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The mechanism of ozonization of organic derivatives of the silicon 

subgroup elements has been examined, The quantitative trends of the 

influence of the nature of the heteroatom, the substituents, non- 

specific solvation and electron-donating ligands on the reactivity 

of organoelenent compounds toward ozone have been established. 
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IBTRODUCTICN 

The interaction of ozone v.ith organic derivatives of the silicon 

subgroup elements (tetraalkyl derivatives (q-12), bielementoxanes 

(12-14), alko-0 and hydroxy derivatives (11,12,14), chlorine sub- 

stituted derivatives (14-17) and hydrides of organoelements (11,12, 

18-22)) in the case when the organic fraSrnent has a normal structure 

follows a bimolecular heterolytic mechanism (14,23,24) which may be 

presented as a series of the following stages: 

1. Coordination of ozone to the heteroatom of the org~anoelement 

compound due to interaction of the vacant d-orbitals of the hetero- 

atom and the electron cloud of the nucleophilic ozone center. 
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2. Electroph%lic attack on the element-carTson bond by coordinated 

ozone to form :an intermediate t&oxide, 

3. Z!earrangement oil” the trioxide ;G.th hydrogen migration from the 

d-carbon ato. to the cenCra1 o:e-sen ol the i&-oxide, 

(C2H5)3X0 - - (c~H~)~EOOH + cHp(o) (3) 

X quantum-chemical investigation of the reaction of ozone Hit11 Si34 

:2.as jD.ar, * <_- carried out (25). The most energetically advantageous di- 

rections of attack of the ozone molecule on SiQ are at the Si atom 

and grouped near the C2 symmetry axis of SiH4 with orientation of 

the ozone molecule towards SiH4 by the terminal atoms. The attack 

causes (without activation) formation of a labile intermediate comp- 

lex of donor-acceptor t-e (the donor is the ozone molecule; elect- 

ron transfer 0.1 e). The estimated value of the heat of formation 

of the complex is 20-30 kcal/mol, The complex which has a low acti- 

vation barrier rearranges into the trioxide H3SiOOOH, 

Organobielement compounds (12,26) interact with ozone through the 

element-element bond 'co form hexaalkyl- (12) or hexaaryldielement 

oxanes (26) 

(C,H5)3PbPb(C6H5)3 + 03-(C6H5)3PbOPb(C6H5)3 + 02 (4) 

The authors (26) presume that at low temperature (-100°C) the or- 

ganobielement compounds react with ozone to form intermediate tri- 

oxides 

(C2H5)3SnSn(C2B5)3 + O3 - (C2H5)3SnOOOSn(C2H5)3 (51 

which are further consumed accordin g to the reaction: 

(C2H5)3SnCOOSn(C2H5)3 + (C2H5)3SnSn(C2H5)5 - 

(C2H5)3SnGGSn(C2K5)3 + (C2H,-)3SnOSn(C2H5)3 (6) 

Vhen the temperature rises the organoelement trioxide decomposes 

according to the equation (27): 

(C2H5)3SnC@(X3n(C2H,-)j - (C2H5)3SnOSn(C2H5)3 + O2 (7) 



Interaction of ozone b.ith organoelement compounds having several 

element-element bonds also occurs mainly through these bonds, Thus 

it has been shown (28) that oxidation of octa-tert-butyltetrastanno- 

cgclobutane requires 4 moles of ozone. The stoichiometry of the reac- 

tion corresponds to the following equation: 

