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Organometallio peroxides (OIyps) and their spontaneous reaoti- 

ons have rapidly aoquired inoreasing importanoe. This is due to 

the development of new effeotive methods of synthesis of organio 

oompounds with the use of OMPs, the stabilization of oommon 

organometallio oompounds (OMCs) against oxidative destruotion, the 

oontrol of OKP oxidation to give useful produots, and the use of 

OMFs as oomponents of systems for initiating polymerization and 

oopolymerization of vinyl monomers and the vuloanization of 

rubbers, sealants and so on. In the last few years the preparation 

of mono- and poly-oomponent metal oxide films by OKP teomology 

has beoome important in eleotronios and radioteohnique. 

?Ihe Group IIIB OMPs have been desoribed in numerous reviews 

and monographs [l-3, 41, whioh report their isolation and their 

physioo-ohemioal properties, and the questions of their stability, 

photostability, and hydrolysis reaotions, and interaotion with 

OMCS. 

Ten years have passed sinoe the last reviews were published 

(1977, 1978 [2, 41). During this time, muoh new experimental and 

theoretioal material has aooumulated: gallium and indium peroxi- 

des, whioh were previously unknown, have been prepared, and the 
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mechanism of their thermal decompositiion has been studied in 

detail; the sphere of reactions of Group IIIB OMPs (with solvents, 

alcohols, esters, aldehydes, rearrangement with u-hydrogen atom 

migration) has been extended, OW complexing has been investigated 

and some earlier works have been rationalized. Considerable advan- 

ces have been made in investigations of the synthesis of OMPs, and 

data on complex formation between OMCs and oxygen and 

hydroperoxides have helped to elucidate the mechanisms of their 

reactions. 

The object of this review is to generalize and systematize 

the above new data on synthesis and reactivity of Group IIIB OMPs. 

I. Preparation of Group IIlB orgenometallic 

peroxides. 

The two the most general and universal methods for preparing 

alkylperoxides of non-transition element derivatives are [l-3, 5, 

61: 

1) 

2) 

OMG oxidation by molecular oxygen; 

OMC interaction (homoleptic alkyl compounds, alkoxides, alkyl 

halides') with organic hydroperoxides. 

The yield of OW depends upon many factors, as the mechanism 

of the processes is usually complex, comprising a combination of 

* In this review the reactions between alkyl halides and hydroper- 

oxides are not considered, as, in our opinion, this material is 

a separate study. 
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primary and seoondary reaotions, whioh are very speoifio to 

different reaotion systems. 

1.1. The autooxidation of homoleptlc alQ1 compounde 

of Group IIIB metals by molecular oxygen 

The literature on the autooxidation of organo-boron and 

-aluminium compounds is extensive, and was covered in the previous 

reviews [I, 21; in the last ten years the number of publioations 

in this field has greatly deoreased. On the other hand the 

investigation of the autooxidation of organo-gallium and -indium 

compounds has been oarried out only reoently [7-101, and studies 

of organogallium oompounds are as yet very inoomplete [II]. All 

the results emphasize the extremely high aotivity of Group IIIB 

OMCs towards oxygen. The formal scheme of the prooess is as 

follows [21: 

R3 M+ o2 + R2MOOR (1.1) 

R3MOOR + R3M + 2 R2MOR (1.2) 

R2MOOR + O2 __, RWOOR)2 (1.3) 

RM(OOR)2 + R3Y d RM(OR)OOR + R2MOR (1.4) 

R2MOR + O2 + RM(OR)OOR (1.5) 

RM(OR)OOR + R3M _j RHOR)2 + R2MOR (1.6) 

RM(OR)OOR + NON3 (1.7) 

RM(OR)OOR + R2MOR d 2 RJWU2 (1.8) 

RM(OR)2 + O2 + ROOM(OR)2 (1.9) 

Aooording to the reaotion oonditions the peroxide oontent 

of the produots of autooxidation of the homoleptio alkylboron 
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oompounde varies from 0 to 195% [I -3, 12-181 and under oertain 

oonditions it is possible to prepare the diperoxide in good yield 

by reaotion (1.3) [I, 2, 141. In the oxidation of organoaluminium 

oompounds the produote oontain almost no peroxides 11-3, 19-241 

beoause they are usually traneformed through reactions (1.2, 1.4, 

1.6-1.8). Thi6 iB why the organo-boron and -aluminiwn oompound 

autooxidation reaotion is now rarely used for preparing the OhPs. 

Unlike organo-boron and -aluminium oompounds the oxidation of 

the seoond and the third M-C bon& is not typioal for trialkyl- 

gallium, -indium and -thallium oompounde [7, 8, 25-301, as is seen 

from Table 1 .I [7, 111. 

The autoxidation of trialkyl-gallium, -indium and -thallium 

oompounds provides en effeotive method for preparing alkylmonoper- 

oxides of the oorresponding elements. Thus, autoxidation of Ye3Ga 

and MegIn gives a quantitative yield of dialkyl monoalkylperoxides 

at -78 and -60’~ respeotively (see Table 1 .I 1. At higher tempera- 

tures the OW yield deoreaees beoauee of the inoreasing oontribu- 

tion of reaotion (1.2). For higher trialkyl OMCs the yield of 

peroxide ie less than 100% even at -78’C (Table 1 .I ) , but at this 

temperature quantitative yields oan be obtained when the etherates 

of the organo-gallium and -indium oompounds are used, or l-2 moles 

of diethyl ether or dioxan per mole of OMC are present. Amine5, 

tetrahydmfLPa& or esters are not effeOtiVe iOr this purpose. 

The investigation of kinetio and aotivation parameters of 

Group IIIB OMP autoxidation has not been mainly oarried out in 

solution, beoause of high rates of their reaotion. This is not due 

so muoh to the high reaotivity of substrates to oxygen, a8 to the 



5 

Table 1.1 

Yield of produots on R3Y autooxidation (M = Ga, In, Tl) in moles 

per mole of initial OK! (PO = 300 Torr, 
2 

C& = 0.05 - 0.1 mol.l-') 

%E 
T°C R2MOOR %! MOR 

a) 
No2 

-78 

Ye3Ga -21 

(heptane) 0 

20 

Et3Ga 

+$a -78 

(heptane) 

0.99 0 1.00 

0.62 0.38 0.84 

0.33 0.61 0.65 

0.24 0.74 0.60 

0.7 - 0.8 0.3 - 0.2 0.6 - 0.9 

Me3Ga*OEt2 -78 1.00 0 1.00 

(heptane) -30 0.84 0.15 0.90 

MegIn -60 1.00 0 0.98 

(toluene) 0 0.57 0.43 0.76 

20 0.30 0.68 0.61 

Me31n*OEt2 -78 1.00 0 1.00 

(toluene) -30 0.89 0.10 0.95 

Et3T1 -50 1.00 0 1.00 

(heptane) 

a) N - moles of oxygen absorbed per mole of OMC. 

great diffioulties in oonduoting the experiment in the liquid 

phase under kinetio oontrolled oonditions. 

With organoboron oompounds it was shown qualitatively that 
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the reactivity of Group IIIB OMOs toward6 oxygen deorsasee with 

inorsasing alkyl radioal length and the number of bonds oxidized 

1311. The quantitative data in literature on the liquid phase 

autoxidation of Group IIIB OMCB are very soaroe; they are 

available only for several organo-aluminium, -gallium, and -indium 

oompounds, and they are 6ummar ized in Table 1.2. 

It has been impoesible to determine the kinetio oharaote- 

ristios of autoxidation of Me Ga 
3 

in saturated or aromatio 

hydrooarbons' beoause of the extremely high initial rate6 of the 

prooess even at -78'C, and an oxygen pressure of 60 Torr, an 

initial organometallio oompound oonoentration of 0.06 mol.l-' and 

a rate of stirring ring of 600 -1 oyolessmin . Under these 

oonditions the rsaotion i6 oomplete in 1.5 

The above given soheme of reaotions 

mentioned, is formal and does not refleot 

prooess. 

A variety of evidenoe oonolusively 

min [7, 301. 

(l.l-l-9), a6 already 

the meohanism of the 

establi6hes the free 

radioal ohain meohsnism of the liquid phase oxidation of Group 

IIIB OMCs. 'Phi6 inoludes the oomposition and the yield of produota 

in the autooxidation of organo-boron and -aluminium oompounds [12, 

13, 18, 19, 23, 24, 33- 351, the ability of systems R3M (H = B, 

Al, Ga) + O2 to initiate radioal polymerization 136, 371, the lose 

of stereo6peoifioity in the rsaotion of organoboron oompounds [38, 

391 and the influenoe of inhibitor6 [7, 40-431. The prinoipal 

oharaoteriatioe of the prooess are similar to thoee for the 

' A glass vaouum installation with automatio registration of 

pressure was used. 



