the participation of C-C and C-H 

bonds alone, then the results obtained for hydrocarbon autoxidation reactions should be 

relevant in this case. In these reactions, it is known6 that the processes are less likely to 

occur through the spontaneous first-order fission of C-C or C-H bonds in molecules 

(bond energy 80-100 kcal-mol-‘) than through second-order molecular interactions in- 

volving saturated molecules and leading to the formation of free radicals. 

RH+RH+2R-+H, (1) 

RH+02 + R’+HO; (2) 

2RH+02 -+ 2R’ +HzOz (3) 

According to Polanyi and Semenov, the endothermicity (Q) of these reactions may be 

taken as a measure of the energy necessary for overcoming the activation barriers involved. 

Thus it is possible that the energy involved is considerable for if reactions (l)-(3) are con- 

sidered as applying to the alkyl derivatives of non-transition elements of Group IV of the 

Periodic Table the corresponding endothermicities are Q1 E 100, Qz z 50 and Q3 z 60 

kcal-mol-’ respectively. 

Bond energies of bonds of the type E-C or E-E depend to a very large extent on the 

nature of OEC’s (see data listed in Table 1). 

For this reason, in OEC’s with a comparatively low value for the E-C bond energies, the 

possibility arises of radical generation via spontaneous fission successfully competing with 

the type of processes depicted in equations (l)-(3), i.e. 

R,E -+ Rm_rE. + R’ (4) 
Similar conclusions may be reached when the available data regarding E-E bond energies 

are considered. Bimolecular reactions are possible between OEC’s and oxygen in which the 
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TABLE 1 

Bond energy (Q) of some OEC’s 

Yu.A. ALEXANDROV 

OEC Bond Q (kmhole-‘1 References 

EtLi C-Li 47.5 2 1.5 7 

Et2Hg C-Hg 41 7 

Me, Hg C-Hg 51 7 

MezZn C-Zn 47 r-1 7 

M%Cd C-Cd 43.5 f 1.2 7 

MesAs C-As 54.6 7 

MesSb C-Sb 57 7 

MesBi C-Bi 44 7 

Me4Si C-Si 78.8 7 

Me4Ge C-Ge 61 8 

EtaSn C-Sn 50 8 

MyPb C-Pb 34.7 9 

Me4Rb C-Rb 23.5 7 

Et&i2 Si-Si 70 i10 8 

(M&)6% Si-Si 50 c 20 8 

EtsGez Ge-Ge 65 * 5 8 

Et&n* Sn-Sn 50 *lo 8 

(EtO)eSi Si-0 106 c 2 8 

(Et3wzo Ge-0 91 + 5 10 

Et$hOCOPh Sn-0 91 + 10 10 

MesSiOO-t-Bu o-o 47 * 4 11 

oxygen attack is directed towards the E-C or E-E bond. For example: 

%r E + O2 --f R,_, EOOR 

R m_r EEs_, + 02 + Q1 EOOER,_, 

RmE + O2 + R,_, EOO- + R- 

Q-r EER,_, + O2 + Q_, EOO* + R,_r E’ 

(5) 

(6) 

(7) 

(8) 

It is rarely possible to directly evaluate the activation energy of the reactions depicted 
in equations (5)-(S) because of the lack of relevant data. However, in the case of tetra- 
ethyitin and hexaethylditin (where such data are available as recorded in Table 1) such cal- 
culations lead to a value of Q equal to 40 kcal-mol-’ for reactions (7) and (8). 

From this it appears not unreasonable to assume that reactions of the type depicted in 
equations (S)-(8) can successfully compete with those of the type depicted in (l)-(3). 

Two conclusions may be drawn from the above discussion. Firstly, that the primary re- 



LIQUID-PHASE AUTOXIDATION OF COMPOUNDS OF NON-TRANSITIONAL ELEMENTS 5 

actions in OEC autoxidations can differ significantly [reactions (l)-(8)] depending on the 
nature of the OEC, and secondly that reliable evaluation of the relative importance of the 
various competing primary reactions is not at present generally possible due to the lack of 
the required data. 

3. S&dies of pnmaryreach~ons in OEC autoxidah~onsneglech~ngsoiventeffeCtsore?np~Oy- 

ing indifferent solvents 

The results of many studies in which the nature of primary reactions in OEC autoxidation 
had been investigated have been published. However, in most cases, the conclusions reached 
regarding the nature of particular primary reactions have been obtained indirectly, direct 

examination of these reactions being confined to a few isolated examples. 
The first discussion of the interaction between oxygen and OEC’s dates back to 1909. 

Thus, in an investigation of the oxidation of ethylmagnesium bromide, Wuyts detected 
traces of peroxide among the reaction products_ On this basis, he put forward his hypothesis 
regarding the formation of allcylperoxymagnesium halides in this reaction, which apparently 

results from the interaction of the alkylmagnesium halide with oxygen “. 

RMgX + O2 --f ROOMgX (9) 

The final products formed in the autoxidation of ethylmagnesium halides were attributed 
to secondary reactions (i.e. interaction of alkylperoxymagnesium halide with initial organo- 
magnesium compound and hydrolysis of the resulting reaction product)_ 

ROOMgX + RMgX + 2ROMgX (10) 

ROMgX f Ha 0 -+ ROH + Mg(OH)X (11) 

In subsequent years, Wuyts mechanism was advanced more than once by other investi- 
gators to explain the product composition as arising from the autoxidation of organic com- 
pounds of such elements as lithium r3, zinc l4 -15, magnesium 16-lg, boron *’ and antimony*’ _ 

It was during this period that the mechanism of the interaction of OEC’s with oxygen 
was first discussed I3 . MulIer and Toppel suggested that the bimolecular reaction involved 
proceeds according to the partial ionic mechanism 

R-E R E 
-* (12) 

The formation of such a hetero-organic peroxide during the autoxidation of OEC’s was 
not established experimentally, however, until quite recently_ Thus Walling and Buckler** 
in 1955 and Hock and Ernst- _ m 1959 showed that n-butyllithium oxidizes in diethyl ether 
at -78”, to n-butylperoxylithium. Similarly, oxidation of indenyllithium gives a high yield 
of the corresponding hetero-organic peroxide. It has also been shown that the oxidation of 
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alkylmagnesium halides Ieads to the formation of the corresponding alkylperoxymagnesium 
halidesn-25 as predicted by Wuyts. In this case the reaction was carried out in benzene, 
diethyl ether or tetrahydrofuran at a temperature within-the range -75’ to -150”. 

Autoxidation of alkylzinc organic compounds proceeds rapidly in organic solvents 
(ether, benzene, xylene) even at -75’ with the formation of organic zinc peroxide 23*24 926. 

Similar results have been obtained for completely alkylated cadmium compounds”*24*27y28, 
boron compounds” and aluminium compounds24 131--35 _ Investigations by these workers of 
the influence of the reaction temperature, of the ratio OEC/oxygen and of the initial OEC 
concentration on the yield of peroxide product have convincingly confirmed the correctness 

of Wuyt’s reaction scheme i.e. formation of organoelement peroxide as the primary products 
followed by the alkoxy derivative of the OEC. 

Walling and Buckler in their studies not only convincingly confirmed for the first time 
the formation of organoelement peroxides during the autoxidation but also showed that 
diphenylamine does not inhibit the autoxidation of alkylmagnesium halides. The latter being 
oxidized does not induce the oxidation of butaldehyde”. 

These results led Walling and Buckler to postulate a molecular mechanism for the inter- 

action of alkylmagnesium halides with oxygen as a consequence of the coordination of 
oxygen to the metal atom to form an intermediate complex followed by the subsequent 
I ,3-nucleophilic migration of the alkyl radical to the oxygen. 

R-O - 
E E-O E-O 

(13) 

A similar mechanism for the primary reactions has been advanced in discussions of the 
autoxidation of organic derivatives of mercury 36-39, boron*46, aluminium 32, lithium4F4g, 
magnesium47*4g*50, zincs’ and cadmiums3. 

In recent years studies have been made involving the direct examination of primary re- 
actions in the autoxidation of a number of OEC’s in hydrocarbons54-s6 _ In each case in- 
hibitors were employed in the investigations. 

It should be noted that although the use of inhibitors apparently provides a simple method 
of investigation, it is necessary to treat the conclusions obtained with some care. Thus, for 
instance, the inability of quinone ““,67, iodine or methylmethacrylate ~3, all of which are 
capable of generating active radicals, to affect the rate of OEC autoxidation led a number 

Of investigators to suggest a molecular mechanism for this process, and as mentioned above, 
diphenylamine does not inhibit the autoxidation of alkylmagnesium halides22 despite the 
reaction being radical in nature. 

In subsequent studies Davies and Roberts established that optically active organoboron 
compounds on autoxidation give organoboron products in which stereospecificity is absent H-” 
and autoxidation processes for a number of OEC derivatives of boron69y70, aluminium *, 
zinc* , cadmium 72, antimony and bismuth ‘)3 are inhibited by the galvinoxyl radical. These 
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Reaction time (h) 
Fig. 1. Oxidation of bis(triethylgermyl)mercury in n-octane (co 0.1 mol.1 -‘) at O” 0, without additions; 
a, in the presence of 2,4-di-t-butyI+methylphenol (co 0.01 mol~l-3)).. 

results however leave the nature of the mechanism of the primary reaction open to question 
although they provide convincing proof of the free-radical nature of the mechanism of the 
liquid-phase autoxidations of the above OEC’s under the reaction conditions employed6’R’74-76. 