(tert-C4Eq)$n4 + 403 -4(tert-C4Rq)2Gn0 + 402 (81 

I%e above stated data have been basically generalized (2531), 

The results of investigations of the mechanism and kinetics of reac- 

tions of organoelement compounds with ozone, the most successfully 

studied in recent years, have been systematized and discussed in 

this review, 

'i!he mechanism of oxidation of organoelement compounds by ozone has 

been suggested on the basis of experimental data obtained from the 

ozonization of a comparatively small number of compounds (14,30), in 

which an ethyl radical played the role of the organic fragment. One 

of the stages of the supposed mechanism is a stage (3) of transfor- 

mation of the proposed intermediate trioxide, occuring with migra- 

tion of the d-hydrogen atom (relative to the CEC heteroatom) of the 

organic radical to the oxygen atom to form a carbonyl compound and 

an organoelenent hydroperoxide (30). In this connection the study of 

ozonization of such compounds, of M-J&h the organic radical has no 

d-hydrogen atoms is of interest. For this purpose ozonization of 

dichloro- and dimethyl(ditert-butyl)stannanes has been investigated 

in CCL4 at O°C (32)- It has been established that the organoelement 

compounds studied react readily with ozone, acetone and tert-butyl 

alcohol being identified as organic reaction products, Ditert-butyl- 

stannane dichloride reacts with ozone with a markedly lesser rate.in 

comparison with dimethyl(ditert-butyl)stannane. The stoichiometrg of 

ditert-butylstannane dichloride ozonization is close to two,Yhen the 

COnVerSiOn degree is small ((20$), 1 mole of acetone and about 0.1 

mole of tert-butyl alcohol form per mole of the initial substance. 

The main organotin product of ditertbutylst annane ozonization is a 

white microcrystalline powder, with a composition C2H604SnC12, con- 

taining active oxygen sparingly soluble in hydrocarbons and highly 

soluble in methanol, 

Dimethyl(ditert-butyl)stannane interacts with ozone in a I:1 

ratio to give up to 6099 conversion of the initial compound. &a a 

result about 1 mole of acetone and a much smaller quantity (about 

0.2 moles at conversion degree not more than 40%) of tert-butyl al- 

cohol form per mole of the initial compound reacted. 
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Sesides the above-stated compounds the product of incomplete oxi- 

dation of dimethyl(ditert-butgl)stannane has been found, A signifi- 

cant quantity of the product of incomplete oxidation of the initial 

organoelement compound was observed at a practically complete oxida- 

tion of initial (tert-C4Z9)2Sn(CEi3)2 according to chromatographic 

data, indicating consecutive oxidation of Sn-C bonds and a relative- 

ly low reactivity of the intermediate compound formed toward ozone 

in comparison >.ith t'ne initial compound, Purther oxidation of -Mae 

intermediate products by ozone also leads to formation of acetone 

and tert-butyl alcohol; however, the acetone:alcohol ratio, in this 

case close to 1:2, differs markedly from the ratio of the same pro- 

ducts obtained at low conversion degrees of initial (tert-G4Xg)2 

sn(CE3)2 (1:0,2), 

The final organoelement product of dimethyl(ditert-butgl)stannane 

ozonization :-:as a white powdery sudstance containing traces of active 

o,xygen, IR spectroscopy indicated the presence of Sn-0, 0-C and 

SE-CH 
3 

bonds in the product, This product reacts readily with XC1 in 

diethyl ether to form dimethylstannane dichloride. 

It should be mentioned that a decrease of the temperature of di- 

methyl(ditert-butgl)stannane ozonization to -68OC does not result 

in the formation of a peroxide. 

C% the basis of the above data (32), and considering the known 

mechanism of OEC ozonization (14,30), one can assume that the inter- 

mediate trioxide under conditions of the hindered migration of the 

alk_Jl radical (in comparison with the more mobile d-hydrogen atom) 

may undergo conversion in two directions: a heterolytic one , asso- 

ciated with a methyl group migration leading to formation of a pero- 

xide product and a ketone: 

SSn H3C-6 

I i 

-CH3 - \Sn-0-O&H3 + CH3COCH3 

0 
‘0’ 

0 

and a homolgtic one, followed by cleavage of the C-O bond: 

sSn-O-C?-C-C(CH3)3 - SSn-O-O' + 'OC(CH3)3 (IO) 