Table 1.2 

Effeotive kinetio and aotivation parsmeter a) of autooxidation 
of Group III B OMC [7, 321 

‘gH1 3 )3’I 
0) 

c,2%5)3A10) 

‘1 6H33 )3’I 
o) 

[e31nd) 

[egGa* OEt2’ ) 

lfi bond 

2.28*106, 

1. Inor’ * *-I 

2.47*106, 
I * mo1-’ * *-I 

3.12*107, 
1 .mQl-'.s-' 

,o(4.16+0.26) 
,-I ’ 

,o(2.52+0.24), 

6’ 

,o(6.73+0.72), 

t3-’ 

38.0 

45.6 

50.0 

!9.06+1.02 

t2.7421 .OC 

F1 .34+2.93 

2nd bond 

k 
0’ 

1 
mo1.e 

7.77.108 

2.12.109 

7.41.109 

2.63.10” 

57.3 

60.8 

64.8 

69.0 

r 3-d bond 

k 
0’ 

1 
iZL 

2.01 .lO’O 

2.98.10” 

a) In the expression k = ko* e -B+/RT. 
. 

b, The autoxidation of MegIn, Ye3Ga*OEt2 and Me31n=OEt2 is zeroth 

order in oxygen. 
0) In heptane. 
d) In toluene. 

69.8 

79.4 
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oxidation of hydrooarbons in the liquid phase [441: 

initiation: + R. (1.10) 

ohain growth: R* + 02 + ROO* (1.11 ) 

ROO- + 2-R _j ROOM= + R. (1.12) 

ohain termination: 2 ROO* + inaotive produots (1.13) 

The theory of ohainfree radioal OMC oxidation is based on 

bimoleouler homolytio substitution (SH2) by the alkylperoxyl 

radioal at the metal oentre 1411. Suoh SH2 rsaotions [45-471 for 

RO., Rd=O, ROO* radioals of B, Al, Ga, Tl, Zn, Cd eto. have been 

shown to prooeed many orders of ma@tude faster than substitution 

at hydrogen in the solvent. Thus, for the SH2 reaotion of 

n-butylperoxyl radioal at the boron atom in B(Bu~)~ the rate 

oonstant is *IO7 times higher than that for similar reaotion of 

benzyl hydrogen in toluene [411, with the result that only a small 

quantity of produots oome from solvent oonversion and radioal 

reoombination (see Table 1.1). 

For OK' + 02 systems the primary radioal generation ooours by 

spontaneous OMC deoomposition into radioals or bimoleoularly 

through the reaotions OMC + O2 and OMC + OMC 12, 5, 481. This 

meohanism is distinguished from the primary radioal generation 

reaotions in hydrooarbon autoxidation whioh involve tri- and bi- 

moleoular interaotion between oxygen and hydrooarbon [441: 

RH + O2 __, R* + HOgo (1.14) 

2 RR + O2 --+ 2 R. + H202 (1.15) 
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Dieeooiation reaotione are highly improbable beoauee the C-M bond 

energy is ueually lower than the C-C and C-H bond energies in hyd- 

rooarbons [491. 

At the preeent time the primary radioal generation in OMC 

autoxidation is believed to ooour by the following oonourrent 

reaotions E51: 

RIP + 02 - { RlPO2 1 

RlP - s-,' + l R 

Q_,MOO- + l R 

%-1 MOOR 

-E 
R. t %lM + S-1 

z$z { R43n**&n_1 } 

O2 RnM t Rn_,MOOR 

(1.16) 

(1.17) 

(1.18) 

(1.19) 

(1.20) 

It is diffioult to obtain information on the initiation of 

the autoxidation of Group IIIB OMCe; this i6 aesooiated with the 

diffioulty of eeleoting effeotive inhibitors 1443, whioh oan oom- 

pete in the reaotion with a ohain-oarrying radioal, and are inaot- 

ive in all the other reaotion steps. For example, the rate of the 

slowest stage of the ohain propagation (1.12) for tri-n- and tri- 

seo-butylboron is extremely high, k, 12 * IO5 - IO6 l.mol-' *cc-‘, . 

however, almoet all olassioal inhibitors of ohain reaotions 

extremely rapidly interaot with alkyl Group IIIB OMCs. For thi6 

reason, right up to the late sixtiee the autooxidation of Group 

IIIB OWE was thought to be non-radioal in nature. 
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Reliable data on the primary initiation etage (1.10) of Group 

IIIB OMCs are absent from the literature, and there are only 2 

publioations oonoerned with this problem for organoboron oompounds 

[45, 461. The methods are dubious as the appropriate kinetio data 

on the behaviour of the inhibitors (iodine 1423, galvinoxyl [431) 

is laoking, but the extremely low rate of the primary initiation 

-10 -7-1 (y-8 l.mol-' v t3-’ (benzene, 25 C? CgMC= 0.008 - 0.021 mol.l-', 

cO2 
= 0.002 - 0.008 mol.l-'1 is beyond doubt. 

We attempted to study the initiation of organo-gallium and 

-indium autoxidation by using various inhibitors (1,3,5_triphenyl- 

verdazyl, o-quinone, phenothiazine, o-phenylenediamine, galvinoxyl, 

2,6-di-t-butyl-4methoxyphenol). However, these are all weak inhi- 

bitors, and their kinetio behaviour was non-olasaioal (above 

2.10-2 molsb, phenothiazine retard6 oompletely the prooees without 

ohange in oonoentration; galvinoxyl and 2,6-di-t-butyl-4methoxy- 

phenol deorease the rate of the prooess after initial oompletion 

of the retardation period; at an initial oonoentration of more 

than l.4.10-2 mol% 1,3,5-triphenylverdazyl promotes the prooess; 

and the induction period for 2,6-di-t-butyl-4-methoxyphenol de- 

pends nonlinearly upon the initial inhibitor oonoentration). We 

oonsider that the peouliarities obeemred are the oonsequenoe of 

deaotivation of the inhibitor by their direot reaotion with the 

OMC. By ohanging the oonoentration of 2,6-di-t-butyl-4-methoxyphe- 

no1 inhibitor in the oourse of the prooese we have found that the 

Me3Ga initiation rate in heptane (-78'C, PO = 300 Tort?, C$& = 

0.15 mol.l-'1 does not exoeed y*5*10-7 lemol +8-‘, where j' is 2-l 

the inhibition ooeffioient. 
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In some studies [I, 2, 51 the occurrence of radicals in the 

OMC t O2 system is associated with the formation of an intermedi- 

ate complex 0MC*02 (reaction 1.16). The assumption that this can 

occur with main-group metals is encouraged by the fact that there 

are similar complexes for transition element OMCs [50-521 and that 

many nontransition element OMCs form strong complexes with amines, 

ethers and Borne other compounds which, like an oxygen moleoule, 

carry lone electron pairs [531. The rate retardation effect of the 

donor additives (ethers, amine6 and others [I, 2, 7, 301) on the 

OMC autooxidation process can be seen as indirect evidence in 

favour of 0MC*02 complex formation. That fact may be interpreted 

a8 the saturating of the coordination capacity of a metal and an 

interaction of O2 molecule only with a non-coordinated OMC 

molecule: 

L 
R3M A R3M*L (1.21) 

i, O2 
R3 Y'02 s products (1.22) 

In the present literature there are data on the formation of 

non-transition OMC complexes with molecular oxygen only for 

organo-cadmium, -mercury and -gallium compounda [9, 10, 54-573. 

The absence of other examples may be due to their low stability 

and small equilibrium concentration. To clear up the role of 

0MC*02 complexes in the initiation of autoxidation is 

experimentally extremely complicated, as the high oxygen activity 

in the propagation reactions conceals the chemical behaviour of 

their complexes [581. Again, the ability to complex with O2 does 
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not mean that radioal generation in the OMC + 02 system is 

neoessarily through suoh a oomplex. The oharaoter of the primary 

initiation will be due to the oompetition of the radioal 

initiation reaotions (reaotions 1.16-1.20), whioh is depending on 

the nature of the OMC and the reaotion oonditions. Thus, in spite 

of the faot that organo-oadmium and -meroury oompounds form a 

oomplex with moleoular oxygen [54, 551, the ohain initiation on 

their autooxidation prooeeds without partioipation of the 0MC*02 

oomplex 12, 51. 

The most oomplete model of the primary interaotion meohanism 

of non-transition element OMCs with moleoular oxygen, and of the 

eleotronio struoture of 0MC*02 oomplex, its stability and possible 

paths of transformation have been obtained rather reoently in 

quantum ohemioal studies of the Ye5Y (M = B, Al, Ga) + O2 sgfltem 

[9, 10, 59-611. 

The oaloulations point to the possible deaotivating formation 

in the initial interaotion stage of some labile donor-aooeptor 

oomplexes MegY*02 (Id = B, Al, Ga) distinguished by their multipli- 

oity and the orientation of the O2 fragment with respeot to Me5H. 