The need for care in the use of inhibitors is also dictated by a number of other considera- 

tions, i.e. dependence of the inhibitor efficiency upon the nature of the inhibitor and OEC, 
the possibility of the dual function of the inhibitor in the various reactions (both as an in- 
hibitor and as a sensitizer of the OEC oxidation) as well as the possibility that the various 
reaction systems might be influenced by the concentration of the inhibitor which might 
induce both positive and negative kinetic effects as a result of its molecular interaction with 
OEC’s in the system_ 

If all of these various considerations are taken into account, it is possible to discuss the 
results mentioned above as far as they relate to the nature of the mechanism of the primary 
reactions in OEC autoxidations. 

Razuvaev, Alexandrov, Glushakova and Figurova54S55 have shown that the primary re- 

action in the autoxidation of bis(triethylgermyl)mercury and bis(triethylsilyl)mercury in 
n-octane is a bimolecular reaction of OEC with oxygen. This conclusion was based on a 
number of experimental observations. Firstly, autoxidation in the above system is not in- 
hibited by the presence of a great variety of additives (ionol, o-phenylenediamine, etc. see 
Fig. l)*_ These materials are, in fact, rather effective inhibitors for the autoxidation of 

* 
In .til.s figure and others, N is the number of moles of oxygen absorbeci by the reaction mixture per 
mole of initial OEC. 
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Reaction time (h) 

Fig. 2.Oxidztion of bis(triethylgermyl)mercury in n-octane at O”, o, co 0.084; o, co 0.1 and a, co 0.2 mol.I-‘. 

other related OEC’s (for example, bis(triisopropylgermyl)mercury, ethyl(triethylsilyl)mer- 
cury, diisopropylmercury etc., see below)_ It should be noted that the addition of small 
amounts of galvinoxyl* also fails to inhibit the autoxidation of bis(triethylgermyl)mercury 

and bis(triethylsilyl)mercury. 
Secondly, the product composition arising from the autoxidation of bis(triethylgerrr@ 

mercury or of its silyl analogue points to the absence of initiation involving the oxidation 
of the solvent (hydrocarbon) as normally should occur in a free-radical mechanism. For 

example, in the autoxidation of bis(triethylgermy1)mercm-y at 0” and higher temperatures 

the reaction products are triethylgermanium oxide and mercury which are produced in 

quantitative yield54*55*77~*_ B e ow --IO’, however, the reaction products are triethyl- 1 

germyl(triethylgermyloxy)mercury, triethylgermanium oxide and mercury with respective 

yields of 80,20 and 20%51755. It should also be pointed out that the quantity of oxygen 

absorbed by the reaction mixture during the oxidation of bis(triethylgermyl)mercury was 

0.5 mole per mole of initial bis(triethylgermyl)mercury in- all cases. 

Thirdly, the autoxidation of bis(triethylgermyl)mercury proceeds as a first-order auto- 

catalytic reaction with respect to initial OEC and as a zero-order reaction with respect to 

oxygen “. The first-order dependence on OEC is clearly demonstrated by the shape of the 

kinetic curves depicted in Fig. 2, while the zero-order dependence on oxygen is attributed 

to autocatalysis of the reaction by trie*hylgermanium oxide and to the spontaneous main- 

tenance of the thermodynamic equilibrium concentration of the complex OEC-triethyl- 

germanium oxide during the reaction_ 

* The author thanks Professor A.G. Davies for supplying the samples of gakinoxyl used in these ex- 
per&& and in those described below. 
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Reaction time (mid 

Fig. 3. Oxidation of triethylthallium in n-octane at -50°, l , co 0.03; 0, co 0.05 and 8, co 0.1 mol-1-l. 

From these results and on the basis of studies of the chemistry of the reaction54’55, it 
is suggested that the autoxidation of bis(triethylgermyl)mercury proceeds by a molecular 
mechanism involving the bimolecular interaction of OEC with oxygen as a primary reaction. 

(EtaGe), Hg + O2 4 Et3GeHgOOGeEt3 (14) 

EtsGeHgOOGeEts + (EtsGe)* Hg + 2 EtaGeHgOGeEt, (15) 

EtaGeHgOGeEt, -+ (Et,Ge),O + Hg (16) 

(Et3Ge),Hg+LZ(Et3Ge),Hg-L (17) 

(EtsGe), Hg - L f O2 + Et3GeHgOOGeEt3 + L (18) 

The autoxidation of triethylthallium in n-octane has also been studied 56_ This reaction 
proceeds readily even at -70” with ethylperoxydiethylthallium being produced as the sole 
primary product. Addition of inhibitors which are effective in OEC autoxidations involving 
free-radical processes to this system (see below) points to the absence of free-radical re- 
actions in the autoxidation of triethylthallium. 

This autoxidation is in fact first order with respect to initial OEC (Fig. 3) and first order 

with respect to oxygen (Fig. 4). This suggests that the reaction in n-octane proceeds via a 
bimolecular mechanism, i.e. 

Et,Tl+ O2 -+ EtsTlOOEt (19) 

Similar results were obtained in studies of the autoxidation of diethylcadmium in n-oc- 
tane “. In this case ional, o-phenylenediamine, galvinoxyl* and phenozianine * were studied 

, 

* Inhibitors kindly supplied by Professor A.G. Davies. 
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200 400 600 
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Fig. 4. Dependence of the rate of oxidation (w) of triethylthallium in n-octane at -50” on the pressure 
ofoxygenmaintained over thereactionmixture,c,-, 0.05 mol-I-'. 

as possible inhibitors. 

The autoxidations of bis (triisopropylgermyl)mercuryas , tetraethyllead” +’ , hexaethyl- 

ditin5g162 and di-n-propylmercury63 proceed in a somewhat different manner_ In these 
cases the inhibitors studied (o-phenylenediamine, ional, etc.) led to the appearance of ex- 

tended induction periods (see Figs. 5 and 6). That the OEC autoxidation is inhibited by 

small additions of inhibitors is an indication of a free-radical chain mechanism for the 

overall process but still leaves the question of the nature of the primary processes involved 

in this mechanism unanswered_ 

Information regarding the nature of these processes has, in fact, been obtained through 

a study of the characteristics of the induction periods observed in these oxidations in the 

presence of various inhibitors 58-66 In the presence of inhibitors [IH], the variation in the . 

0.8 

0.6 

0.4 

0.2 

Reaction time (h) 

Fig. 5. Oxidation of bis(triisopropylgermyl)mercury in n-&cane (c,, 0.07 mol.l-’ 1 at SO”, without ad- 
ditions (o), and with respective additions of o-phenylenediamine (in moles 
0.85 X lo* <a), 1.65 X 16’ (e), 3.3 x 16’ (*), 5 x 16’ (0) and 7 X 2 

er mole of initial OEC) of 
10 (a). 



LIQUID-PHASE AUTOXIDATION OF COMPOUNDS OF NON-TRANSITIONAL ELEMENTS 11 

0 2 4 6 8 10 

lo2 0 [I H lo (mole *lo) 

Fig. 6. Dependence of the rate of oxidation (w) of hexaethylditin in n-nonane (co 20 mole 70 and 80” 

(curve 1)) and hexaethyldilead (co 20 mole % and 65O (curve 2)) on the initiaI concentration of 2,6-di- 
t-butyl4methylphenol. 

active radical concentration [m] with time is given by the equation: 

F = W, - (k[IH] - SJ)[WZ] m) 

where W. is the rate of initiation, k the rate constant for the destruction of the active radi- 
C& by the inhibitor, [IH] and [m] are the concentrations of inhibitor and active centres 
respectively, and up is a chain-branching factor. 

The critical inhibitor concentration is equal to [IH] cI = p/k; when [IH] > [IH] er the 
process is stationary and when [IH] < [IH] cT such a state is absent from the system. 

If the initial inhibitor concentration in a given run is ]lH] e > ]IH] cr, then during the 
induction period the inhibitor concentration will drop to the critical value in accordance 

with the following differential equation: 

-9 = k[IH] [m] (21) 

Solving this equation for the existence of a stationary state in the system gives 

Iv, 
lm3 =k[IH] -_IP 

and the boundary conditions [IH] = [IH] e at t = 0, and [IH] = [IH] cT at t = find give rise 
to the following relationship linking ttid and [IH] e : 

(WI o - WI ,J +Tln 
PHI a 

IIH]o= w”-tind 
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2 4 6 8 

Reaction time (h) 

Fig 7. Dependence of the length of the induction 
period in the oxidation of tetraethylkad at 100° on 

Fig. 8. Consumption of inhibitor during the in- 

duction of the oxidation of tetraethyllead at 100°. 
the concentration of inhibitor. 

In the OEC investigations under discussion, the conditions were chosen so that [IH] cT 
had a smalI value (see for example Figs. 7 and 8). 