The substituents situated at the heteroatom of the organoelement 

compound iffect the direction of the process significantly. Thus, 

in the case of dimethyl(ditert-butyl)stannane ozonization the pro- 

cess mainly occurs heterolgticallg, and in the case of ozonixation 

of its intermediate product the process takes place for the most 

part homolyticallg (equation IO). 
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The further development of the homolytic process may be expressed 

by the following scheme (32): 

(cE13)3co- + m - (CH3)3CO" + S' 

SSn-O-O' + SE _ \"nOO9 t S' 
7 %' 

T5ith further decomposition of the hydroperoxide (33): 

+Sn-C-CH- fSnOH + $02 

It should be pointed out that the conversion of organoelement hyd- 

roperoxides may occur in some other way, For instance, the organo- 

element hydroperoxide obtained as a result of trialkylchlorostannane 

ozonization forms a complex with the initial compound (34): 

R3SnC1 - R2C13nf.0H (R = C2H5, n-"4H9> 

This complex decomposes on heating for the most part heterolyti- 

cafly according to the equation (35): 

(C2??5)3SnCl l (C2Fi5)2C1SnCOR - (C2H5)2ClSnCSnC1(C2H5)2 + 0CRCH3 

.The low efficiency of initiation (O-04) by this complex of the re- 

action of methylmethacrglate polymerization (35) is indicative of its 

partial decomposition into radicals* Unlike the corresponding chlo- 

rides, iodine-substituted trialkyl- and dialkylstannanes react with 

ozone through the tin-iodine bond. Due to the high oxidation poten- 

tial of ozone (36) iodine oxidizes in this case to form correspon- 

ding iodates (37): 

1,Sn-I f 3C3~fSnI0 3 + 302 

REACTIVITY CF ORGABOELzKSXT CGNPOL?~DS TO OZCRE 

Influence of the nature of the heteroaton 

The kinetics of (C2H5)4E (j&50), (C$5)4E (51-52) and (C2H5)3"- 

E(C H > (43-46,50,53-57) ozonization, 
253 

(where E is an element of the 

silicon subgroup) in'CC1,: in the temperature range of 0-20°C (.Tab- 

le 1) has been investigated. The results of the investigation point 

to a first order reaction for ozone and a first order reaction for 

the initial organoelement compound. The dependence of the rate cons- 

tant k on the temperature of ozonization for all organoelement com- 

pounds studied may be satisfactorily expressed by the Arrenius equa- 

tion. 

It should be noted that k values of hexaethyldisiloxane, hexaethyl- 

digermanoxane and hexaethyldistannoxane ozonization (Table 1, com- 

pounds IX-XI), which can be chosen as model reaction products of the 

appropriate organoelement compounds (28), are substantially lower 

for the most reactive ones toward ozone than the k values for the 

ozonization of the initial compounds, 
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TAELE 1 

The influence 

organoelement 

of the nature of the heteroatom on the reactivity of 

compounds toward ozone (2Z,52,53j I 

BO Compound 
k,'OOC 

1 12 k. 
a 2 0.01 

(l/no1 set (kJ?mol) 

I 

1-J 

III 

IV 

V 

KC 

VII 

VIII 

Ii 
7,F 1_ 

XI 

XII 

XIII 

-XIV 

XV 

(C,H ) 05s Si 

(C6H514Ge 

( C6H5)4Sn 

(C6Z5)4';" 

2.W10-2 

1.2x10--' 

96 

1300 

0.7 

2.1 

300 

1650 

Ixlo-2 
4xq 0-2 

40 

0.33 

0.36 

1.82 

5.90 

L$. .I 31.8 

7.3 46.0 

6.7 26.4 

8.5 29.3 

6.5 37.7 
6.0 31.4 

8.0 31.4 

7.1 31.4 

6.8 35.1 

6.3 37.7 

9.2 50.2 

7.5 37.7 

3.583 

3.574 

3.563 

3.559 

3.573 

3.567 

3.549 

3.542 

- 

Thus, the obtained oaonization rate constants for compounds I-VIII 

(Table 1) may be considerefi rat‘ner precisely to be ones referring 

to the primary process. 