The existenoe of these oomplexes avoids the problem of the ohange 

of multiplioity by the system ?de3M-O2 from 3 to 1 in the oourse of 

the transformation whioh is formally prohibited by seleotion 

rules. The enthalpy of reaotions of the intermediate oomplex for- 

mation is estimated as -17.. .-IO0 kJ.mol -1 , depending on the natu- 

re of the metal, the multiplioity, and the struoture. The optimal 

direotion of the approaoh of the oxygen is along the C3 syrmnetry 

axis of the He3M moleoule. The results show that the transfer of 



13 

eleotron density from the 02 fra@nent onto Ye3M is not more than 

0.2 e-. On oomplexation, the Ye3Y oore skeleton rearranges from 

planar (Dgh) to pyramidal (C3,). The intermediates are extremely 

labile and easily transformed into peroxide with an aotivation 

barrier of about 25 kJ.mol-' relative to an intermediate. Some 

seleotive weakening of the M-C bond is observed in the Me3M*02 

complex with multiplioity 1, whioh oan be a preoondition for its 

homolysis (radioal generation): 

Me3M*02 _j t Ye2MOO=, Me*} (1.23) 

Evidenoe for the formation of an 0MC*02 oomplex has been 

obtained in the Me3Ga - O2 system by IR-speotrosoopy of the solid 

film which was froeen onto silioon plates [9, IO] at -110 to -7O'C. 

Organogallium oompounds are appropriate for suoh investigation 

beoause of the absenoe of phase transitions and side prooesses 

(dialkylmonoperoxide stability) under the experimental oonditions. 

In the autoxidation of Ye3Ga to dialkylmonoperoxide an inter- 

mediate oompound is formed whioh has the same absorption band as a 

peroxide (545 om-'1; this is formed more rapidly than peroxide, 

then disappears. From oaloulation of normal peroxide vibrations 

and different Ye3Ga oonfigurations, this band at 545 om -' is 

assigned not only to Ga-C bond vibrations in peroxide moleoule but 

to the totally symmetrioal vibrations of the C3Ga fragment in the 

pyramidal intermediate. Thus the C3Ga fragment ohanges from planar 

to pyramidal when the oomplex is formed with 02; this agrees well 

with results of quantum-ohemioal oaloulations and shows that suoh 

a structural rearrangement is neoessarg for oomplexation of the 
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Iye+4 moleoule (Y = B, Al, Ga) with dioxygen. 

These results [9, 101 oharaoterize the prooees whioh ooours 

in the solid phase, when the mobility of the moleoules and 

radioals is hindered. There are no reasons to suppose that the 

same prooess ooours in the liquid phase. Diffusion, solvation and 

so on 1621 may permit an alternative radioal prooess whioh oannot 

ooour in the solid film. 

In some papers [6, 63-661 the role of a seoondary initiation 

prooess for the meohanism has been disoussed. The organometallio 

peroxides are regarded as possible seoondary radioal souroes as in 

reaotion (1.24) [64-661: 

P y-B%! P 
R3B + R'OOBR;! + R-B***0 A 

A l& R-!-X: + 'OBR2 - 

> ; : BOR' + { R*, l OBR2} 

I I 

(1.24) 

ROBR2 ral I R* + l OBR2 

The effioienoy of the seoondary initiation (b) oan be very low due 

to the rapid reaotion in a r*oage" (a) 1311 or an intramoleoular 

peroxide rearrangement [431. 

The possibility of seoondary initiation is olosely assooiated 

with the study of reaotivity of organometallio peroxides under the 

autoxidation oonditions. 

Thus, oonsiderable advanoes have been made in the area of 

Group IIIB OMC autooxidation. The ohain free-radioal meohanism of 
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the prooese has been unequivooally proven in the liquid phase, the 

prinoipal possibilty of 0MC*02 oomplex formation in the initial 

reaotions has been shown, and the dependenoe of the degree of OMC 

oxidation on the nature of the metal has been found. Yet, most 

results are of a qualitative and frequently oontradiotory oharao- 

ter and require oontinuation and extension. Many theoretioal 

questions are still unanswered; the meohanism of primary reaotions 

has not been studied; the stage of radioal initiation is unknown; 

and the role of organometallio peroxidee in the oourse of the 

prooess, and of solvatation effeots remains vague. Again, the 

kinetio and aotivation parameter6 of the total prooess and of its 

elementary stages are largely not oaloulated 

1.2. Interaction of Group IIIB element trlalkyl 

compounde with hydroperoxides 

!Phis reaotion provides a olaersio route to individual OHps. 

It prooeeds at a high rate [I, 3, 6, 67 1 and two direotions 

oompete [2, 61: nuoleophilio substitution at the metal atom to 

oon6erve the peroxide bond and to give an OMP: 

R3M + HOOR' __, R2 MOOR' + RR (1.25) 

and a free-radioal one aooompanied by loee of peroxidio oxygen [2, 

4, 67-711: 

-c R* + *OR' R+4 + HOOR' + R2MOH + (R., *OR*} (1.26) 

ROR' 
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R$d t HOOR' + R2MOR' t {R*, *OH (1.27) 

ROH 

R3M t R'O* + R2MOR' + R* (1.28) 

R3M + HO* + R2MOH t R= (1.29) 

Further a similar interaotion of the hydroperoxide with R2MOH and 

R2MOR' ooours. 

The splitting of the seoond and third M-C bonds is not 

oharaoteristio for Group IIIB OMCe. 

The relative oontribution of one or the other direotion of 

the reaotion depends upon the nature of the metal. With deoreasing 

eleotronegativity of the metal from B to Tl, i.e. with inoreasing 

M-C bond polarity the oontribution of the heterolytio oonversion 

rises and that of the homolytio reaotion deoreases 12, 4, 71 I. 

Thus, for trialkylboranes the oontribution of reaction (1.25) does 

not exceed 5 - IO%, for trialkylaluminium it aooounts for 60-8096 

[41, and from our data for trialkyl-gallium and -indium, as well 

as -thallium [721, it is the main one. Probably that is due not so 

muoh to the deoreasing rate of radical reaotions as to the oonsi- 

derable increase in the rate of the parallel heterolytio oonversi- 

ons [711. 

The radioal soheme of reaotions (1.26-1.29) for trialkyl-bor- 

on and -aluminium oompounds was established by a detailed analysis 

of the produots formed by interaoting OMC with 0-deuterated hydro- 

peroxide 14, 68, 691 and by the CIDNP effeot obtained later in the 

reaotion of R3B with tert-butyl hydroperoxide [701. This aooounts 
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for the ability of these systems to initiate the low temperature 

polymerization of vinyl monomers [36, 73-751. 

The radioals are formed essentially by reaotion (l-26), and 

the oontribution of reaotion (1.27) ie negligible [68, 691. The 

eBoape of radioalB from the radioal pairs is oloee to quantitative. 

The effeotive rate oonstants of radioal formation from R3B t 

R'OOH in hydrooarbon solution are given in Table 1.3 [67, 711. 

Table 1.3 

The general expression of the effeotive rate oonstantfl for 

radioal formation from R3B t R'OOH (ootane, 20-50°C, 

initial reagent oonoentrations 0.002 - 0.1 mol.l-') [671 

R3B Hydroperoxide k, l~rnol-'~8-' 

(If, kJ.mol-') 

@sH7)sB 

(C5Hll)3B 

(C5H11)3B 

(C5H11)3B 

@5Rll)3B 

(C6H5)3B 

tert-butyl 102.2*exp {-8/RT} 

tert-butyl 103'7*em {-17/RT} 

oumyl 104'8*exp {-23/RT} 

I-methyloyolohexyl 103'g*exp {-17/RT} 

?.I-diphenylethyl 103'g*exp (-15/RT} 

tert-butyl 10'.8*exp {-15/RT} 

The data listed in Table 1.3 show that the radioal formation rate 

in the R3B t R*OOH egatem (k = 0.1-25 l.mol-l-s-' at 20-50°C) is 

oonsiderably smaller than the rate of subeequent SH2 radios1 

reaotione (1.28-1.291, whioh have at boron k = 105-IO6 l.mol -1 *f-l 

[411. 

In the last few years it has been established that the 

radioals are generated in the R3B t R*OOH eyetern from the intermo- 
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leoular oomplex. The similar oomplexes R3B(R2BOR', R2BC1)*peroxide 

have been identified and their oonstante of oomplex formation have 

been meaeured [76-781 (K300c = 0.4 - 3 l.mol-' [781). Complexation 

is by the hydroperoxyl'6 U-oxygen atom f71, 781: R2B - R . The 

d H -OR' 

small value for the effeotive aotivation energy of radioal forma- 

tion from R3B t R'OOH (8 - 23 kJ.mol-') (Table 1.3) oonfirms that 

radioals are formed from a oomplex between the reagents. 