This allows a simplification of equation (22) which, on taking into account the stoichio- 

metric coefficient for inhibition, changes to: 

IV, - fird = f[IH] e ‘ (23) 

Equation (23) links the characteristics of the observed induction period with the type 
of chain mechanism involved in a given reaction_ 

With tetraethyllead, it was shown 6~r that the linear dependence of the length of the 
induction period on the initial inhibitor concentration (Fig. 7) may be linked with the con- 

stant rate of inhibitor consumption during the induction period (Fig. 8). This suggests that 
stationary conditions are achieved during the induction period and that in this case genera- 
tion of radicals by means of degenerate branching reactions either does not occur or is not 
particularly significant. These conclusions thus provide sufficient grounds for assuming that 
IV0 is the rate of the primary process in this reaction. Further study of the characteristics of 

the induction period 6oy6* indicated that the primary reaction in the autoxidation of tetra- 
ethyllead is first order with respect to tetraethyllead, zero order with respect to oxygen and 
has an activation energy of 44 kcal -mol-’ (the average bond energy of the lead-carbon bond 
in tetraethyllead is estimated as 3 1.5 kcal-mol-’ =). 

On the basis of these results, it may be deduced that the primary reaction in the auto?rida- 
tion of tetraethyliead is the spontaneous decay of the OEC into radicals: 

Et,F% -+ Et3Pb’ + Et’ (24) 
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It should be noted that this conclusion is in agreement with data available for the thermal 
decomposition of tetraethyllead in the liquid phase m. 

Similar studies of the autoxidations of bis(triisopropylgermyI)mercury5s, hexaethyl- 
ditin 59-62 and di-n-propylmercury 63 have indicated that in these cases also the primary re- 

actions involved are the spontaneous decay of the initial OEC involving either an element- 
element bond or an element-carbon bond. 

(i-Pr3Ge)2 Hg --, i-Pr3GeHg’ f i-Pr3Ge- (25) 

Et,SnSnEt, h 2 Et,%’ or Et,SnSnEt; + Et’ (26) 

n-Pr2 Hg * n-PrHg’ + n-Pr’ (27) 

It should be noted that the values of the activation energies for reactions (25) and (26) 
are equal to 16-S and 50 kcal-mol-‘, respectively. The average energy of the germanium- 
mercury bond in bis(triisopropylgermyl)mercury is 17 + 3 kcal - mol-’ *’ 

’ rhile the eneri3Y of the tin-tin bond in hexaethylditin is practically identical with the average energy of the 
tin-carbon bond in this compound (50 kcal-mol-’ , see Table 1). 

A more complicated situation exists for the primary reactions involved in the autoxida- 
tion of ethyi(triethylsilyl)mercury64 and tris(triethylgermyl)antimony 6s*66 _ The autoxida- 
tion of ethyl(triethylsilyl)mercury is effectively inhibited by a number of inhibitors. Inves- 
tigations of the inhibited oxidation of this compound (as in the case of tetraethyllead, see 
above) have also enabled the nature of the primary reaction process to be deduced from the 

character of the induction period observed. The results obtained indicated that the primary 
reaction involved in the autoxidation of ethyl(triethylsilyl)mercury is first order with respect 
to oxygen and second order with respect to the initial OEC, the activation energy for the 
reaction being 20 kcal - mol-’ . 

Ethyl(trietbylsilyl)mercury is knowns2 to disproportionate on heating in accordance with 
the following stoichiometric equation. 

2EtsSiHgEt G Et* Hg + (Et3Si)Z Hg (28) 

On the other hand, it is also known that bis(triethylsilyl)mercury is oxidized by oxygen 
via a molecular mechanism (see above), and that diethylmercury when studied under con- 
ditions identical to those used in the autoxidation of ethyl(triethylsilyl)mercury hardly un- 
dergoes any reaction with oxygen. It has also been established that ethyl(triethylsilyl)mercury 
is not associated in hydrocarbons. On the basis of these data it has been predicted that the 
initiation process involved in the chain mechanism for the autoxidation of ethyl(triethyl- 
silyl)mercury involves a bimolecular reaction. 

2Et,SiHgEt * Et, Hg + Et,SiHg- + Et3Si- (29) 

In the autoxidation of tris(triethylgermyl)antimony, the process is even more complicated 
because of the association of the initial OEC. Monomeric tris(trietbylgermyl)antimony reacts 

with oxygen by means of a free-radical chain mechanism 65*66 _ In this study, data were also 
obtained indicating that the primary reaction in the autoxidation of monomeric tris(triethyl- 
germyl)antiinony involves the spontaneous fission of the initial OEC into radicals. 
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Before discussing these results in any detail it is advisable fust to consider the influence 
of specific solvation on the course of OEC interaction with oxygen. 

C. The influence of specific salvation on the bimolecular reaction between OEC and oxygen 

A considerable amount of data is now available regarding the very considerable influence 
of the medium on the course of OEC autoxidation. Thus there is evidence of solvent parti- 
cipation in autoxidation reactions of.organic compounds of Iithium r3, magnesium so, zin~~‘=~ 
mercury 3F3g~87@ and ah~minium~~. The strong infIuence of the nature of the solvent on 

the reaction product ratio has also been demonstrated for oxidation processes involving 
phenyllithium r3 ) 90, triphenyImethyLsodium9r~g2 , phenylmagnesium bromide5*~83Pg3*94 and 
t&n-butylborongs _ 

It has also been established% that the rate of autoxidation of 2_phenylbis(diphenylene)- 
.aIkyLsodium decreases in a series of solvents in relation to the increasing solvation ability of 

these solvents. 
Under ordinary conditions, phenylmagnesium chloride oxidizes slowly in chlorobenzene 

but additions of anisoi or dibutyl ether accelerate the reaction considerably27. Similar re- 
sults have been observed in the oxidation of diphenylmagnesium chloride” _ 

R-i-n-butylboron oxidizes at approximately the s’ame rate in anisol, cyclohexane, benzene 
and isooctane. In dibutyl ether, however, the reaction is slowergs. 

A number of workers20,40Pf00-103 have studied the influence of water on the oxidation 
of the trialkylboron compound. It has been shown that the presence of water has no effect 
on the oxidation of the first boron-carbon bond in tri-n-butylboron but inhibits the further 
oxidation of the oxy derivatives of the primary reaction 20. These results have not, however, 
been subsequently confmned‘r“~‘00~‘02. 

The autoxidation of the rrialkylboron compound is retarded on addition of di-t-butyl 
peroxide”, ammonia ‘04-ro7 and organic nitrogen compounds~~ .42,46,100 p 102.103,1~ F 108 7 109 

to the system. 
It has been shown that the oxidation of triethyIaIuminium is much slower in diethyl 

ether than in cyclohexane 35. 

As far as specific salvation effects on the reactivity of OEC’s towards oxygen are concerned, 

studies.of the influence of substances containing atoms with electron-donor properties on 
the autoxidation of OEC’s are of particular interest. In this connection it should be noted 
that intermolecular reactions involving hgands and OEC’s most commonly occur in a specific 

fashion. 
Unfortunately, however, most of the results mentioned above cannot be directly compared 

since they usuahy refer to the overall processes involved in the autoxidations. An exception 
to this is provided by the number of investigations which have been specifically undertaken 
in an attempt to provide information regarding the influence of specific salvation on bi- 

molecular reactions involving OEC’s and oxygen. Among these may be listed the data ob- 
tained regarding the relative reactivity of oxygen with respect to coordinatively saturated 
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OEC complexes with various ligands which are of great interest. Generally, such complexes 

are quite stable in air. Thus comparison of the non-solvated initial OEC complexes tricyclo- 

hexylboron piperidinate ‘06, trimethylgallium etherate”“*lll, trimethylgallium ammoniate”‘~“* , 

ammoniates of dimethylgallium chloride and methylgallium dichloride112 and triethyl- 

galIium ammoniate ‘I0 indicates that the latter are more stable towards oxygen. 

A number of other papers46Yg7-gg~113-“s give more detailed accounts of kinetic investi- 

gations of the influence of ligands on the reactivity of OEC’s towards oxygen. Thus it has 

been established 113-11s that the reactions of bis(triethylgermyl)mercury and bis(triethyl- 

silyl)mercury with oxygen, which as mentioned above normally proceed by a molecular 

mechanism, are effectively catalyzed by small additions of different compounds such as 

ammonia, amines, pyridine, alcohols, ethers, triphenylphosphine, water and hexaalkyl- 

dimetaloxanes of silicon, germanium, tin, etc. 

All these compounds can function as ligands as they contain atoms possessing electron- 

donor properties and they presumably act as such in oxidation processes since autoxidation 

of bis(triethylgermyl)mercury in the presence of a number of potential ligands (triphenyl- 

phosphine, hexaethyldigermanoxane, etc.) indicates that the ligand is unchanged chemically 

during the reaction 113Y114. 

This result provides convincing evidence that these ligands play an important role as 

catalysts, and indeed by use of the inhibitor method it has been shown that these catalytic 

processes proceed without the participation of free radicals1139”4. 

The kinetic characteristics of autoxidations undertaken in the presence of potentiai 

ligands are of interest- 

Thus, it has been shown 113-11s that the catalytic oxidation of bis(triethylgermyl)mercury 

in the presence of a number of ligands (triethylamine, pyridine, ammonia, triethylgermanium 

oxide, t-butyI aIcoho1) over smal1 values of fz* for the ligand follows first-order kinetics with 

respect to the initial OEC, first-order kinetics with respect to oxygen and first-order kinetics 

with respect to the ligand. 