In the studied series of compounds (C2fIs)4E, 

[(C2H5)3E]20 

(C6H5)4E end 

which are equivalent from the point of view of influ- 

ence of organic groups, steric hindrances and availability of vacan- 

cies in the coordination sphere of the heteroatom, there is a con- 

siderable difference in electronegativity values of their hetero- 

atoms. It has been shown (43,45,51,52) that the ozonization k values 

at 20°C of (C2B,)4E, (C B > 
654 

E and (C2H5)6E2 correlate satisfacto- 

rilg with the &lues of the effective electronegativity of the he- 

teroetom in these compounds. The measure of the effective hetero- 

atom electromegativitg was expressed by the value of their "stabi- 

litg ratios" (A), which were calculated on the basis of the values 

of electronegativitg obtained following the Gordy system (58): 

for ((+x5)&E, l$k = 709-198-44 

for (C2H5)6E2, I$ k = 389-109a( 

This result is indicative of a 

compound reactivity toward ozone 

symbatic change of the organoelement 

with changing heteroatom nucleophi- 
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lity, b!ith regard to the mechanism of reaction of ozone with orga- 

nic derivatives of the elements of the silicon subgroup that has 

been suggested (14,31,32), the results obtained are indicative of 

a limitation of the bimolecular reaction of these compounds with 

ozone by toe electrophilic attack on the E-C or E-E bonds by ozone. 

The influence of substituents at the heteroatom 

a)lull organic derivatives and halogenides of organoelements, Fro- 

ceeding from the ozonization of some tetraalkyl derivatives of tin 

in CC14 (42) the influence of inductive effect of organic substitu- 

ents in alkyl derivatives of Group IV elements has been studied, In- 

teraction of these compounds with ozone is of a general second or- 

der nature; the temperature dependence nay be satisfactorily exp- 

ressed b;7 the .4rrenius equation (Table 2). It has been shown (28) 

that the obtained k values of ozonization may be refnrred to the 

interaction of R4Sn with ozone with an adequate degree of precision, 

i.e. the kinetics of ozonization of the initial organotin compounds 

is not complicated by secondary reactions or by any influence of 

-the products. The comparison of kinetic parameters of the reaction 

of R4Sn with ozone (Table 2, compounds II-VII) with the sum of Taft 

induction constants for t'ne organic fragments (59) demonstrates 

that the difference in the values of the +I-substituent effect has 

very little influence upon the reactivity of R4R toward ozone. 

In the case of substitution of ethyl groups in tetraethylstannane 

(germane) by substituents having strong -I-effects (Br,Cl,OX) the 

reactivity of the compounds decreases markedly (Table 3) (41,43,46, 

49,50,60). 

TARLE 2 

Influence of the organic radical upon the rate of ozonization of or- 

ganotin compounds in Ccl4 (32,42) ( [compound] = 10 -3 - 10%01~~, 

[03]= 10m4 - 10-7mol/~) 

NO 

I 

II 

III 

IV 

V 

VI 

VII 

k, O°C 
Compound 

( i /mol set) 

(CH3)4Sn 2,wo-2 

(C2H5)4Sn 46 

(n-C3H7)4Sn 18 

(n-C4E9)4Sn 17 

(iso-C4Hg)4Sn 16 

(n-C5Hq,)4Sn 16 

(tert-C4F$)2(CH3)2Sn 4.7 

1 a E 

o (kJ/mol) 
-_&* 

5 34.3 0 

6.7 26-4 0.40 

7 30.5 O-46 

7 30.1 0.52 

7 30.1 O-50 

6-3 26.8 0.65 

6.1 28.5 0.6 
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Proceeding from the relationship igk = f(z&*> (Table 3) the 