The seoondary reaotions in the R3M t R'OOH system are not 

limited to stage6 (1.28-1.29). With the inoreaee in the degree of 

transformation, the reaotions of an exohange interaotion make a 

large oontribution to 179-821: 

R2MOX t HOOR' e % MOOR' t HOX, X = H, R' (1.30) 

In the interaotion between R3Y and hydroperoxide6 the yield 

of OMP deoreases not only beoauee of the homolytio reaotions 

(1.26- 1.29) but also beoau6e of the transformation of the OMP in 

the oour6e of the prooess El-63 through a reaotion with the 

initial OMC or beoause of OMP deoomposition by intramoleoular re- 

arrangement. The oontribution of suoh transformation6 for organo- 

aluminium oompounds ie espeoially high -100% [4, 24, 831, with the 

result that although the oontribution of reaotion (1.25) is high 

(60-805) [41, OMPs have not been found in the final produots [24, 

833. For boron trialkyls the role of seoondary OHP tranfomations 

is insignifioant [63, 671. 

We have found that in oontrast to boron and aluminium 

peroxides, organo-gallium and -indium peroxide6 0811 be prepared by 
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reaotion (1.25) in quantitative yield [al. Thue, the reaotion of 

Me3Ga, Bu3 nca, and Me3In with tert-butyl hydroperoxide in hydrooar- 

bon solution at -78'C prooeeds rapidly to give dialkyl monoperoxi- 

des in 100% yield (relative to the amount of the oomponent taken 

in a defioienoy). Substitution of the seoond and the more so the 

third alkyl groups in R3Ga and R31n is not observed even with a 2- 

or 3-fold exoess of hydroperoxide. A quantitative yield of peroxi- 

de is observed under similar oonditions when the etherates of 

trialkyl-gallium and -indium are used, but the rate of the prooess 

is deoelerated, perhaps beoause the hydroperoxide oannot attaok 

the ooordinatively saturated metal in the etherate. The rate of 

the prooe8s will be determined by the equilibrium oonoentration of 

the non-solvated form R3H, whioh is not large [531: 

R3WOEt2 + R3M + 0Et2 (1.31) 

Thus, the interaotion of Group IIIB element trialwl 

oompounds with hydroperoxides is a oomplioated prooess whioh haa 

been studied rather oomprehensively and oan be uEled as an 

effeotive method for the Synthesis of gallium, indium, and 

thallium peroxides and but not for boron and aluminium peroxides. 

1.3. Interaction of Group IIIB metal alkoxidee 

with hydroperoxides 

Many OHps [71, V-81, 84-901 have been prepared through an 

exohange reaotion of organometallio alkoxides with hydroperoxides: 

Q-, Mm + R"OOH c Rn_,MOOR" + R'OH (1.32) 
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The reaotion is reversible, yet in many oases the equilibrium is 

to the side of OMP formation, and rsaotion (1.32) provides a well- 

established route to OMPs of boron [711, aluminium [871, silioon, 

germanium and tin [Sal. 

The reaotivity of organometallio alkoxides with hydroperoxi- 

des has been studied oomprehensively for organoboron derivatives 

[79-81, 841. In [all equilibrium oonstants (K), kinetio and aoti- 

vation parameters of the prooess have been evaluated (see Table 

1.4). The boron monoalkoxides have the highest reaotivity towards 

hydroperoxides; the time for equilibrium to be aohieved at 10 - 

50°C is 0.2 - 5 s (with initial oonoentrations 0.002 - 0.1 mol.l-I); 

for dialkoxides, 0.2 - 15 8; for trialkoxides, 15 - 16 8. The equ- 

ilibrium oonstants for the exohange reaotion of the first alkoxy 

group vary for boron monoalkoxides within the range of 1 - 60 and 

above, but for di- and tri-alkoxyoompounds they are not large. The 

further exohange of the seoond and the more so the third alkoxy- 

group is not praotioally realized. The prooess ooours with 

negligible heat evolution and has a small effeotive aotivation 

energy A 

Our [91, 921 equilibrium oonstants of rsaotion (1.32) for 

some organogallium monoalkoxides (Table 1.5) are similar to those 

for organoboron oompounds. Temperature has little effeot on I?, 

although the effeot of the medium may be large, indioating the 

signifioant role of solvation. 

The side prooesses (oleavage of the seoond and third Ga-C 

bonds and OMP deoomposition) are not observed at room temperature. 

a see in more detail in Seotion II.2 
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Table 1.4 

Equilibrium oonstants (K, 30°C), reaotion enthalpy (AH) and kinetio 

parameters (k, E?, ko) for the direot exohange reaotion (1.32) of 

R’O-organoborane fragment by R”OO-hydroperoxide fragment (ootane, 

with initial reagent oonoentrations 0.002 - 0.1 m01.1~’ 1 [all. 

dlkoxy- 

boron 

~ Hyde=- 

oxide 

tert-butyl 

tert-butyl 

tert-butyl 

qumyl 
I,1 -diphe- 
nyle thy1 
1 -me thy1 
oyolohexyl 
tert-butyl 

tert butyl 

I,1 -diphe- 
nyle thy1 
1 -me thy1 
oyolohexyl 

tert-butyl 

OumYl 
I,1 -diphe- 
nylethyl 
1 -methyl- 
oyolohexyl 
tert-butyl 

OuWl 
1 -methyl- 
oyolohexyl 
tert-butyl 

I 
AH, 

K kJ 
mol 

4.0.10-3 -8.4 0.5 30.9 5.0 
1.4*10-’ -16.7 1.5.102 10.5 4.0 
1.3*10-’ -16.7 2.9 28.0 5.3 
8* 1 o-2 -19.2 2.0 28.0 5.2 
1.3.10-’ -21.3 5.7 18.4 3.9 

9.1 o-2 

a* 1 o-2 

>60 
6.2 

-32.6 7.6 2.5 1.3 

-25.5 30 
>a.103 

0 1.5 

19 

>60 

4.0 -36.4 
-27.2 

1.7.103 

1 .I03 

1.4.103 

-5.103 

2.20102 

1 .a.102 

2.9*102 

-1.7 2.9 

-15.5 0.33 
-25.1 -1.2 25 

16 -36.0 

1 .I 

1 .o 

1 .a 

4.5.10-l 

-27.0 

-41 .a 40 0 1.6 

k30oc ’ 2, 
1 kJ 

mol. s mol 

-33.0 -2 

- 

Preliminary ooordination of the reagents oonsiderably influ- 

enoes the meohanism of the reaotion (I .31), as i6 shown by small 
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Table 1.5 

Equilibrium oonstants (K) for the reaotion of organogallium 

alkoxides with hydroperoxides at room temperature 

(initial reagent oonoentrations 0.09 - 0.05 mol.l-') 

I r 
Alkoxide 1 Hydroperoxide 1 

I 
Solvent I K 

Me2CaOMe 

Me2GaOMe 

Me2GaOBun 

Me2GaOBut 

Ye2GaOBut 

Ye2GaOBut 

Me2GaOBut 

MeOOH 

MeOOH 

MeOOH 

MeOOH 

ButOOH 

ButOOH 

ButOOH 

cc14 

toluene 

toluene 

toluene 

heptane 

ccl4 

toluene 

2.56 t 0.41a) 

0.99 + 0.02 

2.73 of: 0.20 

102 t 12 

9.21 t 0.37 

7.42 + 1.87 

2.39 -I 0.24 

a) temperature 18'C 

aotivation energies (Table 1.4), whioh in some oases are negative. 

Yet, evaluation of the reagent oomplexation in the reaotion (1.32) 

is difficult due to high rates of the reverse reaotion and the 

small oonoentration of the oomplexes, whioh is estimated [811 not 

to exoeed 10% of the initial reagent oonoentration. 

It was possible to determine the physioo-ohemioal oharaoteri- 

stios of the reversible ooordination in the tert-butyl hydro- 

peroxide - vanadium tetraisopropoxide system [gOI. The values of 

equilibrium oonstante (K = 10-1'4~exp{500/RT}. l.mol-') and the 

ButOOH*V(OPri)4 oomplexation rate oonstanta (k = 105~3~exp{-3000/RT}, 

l.mol-'.s-' ) in toluene point to the very rapid oomplexation stage 

prooeeding with small energy oonsumption. 

Thermoohemioal measurements of heat of mixing of boron alkox- 

ides with some donors [93-961 has shown that the DA-bond BtD in 
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the oomplex is muoh weaker than that for trialkylboranee. The 

eleotronio Btruoturs of the hydroperoxide oomplex with boron 

alkoxides involves the Bimultaneous appearanoe of the main DA- 

interaotion BtO and the hydrogen bond [84, 85, 97, 981. The hyd- 

rogen bond energy in Buoh system aooounts for about 17 kJ.mol -1 

[84, 981. The energy of the B+O bond evaluated from the enthalpy 

of the rsaotion for (Me30)3B oomplexation with tert-butyl peroxide 

(AR = -13 kJmol-' [84]), together with the planar + pyramidal 

struotural reorganization energy of organoboron fragment (-50 

kJ.mol-' [991), 

The BtO 

hydroperoxide 

/ 
R"0 

equals -54 - 75 kJ.mol-' [981. 

ooordination seems to be by the u-oxygen in the 

/ R' as evidenoed by the absenoe of reaotion 
B-O 

LB 

produote through ooordination of the p-oxygen. though in [981 the 

partioipation of both hydroperoxide oxygen atoms is Bupposed in 

oomplexation. 