Examples of such kinetic data are provided in Figs. Q-l 1 respectively. 

This kinetic behaviour suggests that the catalytic activity of the ligand involves the forma- 

tion of an OEC-ligand (L) complex under such conditions that a thermodynamic equilibrium 

is maintained between its concentration and those of the initial reactants i.e. 

(Et3Ge), Hg f L t (Et3Ge), Hg-L (30) 

(Et,Ge), Hg- L + O2 -+ Et3GeHgOOGeEt3 + L (31) 

Studies of the cataIytic oxidation of bis(triethylgermyl)mercury and its sibyl analogue in- 

dicated the absence of peroxides similar to those depicted in reaction (3 1) amongst the re- 

action products_ However, there was sufficient evidence to indicate that such compounds are 

formed as intermediates in the reaction. The fact that such peroxides are not amongst the 

final products of the reaction must be attributed to their high reactivity towards the initial OEC. 

* Here and elsewhere n represents the number of moles of &and (catalyst), L, per mole of initial OEC. 
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Fig. 9. Oxidation of bis(triethylsilyl)mercury in Fig. 10. Effect of oxygen pressure on the oxidation 
the presence of triphenylphosphine (n = 0.5) in 
n-octane at -lo* c:EC 0.03 (0); 0.05 (a) and 

of bis(triethyIsilyl)mercury in thegresence of tri- 

0.1 Cm) mol+l-’ ;P(02) 300 mmHg. 
phenylphosphine (n = 12) at -10 _ 

12 34n 

Fig. 1 I&Dependence of rate of catalytic oxidation of bis(triethylgermyUmercury in n-octane (co 0.1 mot-1-l) 
at -20 on the presence of additives, o, pyridine; a, triethylamine, o triethylgermanium oxide. 
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EtsGeHgOOGeEts + (EtsGe),Hg --t 2EtsGeHgOGeEt3 (32) 

Triethylgermyl(triethylgermyloxy)mercury is the main product of the autoxidation of 
bis(triethyigermyl)mercury at temperatures below 0” ~4. The addition of potential ligand 
catalysts to the oxidations of bis(triethylgermyl)mercury and its silyl analogue complicates 
both processes since this leads to the induced decomposition of the triethylgermyl(triethyl- 
germylperoxy)meicury and triethylgermyl(triethylgermyloxy)mercury present in the system. 

.EtsGeHgQOGeEts $: (EtsGeO)a + Hg (33) 

EtaGeHgOGeEts 2 (EtsGeh 0 + Hg (34) 

It has been established116 that the catalytic decomposition of triethylgermyl(triethyl- 
germyIoxy)mercury in the presence of a number of ligands (ammonia, triethylamine, tri- 
ethylphosphine, water, t-butyl alcohol) is first order with respect to the initial dimetaloxane 
and to the ligand added to the system. Thus, the use of the inhibitor method indicates the 
absence of free-radical.initiation in this reaction. 

On the basis of these results it has been proposed that the mechanism of the catalytic 
action of ligands in reactions such as those depicted in equations (33) and (34) is similar 
to the internal nucleophiie effect lr7 on the intermolecular nucleophilic coordination of 

oxygen to the germanium atom. 

EtgGeHgOGeEtg -i-L----, 

Et2Ge-----O,-GeEt3 

- >y 

L 

- CEt,Ge),O •i- Hg + L 

During the catalytic oxidation of bis(triethylgcrmyl)mercury and its silyl analogue, in- 
creasing competition of reactions such as (32) (33) and (34) (depending on the reaction 
conditions) has an appreciable effect on the respective yields of triethylgermanium peroxide 
and triethylsilicon peroxide (Table 2) 

The use of ligands as catalysts in the oxidation of OEC’s is accompanied by a decrease in 
the activation energy of the process in comparison to that of the uncatalyzed autoxidation. 
For example, the oxidation of bis(triethylgermyl)mercury in the presence of ammonia (n = 
0.25) exhibits an activation energy of 6.8 kcal-mold* as against a value of 13-7 kcal -mole’ 

for the uncatalyzed autoxidation of this OEC ‘13 _ 

Reports have been publishedg81W presenting data related to the catalytic effect of ethers 
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TABLE 2 

Yield of (EtsE)* (E = Ge, Si) obtained during the oxidation of (Et3Ge)zHg or (Et$%)zHg in the presence 
of ligands c?EC 0.1 ml-~-’ 

n Reaction 
temperature PC) 

Yield (mol. %j 

(EtsGe)zHg NH3 10 -50 81 

(EWdzHg 
(Et$WzHg 
(Et3SiM-k 

(Et$W&g 

(Et$iMig 

NH3 4 -21 19 

NH3 0.1 -20 traces 
W-W 17 -20 10-30 
CsHsN 1 -20 traces 

t-C4Hg0H 17 -20 traces 

(over the region n = 0 to 1) on the oxidation of unsolvated organomagnesium compounds. 
in this case it has been shown that the initiation reaction in the catalyzed oxidation is free 

radical in nature. However, this does not affect the rate-determining stage in the reaction 
which corresponds to the bimolecular reaction of the initial OEC with oxygen’* _ 

These same authors have shown that the oxidations of diphenylmagnesium in chloro- 
benzene and of diphenylmagnesium-phenylmagnesium bromide in toluene are catalyzed 
by a variety of ethers added to the systems. The influence of these catalysts was shown to 
decrease in the order: (n-C4Hg)2 0 > Et2 0 > 1 &dimethoxyethane > tetrahydrofuran > 
PhOCH3 > (i-Pr)2 0 > PhOEt. 

This sequence does not correspond to any decrease in the basicity of the ethers and the 
authors atrribute the effect to steric reasons. 

These investigators also showed that the catalytic action of the ethers studied is only ef- 
fective up to an n value of 0.5 or 1 depending on the nature of the ether. This behaviour is 
associated with the formation of OEC-ligand complexes with a definite composition. 

It is interesting to note that in addition to the formation of OEC-ether complexes whose 
reactivity towards oxygen is greater than that of the unsolvated OEC, magnesium halides 
and oxidation products containing magnesium have an inhibiting effect-on the rate of inter- 

action of diphenylmagnesium with oxygen%. 
In a similar manner the rate of oxidation of the diphenylmagnesium complex in the 

presence of phenyhnagnesium bromide is less than that of unsolvated diphenylmagnesium; 

Data concerning the catalytic oxidation of bis(triethylgermyl)mercury in the presence of 
a number of ligands and over a wide range of n have also been reported 114p115. As mentioned 
above, &hen n is small (over the range 0.5-2, depending on the nature of the ligand) the 
oxidation of this OEC proceeds via the formation of an OEC-ligand complex such that a 

thermodynamic equilibrium is maintained between the concentration of the complex and 

those of the initial reactants. Further increase of ligand content (increasing n from 0.5 up 
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Fig. 12. Influence of n triphenylphosphine on the rate of catalytic oxidation of bis(triethylsilyl)mercury 
in u-octane (co 0.1 mol-1-l) at -loo_ 
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Fig. 13. Dependence of Nmax. (cl) for the catalytic oxidation of bis(triethylgermyl)mercury in n-octane 
on the value of n t-butyl alcohol t -20°, P(Oz) 300 mmHg. The points 1,2,3,4, . . . 13 have been ob- 
tained with (0EC)o respectively equal to 0.0558,0.0551,0.0545,0.0533,0.0527,0.0515,0.0493, 
0.034,0.0464,0.0455,0.0323,0.0318 and 0.019 mol-1-l and CL),-, respectively equal to O-127,0.252, 
0.371, 0.603, 0.718, 0.937, 1.347, 1.63, 1.905,2.061, 1.630, 1.731 and 1.142 mol.1-I. 
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to 1.5 and from 2 up to 15 when triphenylphosphine and t-butyl alcohol are used respectively 
as ligands) leads to a negative kinetic effect”47115 _ 

The results depicted in Figs. 12 and 13 are the fust examples described which illustrate 
the change in the catalytic effect when the n value of the ligand is increased. 

The negative effect of the ligand may be associated with the decrease in the coordination 
capacity of the heteroatom in the OEC towards specific ligand solvation 114~115. 

In the oxidation of bis(triethylgermyl)mercury in the presence of t-butyl alcohol lx’, the 
rate of the reaction of OEC with oxygen continues to increase even at n values greater than 
12. This behaviour is’due to the tendency for the ligand to associate at increasing values of 
n and for the catalytic activity of the associates to increase with increasing molecular weight. 

Data have also been reported 72 regarding the autoxidation of dimethylcadmium. The 

results obtained for this compound suggest that in this case the primary reaction involves 

birnoIecuIar reaction between the OEC and oxygen_ In this connection it is interesting that 
pyridine catalyzes the oxidation of dimethylcadmium in isooctane 12 _ Unfortunately, how- 
ever, the results reported do not extend over a particularly wide range of n values. 

D. The mechanism of the primary reaction in OEC autoxidation. The influence of the nature 

of the OEC, the reaction medium and the electronic state of the oxygen added 

The results of the experimental investigations considered above indicate that the nature of 
the OEC plays an important role in the mechanism of the primary reaction involved in the 
autoxidation of these compounds. 

A comparison of the possible primary reactions involved susests that the bimolecular 

heterolytic nature of this reaction involving direct interaction between the OEC and oxygen, 

as opposed to the spontaneous fission of the OEC into radicals, should increase as the ef- 
fective electronegativity (x) of the OEC heteroatom decreases and as the value of x for 
oxygen increases (as occurs for example when oxygen is substituted for ozone)_ That such 
behaviour does occur is demonstrated by a comparison of the results of studies of the primary 

reactions which occur during the autoxidation and ozonization of a given OEC. 
The great affinity of ozone for an electron (2.89 eV in comparison with 0.87 eV for 

oxygen ‘) gives rise to a heterolytic mechanism for the ozonolysis reaction of OEC’s”*, 
which does not occur during the corresponding reaction with oxygen. 

It is well known’1g~‘20 that the mechanism of the reaction of an OEC with ozone may 
be represented as a succession of individual steps. 

(i) Coordination of ozone to the OEC heteroatom_involving interaction between the elec- 
trophilic centre of ozone and the vacant atomic orbitals of the heteroatom. 

(ii) Electrophilic attaclc on the element-carbon bond by the coordinated ozone. 
(iii) Transformation of the intermediate trioxide. For example, with ethyl derivatives 

of the non-transition elements of Group IV the reaction mechanism involved may be depicted 
by the following scheme 11g*120 : 
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Fig. 14. Dependence of log K for the ozonolysis Fig. 15. Dependence of log K for the ozonolysis of 
of EtGE (where E = Si, Ge, Sn or Pb) on the x EtaEEEta (where E = Si, Ge, Sn or Pb) on the x 
value of the heteroatom. value of the heteroatom. 

I 
Ety_n EX, 4. 03 - ;E- 

t LCH2CH3 - 

(36) 

H-CHCHJ 

-I I, - 
101 

f EOoH + CH,CHO 

--l,/’ 

From such a mechanism it follows that the relative reactivity of ozone towards OEC’s 
which are equivalent wi$ respect to available vacancies in heteroatom coordination capacity 
may be related to the x value for the OEC heteroatom. The presence of such a correlation 
which may be expressed by an equation similar to the Hammett-Taft equation has been 

*The x value for a given OEC heteroatom (general formula E C H 
the eqrra&on x = b + m + k&$*mx& (Sanderson’s method8rm ’ 

) may be calculared through use of 
) usrng elements in accordance with Gordy’s 

system - 
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TABLE 3 

The dependence of the mechanism of the primary reaction in the autoxidation of OEC on the x value of 
the OEC heteroatom 

OEC XU Nature of p&nary reaction 
mechn~m 

Reference 

EtaCd 2.162 

CEtsGeIa Hg 2205 

@tsSDzHg 2.207 

E:,TL 2.211 
EtsSiHgEt 2196 
n-Pra Hg 2.195 

WrsGe)zHg 2.226 

EtsSnSnEts 2.230 

(EtsG&Sb 2.232 
Et& 2.236 

Bimolecular reaction with oxygen 57 
Bimolecular reaction with oxygen 54,55 

Bimolecular reaction with oxygen 54,55 

BimoIecular reaction with oxygen 56 

Spontaneous fusion of OEC 64 

Spontaneous fssion of OEC 63 

Spontaneous fission of QEC 58 

Spontaneous fsion of OEC 59 

Spontaneous fission of OEC 65,66 

Spontaneous fusion of OEC 60 

Q The x value of the OEC heteroatom has been calculated in the same way as that employed for the data 
relating to the ozonolysis of OEC (see Figs. 14 and 15). 

established for EtqEZU.rN and E&E, ‘~4 where E = Si, Ge of Pb (Figs. 14 and 15). This re- 
lationship is only broken down on successive substitution of ethyl radicals by halide or ox- 
ygen fragments, a process which disturbs the d,,--~~ conjugation in the molecule lX712’. 

These rest&s suggest that the nature of the mechanism involved in the primary reaction 
for the autoxidation of OEC may also depend on the x value of the OEC heteroatom. The 
results reported in Table 3 support this suggestion. 

From fJe tabie it may be seen that a change in the mechanism of the primary reaction 
occurs as the x value of the OEC heteroatom increases, bimolecular interaction with oxygen 
occurring at low x values while spontaneous fission of OEC into radicals occurs at high x 

values. This means that the probability of bimolecular interaction of OEC’s with oxygen 
increases as the effective electronegativity of the OEC heteroatom decreases (electronegative 
effect)_ 

The x value at which the change in mechanism occurs, obviously varies when different 
OEC’s are compared. This follows from the possible appearance of steric effects, from dif- 

ferences in the bond energies of the E-C bond depending on the nature of the OEC (see 

Table 1) as well as on other factors (thus in the autoxidation of ethyl(triethylsilyl)mercury, 
for example, the mechanism of the primary reaction is complicated by an intermolecular 
reaction involving the initial OEC). 

The heterolytic molecular reaction of OEC’s with oxygen apparentIy proceeds in suc- 
cessive stages which in accordance with the autoxidation and ozonolysis data available for 
these compounds are (a) coordination of oxygen to the OEC heteroatom via the p electrons 
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of the oxygen and the vacant atomic orbitals of the heteroatom and (b) electrophilic attack 
on the element-carbon bond by the coordinated oxygen. 

This mechanism may be depicted by the following scheme: 

RmE -I- 02 - Rm_, E-R - 

P (37) 

@--~I 

R,,,_, F----F . 

--II 
R,_, EOOR 

: : 
1 l&-O_- R,_,EOO- + R* 

Specific salvation of OEC by compounds containing atoms with electron-donor proper- 
ties decreases the effective electronegativity of the heteroatom through the formation of 
complexes containing a donor-accpetor heteroatom-ligand bond. In this way OEC-ligand 

complexes are formed which have higher reactivities towards oxygen than the initial OEC. 
The heterolytic mechanism for the interaction between OEC’s and oxygen or ozone 

(reactions such as those depicted in equations (36), (37) and (38) suggests that the extent 
to which catalysis of oxidation or ozonolysis reactions occurs through addition of ligands 
is also dependent on the availability of vacant coordination sites on the OEC heteroatom 
(coordination capacity effect). 

Results which provide convincing evidence for the existence of this effect have been ob- 
tained during investigations of the catalytic effect of ligands on the bimolecular reaction 
between OEC’s and oxygen as well as from studies of the ozonolysis of OEC’s. 

It has been noted1r4-rr5 that the filing of vacant coordination sites in the heteroatom of 
a given OEC by ligands leads to a negative kinetic effect. This also provides a possible reason 
for the relatively greater stability towards oxygen of OEC complexes which are coordinately 
saturated with ligands in comparison to unsolvated OEC’S’~‘~.~~“~. 

The formation of the coordinately saturated complexes on ozonolysis of triethyltin 

chloride (EtClSnO * EtaSnC1. O3 and EtClSnO - Et,SnCI lz8) and diethyltin dichloride 
(EtCl, SnOOH - Et2 SnC12 I*‘) is responsible for the high stability of organotin fragments 
containing one, two and even three tin-carbon bonds towards ozone. 

A similar result has been obtained from an investigation of the ozonolysis of a number of 
other ethyl-lead and -tin derivatives’“-r3r _ 

In the heterolytic reaction between OEC’s and oxygen (or ozone), the coordination 

capacity effect and the electronegativity effect appear in successive stages. Hence despite a 
hi& value for the effective electronegativity of a given OEC heteroatom, on coordination 
to the heteroatom oxygen (or ozone) may be unable to undergo rapid electrophilic attack 

on the heteroatom-carbon bond and this would lead to the second stage in the process 

being very slow. 
In this case, an accumulation of the reversible OEC-oxygen (or OEC-ozone) complex 
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would occur in the system, This behaviour has been observed for chelates of the trans 
metals 134 but a simiiar situation reported earlier for tri-n-butyiboron complexes135 h, 
subsequedtly been disproved “. More recently , however, fairly convincing evidence of 
formation of a reversible OK-oxygen complex has been obtained in a study of the al 
dation of diethylcadmium 13’. 

The autoxidation of diethyfcadmium in paraffm hydrocarbons proceeds readily at I 
atures above -SO”, with up to two moles of oxygen being absorbed per mole of initial 
depending on the initial concentration (ce) of dietbyfcadmium and the reaction tempe 
For example, at -40° and co 0.04 mol-1-r two moles of oxygen were absorbed per ma 

initial OEC (IV = 2) 13’. 
Immediately after uptake of oxygen the reaction mixture consists of a homogeneou: 

solution which precipitates a solid on standing. AtN = 2, this solid is diethylperoxycad 
Before the formation of the solid diperoxide, it has been shown that the diethylcadmiu 

forms a reversible complex with oxygen. This is supported by the following observation 
if oxygen is pumped out of such a reaction mixture, free OEC is obtained once more WI 
is capable or‘ recombining with oxygen to form a complex in which the ratio of OEC/ox 
lies in the range up to I/2. Using the same soIution of diethylcadmium, this procedure c 
be repeated successively several times_ 

The resulting I/2 diethyIcadmium-oxygen complex exhibits a sharp absorption banr 

276 nm which disappears either on “pumping” out the oxygen from the system or on c( 
version of tie complex to the diperoxide (precipitation). 