Sinoe reaotion (1.32) ie reversible and boron peroxides are 

also known [93, 961 to poesess a higher oomplexing ability than 

alkoxides, the reverse reaotion (1.32) is ours also to prooeed 

through reagent ooordination. It ie quite possible that oomplexa- 

tion of aloohols with alkoxides and that of hydroperoxidee with 

OMPs ooour~ ae Well as the sXOhange reaotions. The exohange in the 

(Me0)3B + MeOH system is shown [IO01 to ooour and at a high rate. 

ThuB, from the literature data for organo-boron and -gallium 

oompounds the reaotion between organometallio alkoxides and bydro- 

peroXideB oan be generally used to prepare Group IIIB OMPs; yet it 
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is neoeeeary to take aooount of the revereible nature of the 

prooeea and to ooneider that the value of the equilibrium oonstant 

depend6 subetantially upon the nature of the reaoting compounds 

and of the medium. 

II. !l!hermal decomposition of orgenic peroxldee of Group 

IIIB metals in ~drocarbon solution 

The thermal stability of Group IIIB OME% depends upon many 

faotors: the nature of the metal and its organio environment, the 

number of peroxide groups, the oharaoter of the medium, the 

presenoe of impurities and others [I, 2, 4, 16, 311. Below in 

Table 2.1 the effeotive initial kinetio and aotivation parameters 

for Group IIIB OMP thermal deoomposition in hydrooarbon solution 

are listed. 

As a rule, the thermal stability of peroxides inoreaees with 

growth of the length of the hydrooarbon radioal and of the number 

of alkoxy groups. 

The boron and aluminium peroxides, whioh do not oontain M-C 

bonds show the highest thermal stability [2, 41. Suoh peroxides 

have been rather well oharaoterized, and the meohaniems and the 

produote of their deoompoeition have been studied in detail. 

The boron and aluminium dialkylmonoperoxides are the least 

stable among the known Group IIIB peroxides, and in spite of the 

oonsiderable interest in them as regards their behaviour in the 

oourse of autooxidation prooesses, they have not been thoroughly 
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!Cable 2.1 

Effeotive (initial) kinetio and aotivation parameters for 

thermal deoomposition of Group IIIB OMPB in hgdrooarbons 

Peroxide Solvent 

nonane 

nonane 

nonane 

ethyl 
benzene 

styrene 

ootane 

ootane 

Et2GaOOEt toluene 

3$GaOOBun heptane 

3$GaOOBun toluene 

2 

heptane 

isoootane 

nonane 

toluene 

nonane 

nonane 

nonane 

nonane 

nonane 

nonane 

CO o-o ’ 
mol.1 -1 

3 4 5 6 

0.1 

0.09 

0.08 

0.11 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.05 

0.1 

0.02- 
-0.06 

0.02- 
-0.06 

0.078 

0.084 

0.080 

k 

,"; 

7.5.104 

6.0103 

3.5.109 

1.7.109 

1.4.105 

4.9.109 

1.7.109 

3.5.107 

9.0.1010 

1.4.104, 

l.mol-' .s-’ 
2.5.10" 

5.5.109 

8.9105 

3.6106 

5.4.lO'O 

$9 Refe- 

kJ=mol-' renoe 

50.2 101 

46.4 43 

104.5 102 

104.5 102 

71.1 103 

109.1 104 

109.5 105 

90.7 103 

131.7 106 

122.5 107 

119.6 102 

121.2 106 

76.9 108 

58.5 109 

83.6 

94.5 

83.6 110 

137.027.0 

134.9t3.5 

130.0+10. 

109 

110 

Ill 

Ill 

Ill 
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Table 2.1 (oontinued) 

I 1 

Ga(OOBut)3 

Ga(OOBut)3 

Me21nOOMe 

Me21nOOBut 

Et2T100Et 

I%! P T1OOBut 

I Ph2T100Cu 

2 

nonane 

isopropyl 
benzene 

toluene 

heptane 

ootane 

toluene 

toluene 

3 

0.26 

0.15 

0.081 

0.048 

0.1 

0.1 

4 5 

1.7.10'3 101.2 

2.4.1013 81.2 

,,(6.5+0.6) 

lo(ll .3+0.3) 

7.9. IO6 

2.0.10'4 

3.2.1017 

65.Ot4.1 

106.522.3 

72.7 

145.1 

169.3 

6 

112 

112 

a) 

a) 

11 

113 

113 

a) Our data 

investigated. The oorrasponding gallium, indium and thallium 

peroxides are oonsiderably more stable [II, 111-1151. 

In the last few years we have studied thoroughly the proper- 

ties of some gallium dialkylmonoperoxides in hydrooarbon solution 

[Ill, 1151. Due to the stability of the seoond M-C bond, the 

organogallium peroxides are oonvenient models for the study of the 

phenomenologioal regularities and reaotion mechanisms of Group 

IIIB OMps whioh prooeed without M-C bond participation. 

The autoaooeleration of the prooess is a oharaoteristio 

feature of the deoomposition of dialkylgallium peroxides [113l. 

The kinetio and aotivation parameters of the thermal deoomposition 

of Ne2GaOOMe and Me2GaOOBut in hydrooarbon solution whioh are 

oaloulated by a oomplete equation of the autooatalysis' [116, 

* The rate of the prooess is satisfaotorily expressed by a oomple- 

te autooatalysis equation up to the peroxide transformation -90%. 
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p.3461 are given in Table 2.2 [Ill]. 

Table 2.2 

The general expresstion of effective rate oonstants for thermal 

deoomposition of organogallium peroxides 

Old? Effeotive rate oonstants a) 

Me2GaOOMe 

(heptane) 
k, = ,oU2.7+2.0).exp {-(124.3?14.7)b)RT}, s-' 

Co = 0.087 mol.l-' k2 = 10 (9.7+1.0).,_.) {-(83.6+7.3)/RT}, l.mol-'.s-' 

Ye2GaOOBut 

(heptane) 
k, = ,o(10*6+o.6).exp (-(109.1?4.6)/RT}, s-' 

Co = 0.087 mol.l-' k2= 
,0@.1+1.5).,_ {-(83.4+11.1)/RT}, l.mol-'.s-' 

Me2GaOOBut 

(toluene) 
k, = ,o(9.8+0.8).exp (-(103.0?5.6)/RT}, s-' 

Co = 0.088 mol.l-' k2 = lo 
(8.2+1.0).exp {-(62.7+7.4)/RT}, lmmol-'.s-' 

a) 

b) 

the 

k, - rate oonstant in the initial stage of the prooess, 

k2 - rate oonstant in the oatalytio stage of the prooess; 

kJ.mol-' 

For Et2GaOOEt and B$GaOOBu" peroxides, autoaooeleration of 

prooess is also observed, but the indefinite induotion periods 

do not allow oarrying out the oorreot 

the kinetio ourves for autooatalysis; 

parameters are listed in Table 2.1. 

mathematioal treatment of 

for them the initial kinetio 

The stability of dialkyl-gallium and -indium monoperoxides 

deoreases with an inorease in the length of the hydrooarbon 

radioal on the metal; the absenoe of hydrogen on the u-oarbon atom 

(relative to the peroxide bond) inoreases their stability. Organo- 
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indium peroxides are less stable than gallium peroxides. 

The meohanism of thermal deoomposition of Group IIIB OMPs was 

earlier supposed to be rather simple and to inolude, mainly, the 

homolysis of peroxide bond and intra- and inter-moleoular 1,2-re- 

arrangement. However, reoent investigations of gallium, indium, 

aluminium, and boron OMPs have shown that the prooess is muoh more 

oomplioated. It is determined by oompetition between the main 

primary reaotions (spontaneous homolytio deoomposition, rearrange- 

ment, interaotion with a solvent) and the reaotivity of the 

produot in the seoondary reaotions. 

For organo-boron and -aluminium peroxides the primary reaoti- 

ons determine the direotion of the prooess, and the oomposition 

and yield of the produots. Seoondary reaotions are not signifioant 

and if they appear, it is only in the final phase of transfoxma- 

tion. For dialkyl-gallium, -indium, -thallium peroxides the 

seoondary reaotions make a major oontribution and are involved in 

praotioally all the mown reaotions for organio and organometallio 

peroxides [1141: oatalysis by alkoxides , reaotions with aloohols, 

aldehydes, ketones, induoed deoomposition, oomplexation eta. Their 

importanoe oan be judged by the following: without the seoondary 

reaotions the deoomposition of dimethyl(methylperoxy)gallium in 

toluene at llO°C should be 90% oomplete in 8.3 hours, but in 

praotioe it takes only 55 min. 