From the kinetics of the transformation of the complex to the diperoxide (the experi 
being conducted in quartz reaction vessels), it appears likely that this reaction is heterogc 
and occurs on the walls of the reaction vessel. The activation energy obtained for the re- 
arrangement was 9 kcal -noI-’ and quite small additions of substances containing atoms 
electron-donor properties catalyze the process_ It should be noted that the formation of 
similar reversible OEC-ozone complex had been established eariier during the ozonoiysie 
of triethyltin chloride’2a. 

From this it appears that the mechanism of the primary reaction in the autoxidation c 

OEC is dependent on the nature of the OEC, the electronic state of the oxygen added to 
system and the nature of the medium. Other things being equal the probability of a bi- 
molecular heterolytic interaction between the OEC and oxygen increases as the electrone] 
tivity of the heleroatom in the OEC decreases or on an increase in the electronegativity oi 
oxygen (i.e. replacing oxygen with ozone), 

Specific salvation of OEC’s by ligands leads to the successive appearance ofpositive an 
negative kinetic effects, the first being caused by a decrease in the eiectronegativity of the 
OEC heteroatom while the second is attributable to the influence of the ligand on the coo 
dination capacity of the heteroatom. 
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III. THE PRINCIPAL INTERMEDIATE PRODUCi’S FORMED DURING THk AUTOXIDATION OF 
OEC’s 

A. Organoelemettt peroxides 

OrganoeIement peroxides are found amongst the autoxidation products both when the 
primary reaction proceeds heteroiyticaiiy and homoIytically. 

If the primary reaction proceeds heterolyticaily and reaction (37) is the principal reaction 
then the corresponding organoelement peroxide is the major molecular product after the 
reversible OEC-oxygen complex of the reaction. 

If the primary reaction proceeds homolytically, or if this reaction is heterolytic and 
reaction (38) is the principal reaction, the formation of organoelement peroxides is governed 
by the considerable tendency of OEC’s to undergo bimolecular homolytic substitution re- 

actions with peroxy radicals. Such free-radical substitution reactions have been reviewed 

previously by IngoId and Roberts’. 
The nature of the overall process in the autoxidation of OEC’s is very dependent on the 

properties of the organoeIement peroxides formed as intermediates. In this connection it 
is interesting to ccnsider the possible transformation routes of osganoelement peroxides in 
the autoxidation of OEC’s. 

The most common organoelement peroxides known to date are those of the type 
‘R,_,E(OOR’), where m is the valency of the heteroatom. 

The route by which these peroxides are transformed depends both on their nature and 
on the medium. In hydrocarbon solvents and when R’ is a tertiary radical, the corresponding 
peroxides decompose by homolytic breakage of the oxygen-oxygen bond*_ This fact has 
been established through studies of both the kinetics and the products of the thermal de- 
composition of peroxide derivatives of silicon 138-145, germanium I41 , tin’4’7’46-148, lead14’ , 

mercury r4’ and phosphorus rse. 
Recently, data have been reported Iso which suggest that the homolytic decomposition 

reactions of these peroxides are % competition with bimolecular reactions between the 
peroxides and the solvent. Thus L\e primary reactions involved in the thermal decomposi- 
tion of such peroxides (for example, those of the non-transition metals in Group IV of the 
Periodic Table) in hydrocarbons are thought to involve the foUowing’5o : 

R$OOR’ ___s R&O- f R’O- 
W) 

R+OOR + R’H - R’OH + fR+O- 1 6’ ) (40) 

* 
This mode of decomposition for OEC peroxides has been assumed by a large number of investigators 
on the basis of indirect data. In the discussion below, however, only studies in which the mechanism 
of the decomposition of the peroxide OEC has been SpecificaUy investigated, are considered. 
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-E 
R3EOQR’ (41) 

{R3EO-. a*) R$O + RR’ (42) 

R3EO’ + ic= (43) 

With the organosilicon peroxides (CH,), Si-OOC(CHs), (Ce H5)s _n it has been 
established 144 that the magnitude of the rate constant for the homoiytic decomposition 
of the peroxide increases as the value of n increases and also increases in the series of sol- 

vents n-nonane < toluene < isopropylbenzene < &sole < dioxane. 
In addition to reactions (39) and (40), the peroxides are also capable of intermolecular 

rearrangement to form isomeric products which do not contain active oxygen. 

R’EX,_, 
I + 1R’W@W,_, 

O-OR 
(4.4 

Such rearrangements have been observed in studies of the decomposition of peroxides 
of boron =,4%42,136,1=, ,&muum 35,152, &icon 14% 145, tin 147 and maony 152-154 _ 

The presence of intramolecular rearrangements in some cases does not exclude the simul- 
taneous homoiytic decomposition of the peroxide. In this respect the results obtained from 
investigations of the thermal decomposition of t-butylperoxydiethylphosphate, t-butyl- 
peroxyphenylethylphosphate, t-butylperoxydibutylphosphate and t-butylperoxydiethyl- 
phosphate in n-nonene are of interest 156-158. In all these cases it has been shown that the 
organophosphorus peroxides simultaneously undergo homolytic decomposition and hetero- 
lytic rearrangement to isomeric products which do not contain peroxo groupings. 

If the t-butylperoxy radicals are replaced by cumylperoxy or s-butylperoxy and if n- 
nonane is replaced with a solvent capable of dipole-dipole interactions, this leads to an 
increasing tendency for heterolytic rearrangements to occur. 

Peroxide derivatives where R’ is either a primary or a secondary radical are also of interest. 
From studies of the behaviour of ethylperoxydiethylthallium56 and s-butylperoxytriethyltin lsg, 
it has been shown that in this case intramolecular rearrangement occurs involving interaction 
with the hydrogen of the o-carbon atom. 

Et, TlOOEt + Et, TlOH + CH3 CHO (45) 

EtsSnOOCH(CHs)C2 H5 + Ets SnOH + C2 Hs COCHs (46) 

Decomposition of the corresponding peroxides in the original OEC as the solvent medium 
is also particularly interesting. 

As mentioned above, it has been-widely held 13-x that interaction between the intermediate 
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organoelement peroxide and the OEC from which it is derived proceeds during autoxidation 
by a mechanism similar to that proposed by Wuyts” 

R ,_,EOOR+RrrrE-+2R,_,EOR (47) 

More recently, however, data have been reported which indicate that the interaction is 
somewhat more complicated. Thus Hansen and Hamann 68*160 have suggested that the inter- 
action of triethylboron with ethylperoxydiethylboron involves the formation of a radical 
couple which is capable of reacting via two routes. 

Et,B + Et,BOOEt - Et$OEt 
+i ‘I 

Et-. Et&l 0 (48) 

[Et-, Et@] --lx 
Et,BOEt 

Et= + E-0’ 

(49) 

(50) 

This suggestion has been supported by a number of other investigations46*‘6”‘62 

It has been shown’63 that the decomposition of t-butylperoxytriethyltin in tetraethyltin 
is not complicated by reactions such as that depicted in (47) but that on replacing tetra- 
ethyltin by hexaethylditin as a solvent such a reaction occurs. 

Elsewhere 164 it has been shown that reactions such as (48)-(50) occur when t-butyl- 
peroxytriethyltin is decomposed in the presence of diethyltin oxide. 

The results of a recent study indicate that the peroxide products of the autoxidation of 
OEC are capable of producing self-inhibition of the reaction between the initial OEC and 
oxygen through the formation of donor-acceptor type complexes with the initial OEC. 
Such behaviour has been observed in an investigation of the autoxidation of diethylcadmium 

in hydrocarbon solvents 175. 
In comparison with the above-mentioned peroxides, those of the general formulae 

R,_, EOOER,,_, and R,_, EOOE’R,_, have been less well studied. The kinetics and prod- 
ucts of the thermal decomposition of triethyltin peroxide in n-nonane, as well as in a mix- 
ture of hexaethyltin with n-nonane, have been studied in an attempt to assess the ability of 
this peroxide as an initiator in radical processes, i.e. the polymerization of methylmetha- 
crylate, autoxidation of hexaethylditin, etc. It has been found that the thermal decomposi- 
tion of this peroxide proceeds via two routes; spontaneous homolytic fission and rearrange- 
ment into non-peroxide products 

2 Et,SnO- 
(51) 

Et,SnOO5nEt, 

EtjSnOEt + EQSnO (52) 
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In the presence of hexaethyfditin, interaction of peroxide with the organotin compound 

occurs both by a molecular and a radical mechanism. 

r” 21Et3Sn)20 (53) 
E~SnOOSnEt3 + Et3SnSnEtj -L- V3+-1)~0 + Et$nO- i- Et.@-i (54) 

Et$n’ + EtjSnOOSnEtj - CEt+l)*O + EtJSnO’ (5% 

Et;;nd + EtginSnEt, - Et$n&O + Et$m’ (W 

Et+O’ + Et$-l’ - tEt-,SnJpO (57) 

Thermal decomposition of trimethylsilylperoxy(triphenyl)silane involves isomerization 
to form a non-peroxide product ‘6g _ 

Phs SiOOSi(CH3)3 + (PhO)Ph, SiOSi(CH3)3 (58) 

Increasing the dielectric constant of the solvent increases the rate of the reaction and de- 
creases its activation energy (see Table 4). 