The main primary and seoondaxy reaotions of the thermal 

deoompoeition of Group IIIB OMPs in hydrooarbons will be oonside- 

red in the Seotion below. 
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II. I. Prmary reactions of Group III33 WP 

thermal decompoei t Ion 

The BpOntaZIeOU8 homolysis of the peroxide bond oooure with 

praotioally all Group IIIB OMP8: 

XOOR 4 x0* + *OR (2.1) 

For dialkyl-gallium, -indium, -thallium monoperoxides whioh do not 

oontain a hydrogen atom on the a-oarbon atom (relative to the O-O 

bond), the homolyeis of the peroxide bond is the only primary 

reaotion; for boron and aluminium peroxides suoh as (RO),WOR), 

[2, 41 reaotion (2.1) is the main one, but oompetee with the 

interaotion with the solvent 14, 106, 1101 and deoreasee with 

lowering the temperature. The aotivation energy for the homolyeis 

of the O-O bond doe6 not depend strongly upon the nature of the 

metal and is 120-134 kJ.mol-' RI, 1061 for boron peroxides, 

103-137 kJ.mol-' [Ill1 for gallium and indium peroxide6 and 

145-165 kJmol-' [II31 for thallium peroxides. 

The oontribution of reaotion (2.1) for the deoompoeition of 

boron and aluminium peroxide6 oontaining an M-C bond, is negligi- 

ble and the intramoleoular rearrangement ia dominant. For gallium, 

indiwn and thallium peroxides with hydrogen on the a-oarbon atom, 

the oontribution of reaotion (2.1) deoreases in favour of ieome- 

rization to non-peroxidio produots by migration of the u-hydrogen 

atom. 

Homolysis of the O-O bond has a rather high aotivation energy 

and reaotion (2.1) takes plaoe only in the absenoe of eaflier 
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alternativee, for example, rearrangements. 

The irltIWn0lecUlar IWarIWUWment into isomerio oxy-derivatives 

ia the main reaotion for boron and aluminium peroxides oontaining 

one or two M-C bonds: 

R-lf-OOR - -WOR12 (2.2) 

Boron and espeoially aluminium peroxides R2MOOR tend to transform 

through reaotion (2.2). ThuB, [211 diethyl(etbylperoxy)aluminium 

even in very dilute solutiona at -75'C deoompoeee oompletely into 

the diethoxide during IO min. The half-life of dimethyl(methylper- 

oxy)boron El61 in the vapor state at room temperature is 60 days. 

In the initial investigation6 [31, 1181 reaotion (2.2) was 

eupposed to ooour by a radioal oage reaotion ("oage effeot"): 

R2BOOR A 02 BOO, *OR } _c: R2;I;1 + l OR (2.3) 
2 

Subsequent results [43l have shown that reaotion (2.2) is not 

homolytio, and has a low enthalpy of aotivation (44, 57, 67 

kJ.mol-' for BqOOBu", Bu"B(OOB#)~ and B~*B(OOBU*)~, reepeotive- 

ly) and high negative entropy of aotivation (-43.1, -39.5, -34.1 

e.u., respeotively). The small values of the aotivation enthalpy 

are in agreement with the synohronous intramoleoular reaxrangement 

prooess. The very low aotivation entropy ie due to the formation 

of a oyolio aotivated oomplex: 

R&L2 - 

Ok. .R 
.* a. .*. RO:'. . .'x 

OR 
- ROB( 

8- 
(2.4) 
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Quantum-ohemioal analysis of the meohanism of reaotion (2.2) 

[I191 suggests that the 1,2-rearrangement of dialkyl(alkylperoxy)- 

boranes involves a oonoerted (synohronous) transformation with a 

rather unsynvnetrioal transition etate of the bioyolobutane type. 

The authors [I191 believe that two organoboron peroxide oonformers 

oan exist: (A) one of the open type, and (B) a oyolio one with an 

intramoleoular ooordination bond BtO, separated 

barrier (-40 kJ.mol-I), and the reaotion (2.2) 

following route: 

n 

by a low energy 

prooeede through 

23-o’ 
o-c dW 

- 9-b A 
Traneition 
State + RB(OR)2 

(B) (2.5) 

The struoture of the oonf'ormer (B) is geometrioally olose to the 

transition state of the rearrangement and is oharaoterized by a 

weak sterio soreening of the O-O bond. ThiB may aooount for the 

small aotivation energy of reaotion (2.2) (about 60 kJ.mol-') and 

for the high reaotivity of dialkyl(alkylperoxy)boranes. 

Intramoleoular rearrangement is aleo oharaoteristio for boron 

and aluminium peroxides suoh as R(R0)MOOR [22, 1021 and ooour6 

alongside the homolysie of the peroxide bond (-20%). 

For some organoboron peroxides, heterolytio rearrangement in 

the fragment whioh does not oontain a metal atom [381 is also 

observed: 

(H0)2BOOCH(He)Ph & (H0)2BOCH(OPh)Ye (2.6) 

Another type of rearrangement, earlier mown for Group IIIB 
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OMP6, is observed for gallium [ll'll, indium 1261, thallium 

peroxides [I11 and involves the peroxide ieomerization to a non- 

peroxide produot through migration of a hydrogen atom from an 

a.-oarbon atom: 

52 MOCYH-R' __, R2 MOH t R'CHO 

H 

(2.7) 

Deoomposition of peroxides Me2GaOOMe, Et2GaOOEt, B$GaOOBun, 

Me21nOOMeS, Et2T100Et through the reaotion (2.7) ia oa. 30%. 

The aldehyde whioh is formed in reaotion (2.7) may undergo 

further transformations depending on its reaotivity relative to 

OMps (the oontribution of aldehyde oondensation reaotion on the 

metal oxides, in our opinion, is not large). Thus, formaldehyde 

formed on deoompoBition of OMPs oontaining the methyl group i6 

extremely aotive in seoondary reaotions and it is absent from the 

prodUots=. Aldehydes with a larger hydrooarbon radioal formed from 

Et2GaOOEt, B$GaOOBu", Et2T100Et are more stable and are found in 

the produote of the OMF thermal deoompoaition. 

The OW rearrangement through migration of an u-hydrogen atom 

is already known for Group IV [120, 1211 and II [122, 1231 OMPs. 

Reaotion (2.7) is believed not to differ fundamentally from the 

1,2-rearrangement of peroxides dieoussed above [120, 1241 and 

ooours intramoleoularly through a oonoerted meohaniem in the 4-me- 

mbered oyolio oomplex. It is oharaoteristio not only for peroxides 

’ Our data. 

6 We found a small amount of formaldehyde from the deoomposition 

of Me2GaOOMe in heptane at 75 - 85% transformation of peroxide. 
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oontaining a hydrogen atom at the oarbon atom in a-position 

relative to peroxide bond (A), but also at the metal (B) [1241: 

(2.8) 

(A) (B) 

At the present time there are no established examples of the 

rearrangement (B) for Group IIIB OMPs. 

For zino and oadmium peroxides, whioh do not oontain the 

hydrogen atom at oarbon in a-position relative to the peroxide 

bond or at the metal atom, the similar rearrangement is realized 

intermoleoularly at a large degree of assooiation of peroxides: 

H +WH3)3 H~,<~T”‘;-;p >H 
,.,;O‘-\&'H 

- MO + CH20 + CH3MOC(CH3)3 + 

"WH3)3 + (CH3)3COH (2.9) 

The interaction of an Oyp with a solvent has been first found 

with Et3SnOOBut in n-dodeoane [1251. Further it has been shown 14, 

106, 126-1341 that also the organio oompounds of boron, aluminium 

and those of silioon and vanadium oontaining alkoxy fragments on 

the metal, as well as dialkylgallium monoperoxides, under mild 

oonditions, interaot with organio oompounds to form oxygen-oontai- 

ning produote in a high yield. Group IIIB metal peroxides are 

oapable of oxidizing C-H bond in alkanes 11321, and interaoting 

with alkenes to form olefin oxides [1291, oxidizing ethers to 

aoetals [1301, and hydroxylating aromatio oompounds L1311. 

Oxidation of the substrate ooours by a moleoular meohanism, 
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and induoed deoomposition of the peroxide by the solvent radioals 

is absent. The low aotivation enthalpies (45-80 kJ*mol-') for the 

interaotion of the OMI? with organio substrates and large negative 

AS' values (40 - 50 e.u.) point to the realization of reaotion 

through a oyolio transition state [1271: 

=MOOR + SH d 
>ar-0-v-R 

8-A I 
4 XOS + ROH (2.10) 

(HS - solvent) 

Investigations of the influenoe of the visoosity of the medium and 

of the magnetio field on the yield of the oxidation produots of 

the solvent indioate the absenoe of an alternative latent radioal 

meohanism [1281. 

The aotivation energy of the interaotion of OMPs with organio 

oompounds is substantially lower (by 40 - 80 kJ.mol-') than the 

aotivation energy for hOmOlySiB of a peroxide bond; this is in 

aooord with the deorease in the yield of oxidation produot with 

inorease in the temperature [1271. 