In the s&es PhsGeOOSiPh,(CHs)s_,, the value of the rate constant for isomerization 
which occurs via a reaction similar to (58) increases linearly as x increasesrm . 

IIydroperoxides of organoelement compounds have been the least studied of all OEC 
peroxides. It has been pointed out l’i that trimethylsilyl hydroperoxide disproportionates 

even under bormal conditions to form trimethylsilyl peroxide and hydrogen peroxide. 

2(CH&SiOOH + (CH&3iOOSi(CH3)a + Hz O2 (5% 

ElsewhereIn it has been shown that triethyltin hydroperoxide may be stabilized as the 
perhydride. 

2Et,SnOOH + H, O2 + (Et3SnOOH)2 - H2 O2 (60) 

Results of studies of the thermal decomposition of trimethyltin hydroperoxide In in& 

TABLE 4 

The idhence of the dielectric constant (e) of the solvent (RH) on the rate constant for the isomerization 
of P&SiOOSiKH3)3 169 

RH E(20°) k x 105[?J E(kcal-rnd') 

Heptane 1.92 26.6 28 

Isopropylbenzene 2.38 31.6 27.6 

AIliS 4.33 35.7 27.1 
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cate that this hydroperotide may transform in two ways, one involving the liberation of 

oxygen and the other not. 

r- 
(CH$,SnOH + ‘ho, 

(61) 

tCH31sSnOOH 

*,CH3&Sn0 + CH30H (62) 

The decomposition of triphenylsilicon hydroperoxide is assumed to proceed via a radical 
mechanism ~4. 

Ph3SiOOH + PhsSiO- + HO- (63) 

PhsSiO’ + Phz SiOPh (64) 

Ph2 SiOPh -t HO’+ PhzSi(OPh)OH (65) 

Thus, organoelemental peroxide compounds formed as intermediates during the autoxi- 
dation of OEC’s are able to transform either by means of a homolytic or a heterolytic mech- 
anism depending on the nature of the peroxides, the nature of the initial OEC and on the 
solirent. 

8. Oxygen-containing non-peroxide OECS 

From general considerations it is possible to arrive at some conclusions regarding the 

influence of oxygen-containing non-peroxide organoelemental reaction products on the rate 
of autoxidation of the initial OEC. 

To date, however, reliable data are only available regarding two possible influences of 
these products. 

Firstly, these materials should be capable of specifically solvating the initial OEC and 
thereby influencing its subsequent autoxidation and secondly these materials may be capable 
of interaction with any free radicals which may be generated during the reaction. 

The influence of solvation on the reactivity of OEC’s towards oxygen has been considered 
above. Here only data relating to the interaction of oxygen-containing non-peroxide organo- 
elemental compounds with free radicals in the autoxidation of OEC will be considered. 

It has been shown 166 that differences between the kinetic features of the autoxidation 
of hexaethyldilead in comparison with that of hexaethylditin may be associated with the 
distinctive role of triethyllead oxide which is formed as an intermediate in the first reaction. 

It has been established “67177 that the influence of triethyllead oxide on the autoxidation 
of hexae-Lhyldilead involves disproportionation of the oxide. 

Investigation of the products and of the kinetics of the thermal decomposition of triethyl- 
lead oxide 1777178 enables the following scheme to be susested for the mechanism for this 

reaction. 
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2(Et;Pb)sO + Et,Pb + EtaPbOPbEt, OPbEt, (66) 

(EtsPb)aO + EtsPbOPbEt20PbEt3 --f ‘EhPb + EtgPb(OPbEt,)20PbEt, (67) 

(Et;Pb)20 f EtePb(OPbEt&OPbEtB + EbPb + Et,Pb(OPbEt,),OPbEt, (68) 

etc. 

- (OPbEt& - -+ - (OPbEt&-1 OPbEt - + Et’ (6% 

Generation of. free radicals by the disproportionation of triethyllead oxide leads to de- 
generate branching of the chains during the autoxidation of hexaethyldilead. 

It has been shown ‘TJ that ethyllead hydroxides formed as the products of the autoxidation 

of tetraethyllead considerably accelerate this free-radical chain process. 

Examination of these hydroxides has establishedzm that their effectiveness as accelerators 

may be attributed to their readiness to disproportionate and to generate free ethyl radicals. 

2EtaPbOH + EbPb + Et,Pb(OH), 

2Et,Pb(OH), 9 Et,Pb + EtPb(OH), 

EtPb(OH)S --f Cz H4 + 2H2 0 + PbO 

2Et, Pb(OI& + PbOz + Etc, Pb + 2H2 0 

Et* Pb(OK), + Et, PbO + H2 0 

Etz PbO + PbO i- 2Et’ 

2Et. + GIL H4 + Cz H6 
. 

2Et -+CaHre 

(70) 

(71) 

(72) 

(73) 

(74) 

(75) 

(76) 

(77) 

From an investigation of the autoxidation of di-isopropylmercury it has been established38y3s 
that degenerate branching in this system may be attributed to isopropylmercury isophosphate 
which is formed as an intermediate. In fact, data available regarding the thermal decomposi- 
tion of this compound indicate that isopropylmercury isophosphate also functions through 
the generation of free radicals’*i . 

IV. PECULIAR FEATURES OF THE AUTOXIDATION OF OEC’s 

A. Processes which proceed according to a molecular mechanism 

A molecular mechanism for the liquid-phase autoxidation of the OEC concerned has been 

established in the oxidation of diethylcadmium5’, bis(triethylgermyl)mercury”‘55, bis(tri- 
ethylsilyl)mercury s4*55, triethylthallium 56 and bis(triphenylgermyl)mercury I**. 

In all these cases the influence of ligands in the specific solvation of the OEC isvery pro- 
nounced”4Y”5. 

A general scheme for the autoxidation of OEC’s via a molecular mechanism may be il- - 

lustrated by considering the case of bis(triethylgermyl)mercury. 



LIQUID-PHASE AUTOXIDATION OF COMPOUNDS OF NON-TRANSITIONAL ELEMENTS 31 

(EtsE)sHg+ O2 Z [(EtaE)aHg-021 --, Et,EHgOOEEt, 

k'; 

Et,EHgCOEEt, + (Et3E)2Hg-t %t,EHgOEEt, 

EtsEHgOEEt, j (Et3E)z 0 + Hg 

k; 

(EtsE)z Hg + L 2 [(EtsE)z Hg - L] 

k2” 

(78) 

(79) 

(go) 

(81) 

where L is (Et3E)z 0 or any aother active additive. 

[(Et, E)z Hg - Ll + 02 2 EtsEHgOOEEt, -L (82) 

EtsEHgOOEEt, - L + (Et,E),Hg 3 Et,EHgOEEt, - L f Et&HgOEEt3 . (83) 

Et,EHgOOEEt, - L d Et,EOOEEt, + Hg + L (84) 

EtaEHgOEEt, -L+ Et3EOEEt3 f Hg + L 

EtsEHgOOEEt, 4 EtsEOOEEt, + Hg + L 

EtsEHgOEEt, 5 Et,EOEEt, + Hg + L 

The rate of oxygen uptake may be expressed by an equation of the form: 

(85) 

(86) 

(87) 

w = k; [OEC] [O, I + ks [O, 1 
k; EOECI WI 

k2” +ks[Ozl 
(88) 

where k’, , k;, k;’ and k3 are the rate constants for the interaction of oxygen with the OEC, 

for the formation and decomposition of the complex OEC - L and for the interaction of 

oxygen with this complex, respectively; [OEC] , [O, ] and [L] are the concentrations of the 

initial OEC, oxygen and the ligand catalyst. 

In the absence of catalytic processes involving the Iigands the rate equation takes the 

form: 

w = k: [OEC] [O,] (89) 

An example of this state of affairs occurs in the autoxidation of bis(triphenyIgermyl)- 

mercury ‘s’. 

When considerable autocatalysis as well as catalysis involving additives occurs the rate 

equation may be written as 

k; COECI [L] 
ru=k3[02] 

k; +ka[Ozl 
(90) 

If kq 9 k3 [Cl, 1, the concentration of the complex OEC - L may be put equal to the 

thermodynamic equilibrium value and w = k3 - ki/kz - [OEC] [L] [Oz 1. 

An example of this occurs in the catalytic autoxidation of bis(triethylgermyl)mercury in 

the presence of a number of ligands 113y114. 
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If ki Q k3 [02 1, the concentration of the complex OEC - L is not the thermodynamic 

.equilibrium value and w = ki [OEC] [L] _ 

This occurs in the autoxidation of bis(triethylgermyl)mercury (where autocatalysis occurs 

via tr-iethylgermanium oxide34,55). 

Various complications arise in the kinetic treatment if association of the OEC or the 

Iigand occurs or if the degree of association i-rfluences the catalytic activity of the ligand. 

The kinetic analysis of the cataIysis of the oxidation of bis(trietliylgermyl)mercuxy by 

t-butyl alcohol, present as associates in different ratios, leads to the following scheme for 

the process”’ _ 

Li_, + LZ Lj (91) 

Li + (EtsGe), Hg Sr [(Et3Ge)s Hg - Li] (92) 

[(EtsGe),Hg - Li] + O2 + Et3GeHgOOGeEts - Lj (93) 

EtsGeHgOOGeEts - Lj + (Et3Ge)l Hg + EtsGeHgOGeEts - Lj + EtsGeHgOGeEts (94) 

EtsGeHgOOGeEts - Li --t EtsGeOOGeEts + Hg + Li (95) 

EtsGeHgOGeEts * Li += EtsGeOGeEts + Hg + Li (96) 
Li EtsGeHgOGeEts + EtsGeOGeEts + Hg (97) 

In the general case, the above scheme leads to a very complicated expression for the 

overah rate (IV)_ However, if reaction with oxygen is assumed to be zero order*, the resulting 

expression for w is relatively simple. 

(Qk2j)- [Ll' 
W = Zk,j [OEC] IT-’ 

W&i 
i 

+ WOW ) 
(98) 

where [OEC] , [L] , kzj, k& and k,i are respectively the concentrations of bis(triethylgermyl)- 

mercury and the ligand catalyst and the rate constants for the formation and decomposition 

of i-merit associates as depicted in equation (91) and for the interaction of i-merit associates 

with bis(triethylgermyl)mercury as depicted in equation_(92). 

Recently, results have been reported”’ suggesting that under the above conditions 

k,i[OEC] S [k;j] in this system. Under these conditions and also assuming that the reaction 

has not proceeded to any great extent ([OEC] = [OEC] 0), if the concentration of ligand 

employed is a simple multiple of the initial ligand concentration ([L] = a[L] 0 ; e = constant) 

then the expression for the relative rate of oxidation of bis(trietbylgermyl)mercury takes 

the form: 

N = Caini 

* It has been estabLished ‘I5 that the oxidation of bis(triethyIgermyl)mercury in the presence of t-butyl 

alcohok zero order in oxygen when the degree of association of the alcohbl is greater than unity- 



LIQUID-PHASE AUTOXIDATION OF COMPOUNDS OF NON-TRANSITIONAL ELEMENTS 33 

where ai= k,i (99) 

Equation (99) corresponds to the relationship established experimentally for the depen- 
dence of the relative rate of oxidation of bis(triethylgermy1)mercur-y on the ratio of ligand 

catalyst, n, in the system”‘. 

B. Processes which proceed by means of a free-radical mechanism 

Detailed-data are now available for the free-radical chain processes involved in the liquid- 

phase autoxidation of tetraethyllead60*61”79, hexaethyldilead rB, hexae’hylditinr83 and a 
number of organoboron compounds4’4 _ 

The formal kinetic characteristics of these processes are similar to those described in the 
literature for the liquid-phase autoxidation of hydrocarbons6. 

The autoxidation of tetraethyllead, at least in the early stage, proceeds60*61 according 
to the relation 

N=a-dP* (100) 

where a is a proportionality constant, cp is an autocatalysis factor and t is the tune of reac- 
tion. 

The temperature dependence of the autocatalysis factor may be depicted by the equation 

cp = 6.3 X 10” - exp (-25500/RT) (S’) (101) 

The factor cp at the temperature normally employed for the autoxidation of tetraethyl- 
lead (80-100°) has an average value of 1U4 S’ which is similar in magnitude to the value 
of the autocatalysis factors for the degenerate branched-chain processes involved in the 
autoxidation of hydrocarbons ~4. 

Degenerate chain branching occurs in the early stages of the autoxidation of tetraethyl- 
lead and results in the formation of the peroxide product found in this reactionrB . 

Davies and co-workers46 have made a detailed study of the kinetics of the free-radical 
chain processes involved in the autoxidation of some organoboron compounds (tri-t-butyl-, 
tri-s-butyl- and tri-n-butylboron, di-n-butyl (aUcoxy)boranes, n-butyl(dialkoxy)boron, etc.) 
in isooctane in the absence and in the presence of pyridine as a ligand capable of complexing 

with organoboron compounds. 
For those organoboron compounds whose kinetic behaviour has been studied adequately, 

it has been established that the basic reaction scheme involves free-radical chain interaction 
with oxygen 

Initiation: R’(rate Ri) 

Chain propagation: R’ + 0, + RFO- 

ROO’ +2;Rg ROOB + R- 

Chain termination: 2ROO’ 2 unactive products 

(102) 

(103) 

(104) 

(10% 
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In this reaction scheme, the following designations are employed: BR depicts the organo- 
boron compound, kp and kf are the rate constants for propagation and terminationand 
Rj is the rate of the chain-initiation process. 

From the' reaction scheme outlined in equations (102)-( 105), the general expression 
for the rate of autoxidation of the organoboron compounds investigated may be obtained 
as. 

kP w =x [BR] -Rj 
(2kfi2 

The theoretical reIationship is identical to the classic expression for the rate of autoxida- 
tion of hydrocarbons where quadratic chain termination via peroxy radicals occurs6 _ 

As has been shown previously62’1ss, the autoxidation of-hexaethylditin also proceeds in 
accordance with a mechanism similar to that depicted in equations (102)-( 1 OS), with the 
rate of the reaction being expressed by an equation identical to (106). 

The kinetic features of the autoxidation of hexaethyldilead, which is the nearest analogue 
ofhexaethylditin, are also of interest_ Unlike the autoxidation of hexaethylditin, that of 
hexaethyldilead is characterized by pronounced autocatalysis’ (Fig. 16) which appears to 
exhibit some characteristic features ‘a5 . Thus, if the autoxidation of hexaethyldilead is 
carried out over a range of different temperatures, but with the same initial concentration 
of the lead compound, considerable changes in the maximum rate of the process occur over 
a relatively small range of temperatures (Fig. 17). A similar effect is observed if the tempera- 

0.6 

Reaction time (h) 

Fig. 16. Oxidation of hexaethglditin (curves 1 and 2) and hexaethyldikad (curves 3 and 4) in n-nonane 
(1 and 3 at 60°; 2 and 4 at 70 ; cyEc 20 mole % a.dd P(Od 300 mmHg). 
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N 
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1.0 r 

0.8 - 
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0.i 

Reaction time (h) Reaction time -(h) 

Fig. 17. Oxi’dation of hexaetliyldilead in tetraethyl- 
lead at 60(l), 62-S(2), 65<3),67.5(4) and 70”(S), 

Fip. 18. Oxidation of hexaethyldilead at co 100(l), 
50(2), 30(3), 22.5(4) and 20(5) mole % in tetra- 

respectively. ethyllead as a solvent. Temperature 70°,.I’(02) 
300 mmHg. 

ture of the reaction is kept constant but if the initial concentration of hexaethyldilead is 
changed (Fig. 18). These effects are observed both in the absence of soIvent and in the pres- 
ence of the solvents used in this study (tetraethyhead, n-nonane and trichlorobenzene). 

If the values of the temperatures and of the initial concentrations of hexaethyldilead 
over which the variations of the maximum rate of autoxidation are observed are plotted 
against each other, as depicted in Fig. 19, then a smooth curve may be drawn through the 

90 

t 
1; 

ea 
ob -- 

l! OC 

I 

\ 
*G 70 
z 

60 

cMl0 (mole %I 

Fig. 19. The temperature dependence of the maximum rate of the autoxidation of hexaethyldilead as a 
function of the initial reactant concentration when the solvent was tetraethyllead(a), n-nonane(b) and 
trichlorobenzenefc) (P(O2) 300 (1) and 500 mmHg (2)). 
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resulting points as shown. The results depicted in this figure also show that if a constant 
pressure of oxygen is maintained over the reaction mixture, decreasing the initial concen- 
tration of hexaethyldilead in ah the solvents employed shifts the maximum rate of the 
autoxidation towards higher temperatures. On the other hand, if the oxygen pressure over 
the reaction mixture is decreased (keeping the initial concentration of hexaethyldilead in the 

system constant), this shifts the temperature at which a maximum rate of autoxidation is 
observed towards lower values. The latter observation is a consequence of the fact that the 
rate of autoxidation of hexaethyldilead decreases as the oxygen pressure over the reaction 
mixture increases. 

fnvestigation of the mechanism of the autoxidation of hexaethyldflead has shown 1669176-178 
that the formation of triethyhead oxide is responsible for the above effects. This oxide, which 
is formed as an intermediate during the autoxidation is unstable and decomposes via two 
parallel routes: generation of free radicals (leading to degenerate branching) and oxidation 
to inactive products_ 

V. CONCLUSIONS 

It is now possible to arrive at certain conclusions regarding the dependence of the mecha- 
nism of primary reactions involved in the autoxidation of OEC’s on the nature of these com- 
pounds, on the nature of the medium and on the electronic state of the oxygen employed. 

The probable manner in which the intermediate peroxide and oxygen-containing non- 
peroxide OEC’s formed during the process may also be predicted. The results cbtained may 
be coqsidered as providing a basis for a general theory of the autoxidation of OEC’s. 

If this theory is to be developed further, it will be necessary to establish in a quantitative 
fashion the exact dependence of the mechanism of the primary reaction on the nature of 
the OEC, of the medium and of the electronic state of the oxygen employed as well as to 
investigate quantitatively the nature of the intermediate reactions and of the general and 
specific solvation effects observed. 
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