Boron monoperoxides oxidize paraffins (SH) with high seleo- 

tivity to 20s to form, after hydrolysis, seoondary alkanols 1106, 

126, 127, 1331. The oxidation of alkanes by organoaluminium 

peroxides gives prinoipally metaloxyderivatives whioh are hydro- 

lyzed to isomerio ketones [89, 1101. The yield of ketones when 

paraffins are oxidized by tert-butylperoxydi(tert-butyloxy)alumi- 

nium depends upon the assooiation of the peroxides in solution and 

inoreases with inorease of the dimer fraotion [IIOI: 
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‘2 [(ButO),AlOOBut 

t 

R'CH2R" 

-Al- 

:, 
R'-/J-R" 

:, 
-I,_ 

t 2 ButOH 

(2.11) 

The introduotion of the seoond peroxy group into the OMP moleoule 

is responsible for a suooessive aooumulation of the seoondary 

aloohols and isomerio ketones in the reaotion mixture [I271 

-WOW2 + R'CH2R" __) 
-ROH 

ROO~OCH : ;:I + -M : 
-ROH 

> -?d(OH)2 + R'z. C : g; R", 

M = B, Al, R = But 

ON C . R' 2H20 

O/ 4. R" - 

(2.12) 

OhW transformations in solution in ethers, and in unsaturated 

and aromatio oompounds prooeeds through a preliminary peroxide oo- 

ordination with a substrate moleoule [130, 1311. 

Epoxidation of olefins by organometallio peroxides prooeeds 

through a oonoerted (synohronous) meohanism with an unsyrnnetrio 

low-polarity transition state whioh involves interaotion of eleot- 

rophilio peroxidio oxygen with the Ic-eleotrons of the alkene 

double bond [59, 127, 1351, preoeded by ooordination of the 

reagents [126, 1361: 

XOOR >arOR 

t 4 =MOOR* = - -t (2.13) 
- 
- >A< 
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A quantitative yield of epoxide is charaoteristio for organoboron 

peroxides 1129, 1321. The deoomposition of organogallium peroxides 

in olefinio media gives 85% olefin oxide [1341. For comparison, on 

decomposition of Group IVB OF8 in olefins, epoxide is usually 

absent [I373 or does not exoeed 8% [1261. Such a differenoe can be 

due to a weaker oomplexation with olefins of Group IVB OMPs; the 

strength of the complex may be insufficient for oomplete cleavage 

of the M-O bond in the ooordinated peroxide and only cleavage of a 

weakened peroxide bond in the oomplex ooours: 

1 R3MOOR'. E ] + R'O' t [: = l R,Mi ] (2.14) 

In aromatio solvents the reaotion of organometallio peroxides 

involves hydroxylation of the benzene ring, whioh was established 

for organoboron peroxides [127, 130, 131 I. The interaotion pro- 

oeeds by an eleotrophilio substitution meohanism, in which an OMP 

moleoule rather than a free MO' oation seems to be the eleotro- 
phile: 

>arOOR 
t (2.15) 

The oontribution of reaotion (2.15) inoreases with deorease in 

temperature, and oan be quantitative [1281. The homolysis of a 

peroxide bond remains the BeOOnd direotion of the prooees. 
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11.2. Secondary reactions for themal decomposition of Group 

IIIBOMPB 

Karlier, in aooordanoe with the 

and aluminium peroxides, the role of 

thermal deoomposition of Group IIIB 

insignifioant [I, 2, 43. However, as 

results of rssearoh on boron 

seoondary reaotions in the 

OMPs was oonsidered to be 

was mentioned above, in the 

last decade the study of the reaotivity of gallium and indium 

peroxides has shown that these reaotions oan be important. The 

reaotions of Group IIIB OMPs with various olasses of compounds 

formed in the oourse of primary reaotions will be oonsidered. 

The Interaction With aldehydee has been studied in the oase 

of the Me2GaOOMe and butyraldehyde in hydrooarbon solution [138, 

[1391. IR-speotrosoopy showed [I391 that the reagents interaot re- 

versibly as organic peroxides [117, 1401: 

R2GaOOR t R'C(O)H C R2GaOC 

The equilibrium oonstant (K) for 

system in trideoane is of the form: 

(R')HOOR 

the Ye2GaOOMe 

In K = (-5.73 ? 1.37) t (2.82 4 0.44)*--&*103 

Thermodynamio reaotion parameters are as follows: 

(2.16) 

PrC(O)H 

(2.17) 

AH2g8 = -23.4 + 3.7 kJomo1 -1 , "298 = -47.6 f 17.4 J&g-', 

"298 = -9.3 t 7.0 kJ.mol-'. 

The produot is a less stable u-metalloxyalkyl peroxide, and 
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the effeotive rate oonstant 

is given by the equation: 

k = (2.0 k 0.7)*10'3*exp 

of its thermodeoomposition in heptane 

{-(I163 f lO.O)'/RT}, .-I (2.18) 

The following soheme for a-galliumoxyperoxide deoomposition 

i6 proposed to aooount for the preeenoe of oarboxylates' and of 

hydrogen in the deoomposition produots: 

R2GaOCHOOR A 

At 

R2GaOC$O* + *OR (2.19) 

R2GaOCH(R')O* - R2GaOC(0)R' + $ H2 (2.20) 

RO. SH > ROI-I (2.21 

This eoheme is ooneistent with the deoompoeition meohaniem 

organio u-alkoxyalkyl peIQXideB. 

of 

The oontribution of the direotion of gallium peroxide 

deoomposition through migration of an a-oarbonio hydrogen atom 

(reaotions 2.7, 2.16, 2.19-2.21) deoreasee with inorease in the 

ohain length of R. 

Information on the reaotion with aldehydes for other Group 

IIIB OMPs is absent. Information on the interaotion of Group I, 

II, and IVB OWB with aldehydes is indireot and soanty. 

'I In kJ.mol-' 

* In some oases organogallium oarboxylate tend.8 to be transformed 

by a Bolvolyeis reaotion ae ie observed with Me2Ga00Me therms1 

deoompoeition in hydIWOarbOnB: Me2GaOC(0)H + MeOH + 

e Ye2GaOC(0)H + HC(O)OMe 
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Interaction with ketones. Although Me2GaOOBut oannot give 

oarboxylates through reaotions (2.16, 2.19-2.20) beoause of the 

absenoe of an a-oarbonio hydrogen atom, IR speotrosoopy shows the 

formation of a oarboxylate intermediate product (-0.08 mol per mol 

of OMP) [1151. We suppose that the interaotion of OMPs with 

ketones9 to form an a-metalloxyalkylperoxide follows the pattern 

of the reaotion with aldehydes: 

Me2GaOOSut + Ye2C=0 

_j Ye2Ga+CMe2-O* 

Me2Ga&CMe2-O* + 

Similar reaotions are 

> Ye2Ga&CMe2-00But + 

t .OBut (2.22) 

Me2GaOC(0)Me t Ilee (2.23) 

lanown for potassium alkyl peroxides 

[1411 and alkyl peroxides [117, 1401. 

Catalytic decomposition of Group IIIB OMPs on metal allcyloxi- 

m The RMO produot of the deoompoaition of Group IIIB OMPs 

has a oatalytio effeot on the thermal deoomposition of organio 

gallium [I151 and thallium [I131 peroxides. It is supposed l14.2, 

1431 that RMO oan be formed by the thermal deoomposition: 

F$MOH > 60’~ s F@I •t (=O), (2.24) 

IR speotrosoopy shows that the produot of reaotion (2.24) is 

different from the oatalytioally aotive deoomposition produot, and 

g !Phe aoetone is formed by fragnention of ButO* radioale, whioh 

are obtained by the primary homolysis of the O-O bond. 
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is itself oatalytioally inert. 

The oxide prepared by reaotion (2.24) ie mainly trimerio, 

like the initial hydroxide [144, 1451, and thie may be why it 

oannot interaot with the peroxide. The authors 11131 6uppo6e that 

the oatalytioally aotive form of the oxide ia monomerio, formed 

not by reaotion (2.24), whioh aleo takes plaoe in the ooubse of 

OMP deoomposition, but in a different way: 

R2MOOR - RO* + R2MO* 

1 > RHO + R* (2.25) 

The existenoe of oompouude oontaining a double bond to the metal 

atom, as was shown for silaethylene and eilauones 1144, 1451, is 

rather problematioal. The monomer is supposed to be stabilized 

11131 by the reeonanoe RTii + RTf-O-. 

A oatalytio effeot of alkylmetal oxides (RMO) on OMP thermal 

deoomposition, analogous to that of oarbonyl oompoud.6 [I131 is 

rather oonvinoing: 

R2MOOR + RMO - R2MO-MR-OOR + 

- R$+GMR-O~ + *OR (2.26) 

In the authors' opinion [1131, the RMO i6 regenerated by deoompo- 

sition of metaloxyl radioals or of the oorresponding hydroxide: 

5 Mo-A(R-o* (2.27) 
- R2MOIi + RMO 
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RO*, R2MO* sH > R2MOH, ROH (2.28) 

Not denying this, we suppose that R2MO* is more likely to under- 

go cleavage of a rather weak M-C bond (for Ga-C < 250 kJ.mol-'1 to 

lose a R= radioal and to form a double -M=O bond. That is similar 

to the meohanism of stabilization of an a-oxyradioal by the loss 

of hydrogen on the deoomposition of organio and organometallio 

a-oxyperoxides: 

52 Mo-MR-o* + R$bMd + R* (2.29) 

The oompound R2MO-M=O oan be regarded as a dimer of RMO with 

an aotive -IA=0 group, but it is quite probably more stable than 

the monomer beoause of IL-bond delooalization. The existenoe of a 

highly-reaotive oompound FM=0 and its pOBBible isolation in a 

oatalytioally aotive form is 

The oatalytio meohanism 

above (reaotions 2.26-2.28): 

speoulative. 

of %MOM=O is similar to that listed 

ra - OOR 
R2MOOR + R2MOM=O--+ 527 i 

b = tioMI2 1 
- R2Mof; - 

- R.$4OffO* + *OR (2.30) 

0kR2 

R2MOM00+ R2MO' + R2ModLI) (2.31) 

Reaction with alcohol& Aloohols as well as the other deoom- 

position produots [126, 1131 were observed not to affeot the rate 

of the thermal deoomposition of boron, aluminium and thallium 

peroxides. 
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With the Me2GaOOMe - YeOH system in hydrooarbons we have 

found [115, 1463 that the addition of aloohol aooelerates the 

deoomposition of the organogallium peroxide. Yet, with an initial 

aloohol oonoentration > 1 mol per mol of OMI?, the prooess is 

slower and in aloohol solvent the deoomposition is very slow. 

The aooelerating influenoe of the aloohol on the deoompoaiti- 

on of an organogallium peroxide is similar to the effeot of 

aloohols and other eleotron donors (ethers, amine6, olefins, 

phosphines) on the thermal deoomposition of organio peroxides 

[147-1491 and Group IVB OMPe E150-152 1. It is due to the primary 

ooordination of reagentsa whioh weakens a peroxide bond leading to 

an inoreaee in the fraotion of the reaotion whioh involves 

radioals. However, unlike the other eleotron donors, the oomplexa- 

tion of gallium peroxides is reversible [91, 921. With organoboron 

oompounds it wa6 shown that the reverse reaotion also involve6 

ooordination of the reagents [791. Thus, the meohaniem of thermal 

deoomposition of gallium peroxide in 

represented as follows [1461: 

Kg 
-5 GaOR" + R'OOH (2.32) 

the presenoe of aloohol is 

Kg GaOR8'*RVOOH X 

'O The energetio parameters of oomplexation of gallium peroxides 

with eleotron donors are small and agree well with literature 

data for boron peroxides and silioon subgroup elements [921. 



Reaotion (2.32) in the absenoe of On deoomposition prooeeds 

rapidly. The effeotive rate oonstant of reaotion of Me2GaOOMe 

methanol in toluene is desoribed by a kinetio equation for 
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very 

with 

the 

seoond order reaotion: 

k ef. = 10(2~'4'o~0S)~exp {-(6220+447)/RT), l+mol-' .s-’ (2.33) 

The equilibrium is reaohed during -10 s at room temperature. The 

effeotive equilibrium oonstants (Kef,) of reaotion (2.32) in dif- 

ferent solvents are listed in Table 2.3. 

Table 2.3 

The effeotive equilibrium oonstant values of reaotion (2.32) 

(Kef.= [R2GaOR~~l~[R'OOHl/[R2GaOOR~l~~R~~OHl = K,*K2*K3) 

at a room temperature 

Me2GaOOR' R"OH Solvent K ef. 

Me2GaOOMe 

Me2GaOOMe 

Me2Ga00Me 

Me2GaOOMe 

Me2GaOOBut 

Me2GaOOBut 

Me2GaOOBut 

HeOH 

MeOH 

BunOH 

ButOH 

ButOH 

ButOH 

ButOH 

ccl4 

toluene 

toluene 

toluene 

ccl4 

heptane 

toluene 

0.39 4 0.07 

1.01 t 0.02 

0.33 f 0.03 

(0.98 + o.13)*lo-2 

0.13 + 0.03 

0.11 t 0.01 

0.43 + 0.04 

K ef. is I 1. The extension and espeoially branohing of the 

group R" of the alkoxide fragment shifts the equilibrium towards 

the initial oomponents and reaotion (2.32) beoomes praotioally 
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insignifioant. The maximum value of Kef is observed at R' = R". . 

The solvent strongly affeots Kef . The general expression for . Kef . 

for the Me2GaOOMe - MeOH system in toluene is given by the equati- 

on: 

ln Kef = _ (0.756 t 0.028).103 
T t (2.630 t 0.092) . (2.34) 

AH = 6.32 + 0.23 kJ.mol-' 

The subsequent retardation of the prooess with the inorease 

of the initial aloohol oonoentration ( > 1 mol per 1 mol of OW) 

oannot be due only to the exohange reaotions (2.32), as with 

inorease in the initial R"OH oonoentration, the equilibrium oon- 

oentration of the ObP*ROH oomplex responsible for OMP deoompositi- 

on and the OF@ deoomposition rate should inorease and in the limit 

approaoh a maximum. The effeot observed oan be explained within 

the soope of non-speoifio solvation theory [1471, when with the 

inorease in oonoentration of an eleotron donor, i.e. with the 

inoreaee in dieleotrio medium permeability, an initial state of 

the reaoting system (OM!?*eleotron donor oomplex) is solvated more 

than the transition state: this results in the deorsase in the 

radioal deoomposition rate oonstant for the OMP*eleotron donor 

oomplex (k2). 

The hydroperoxide, produoed in the reaotion (2.32), oan play 

a role in the thermal deoomposition meohanism of organogallium 

peroxides. The methyl hydroperoxide formed from Me2Ga00Me under- 

goes induoed deoomposition by radioals derived from the gallium 

peroxide [1471. 

The interaotion of gallium peroxide with aloohol is not limi- 
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ted to the reaotion (2.32). Above 100°C the oleavage of the eeoond 

Ga-C bond is observed as a result of the reaotion6 (2.32) and 

(2.35) k1541: 

R2GaOR t ROH + RGa(OR)2 t RB (2.35) 

However, the oontribution of reaotion (2.35) in the thermal deoom- 

position of organogallium peroxides in hydrooarbon media is 

negligible. 

Thm, aloohols in the seoondary reaotions of thermal OMP 

deoomposition oan play a signifioant role by, firstly, aoting a6 

eleotron donors whioh oan promote radioal OMP deoomposition and, 

6eoondly, by displaoing hydroperoxidee whioh again oan induoe 

deoomposition. With large aloohol oonoentratione the non-speoifio 

eolvation of reagente and the oleavage of the seoond M-C bond in 

the OBdp are of inoreaeed importanoe. 

Reaction with esters. We have found [I55 1 that organogallium 

peroxides reaot with esters in hydrooarbon solution by reversible 

exohange of alkylperoxy and alkoxy groupe [921: 

Ye2GaOOR' t CH3C(0)OR" C He2GaOR" t CH3C(0)OOR' (2.36) 

(R' = Me, But; RI' = Me, Et) 

The equilibrium oonstant of reaotion (2.36) in heptane at room 

temperature is emall (oa.10-3). 

Reaotion (2.36) ie ooneidered to prooeed through oomplexation 

of reagent6 similar to the reaotion with aloohola (2.32). The 

aooelerating influenoe of ethyl aoetate (in the ease of an initial 

ester oonoentration to 5 mole per mol of OMP) on the Me2GaOOMe 
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thermal deoomposition rate oonfirms this; it oan be also due to 

weakening a peroxide bond in the OMP*eleotron donor oomplex. In 

the presenoe of ethyl aoetate we have found a substantial inorease 

of the radioal formation rate". With the further inorease of the 

initial ester oonoentration ( > 5 mols per mol OMP) as with aloo- 

hole a deorease of the Ye,GaOOMe thermal deoomposition rate is 

obsemed. The reaotions with aloohols and with 

similar trend in media with a similar dieleotrio 

The explanation of this effeot has been oonsidered 

esters show a 

permeability". 

above. 

Thus, the thermal deoomposition of Group IIIB OKPs is a 

rather oomplioated prooess whioh as the latest data show, is not 

limited only to primary reaotions but inoludes a whole system of 

seoondary reaotions. The oontribution of partioular reaotions to 

the meohanism of the prooess is to a large extent determined by 

the nature of the metal. Thus, for boron and aluminium peroxides 

the primary reaotions are the main ones, but for or&no-gallium, 

-indiwn, -thallium peroxides the role of the seoondazy reaotions 

is aignifioant. Considerable advanoes have been made in the study 

of seoondary reaotions, and new information about the meohanism of 

the primary reaotions has been obtained. 

" By aooumulation of bibenzyl in the toluene solution. 

" The dieleotrio permeability of methanol is 32.63, and ethyl 

aoetate is 6.00 at room temperature L1561. 
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