authors (28,60) suggest that in this case at least two effects pro- 

bably affect the reaction rate. The first is strong inductive effect 

of the chlorine, bromine or hydroxyl group-which favours decrease 

of electron density on the carbon atoms next to the tin atom, which 

causes hindrance of electrophilic attack upon the tin-carbon bond 

by ozone, 

Influence of I-effect of the substituent on the rate of ozonization 

of organoelement compounds in CC14 (60) ([compound] = 10 
-2 

- 10-5 

mol/l , [03] = 10B4 - 1O-7 mol/l) ’ 

k,lO°C E 
X0 Compound x6*5o 

( /mol set) 1 
l$ko 

(kJ/mol) 
- 

I 

II 

III 

IV 

V 

VI 

VII 

VIII 

12xlo-1 7.3 

1,5xlo-2 3 

96 6-7 

1.34 5.3 
6.5~10-~ 3.8 

2x10-2 

3 
1-6 

46.0 

26-4 

26.4 

27.6 

27.6 

- 0.40 

2.6 

-0.40 

2.7 

5.7 

8.7 

1.35 

2.6 

-- The second one is d*-plp- conjugation of p-electrons of the chlo- 

rine with vacant d-orbitals of tin, This effect is the reverse of 

the inductive one, and it favours t'rte electrophilic attack of ozone 

on the tin-carbon bond. It should be noted that the presence of 

dn-pfl 
-conjugation in the silicon compounds is convincingly suppor- 

ted by independent physical methods (61). 

b)Organosilanes. It has been noted (22,62) that interaction of or- 

ganosilanes with ozone may be described by a kinetic equation of 

the second order type. For the ozonization of monohydrosilanes (63) 

the existence of an isotopic effect has been established, and on 

the basis of this fact the conclusion about participation of the 

+Si-II bond in the rate limiting stage of the process has been 

drawn. 

Relative constants of the oeonization rate have been correlated 

with stretching vibration frequency of the valent $Si-H bond or 

with hammet and Taft inductive constants for the group of silanes 

(22,62,64,65). These correlations were established proceeding from 
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the assumption of the predominant influence of inductive effects 

on $ gi_H ('6) and on the rate constant for ozonization, but reso- 

nance effects were not taken into account, which is not correct 

(61). 

The authors (67-69) have used a sufficiently large series of tri- 

substituted organosilicon hydrides for the investigation of the in- 

fluence of substituents at silicon on the rate of interaction of 

silanes with ozone, The reaction of organosilanes with ozone is a 

more convenient model for the study of this problem, since the in- 

teraction of organosilicon hydrides with ozone is of bimolecular 

character and proceeds only through the silicon-hydrogen bond. The 

products of these reactions are the corresponding silanols (?2,62- 

651, which do not take any noticeable part in the reaction, just 

as organic solvents (hydrocarbons,halogenhgdracarbons et al.). 

The k values of ozonization of 16 organosilanes have been found 

(67) (Table 4)- In the case of ozonization of each silane it has 

been established that all of them interact readily with ozone at 

room temperature. A 5-10 fold change of initial concentration of 

ozone or silane does not influence the k values. The reaction stoi- 

chiometry is close to l:l, This indicates that ozone and the 

initial organosilane participate in a first order reaction. The equa- 

tion for k reads as follows: 

k(l/mol set) = koexp(-E/ZT) 

The values of k. and E are given in Table 4, 

The organosilanes studied may be subdivided into three groups 

(Table 4). The first group (compounds I-VI) is expected to show 

just inductive influence of the substituents, the second (compounds 

VII-IS) an additional dg-pt interaction with the heteroatom. The 

third group of organosilaues (compounds X-XIV and XV,XVI) is of in- 

terest in comparison with the firs t and the second groups,because 

the effect of &,d -conjugation in methyl groups is much stronger 

than that of alkyl or aryl radicals (59). 

It has been established (67) that in the case of organosilane 

ozonization the dependence of k values on the sum of inductive con- 

stants of the organic substituents may be expressed by the Hammet- 

Taft equation ( lgk =Jr"* + con&), which is illustrated by Big.1. 

In the case of the first group of organosilanes this equation at 

20°C reads as follows: 

&Jk = -0.696Eh* + 1.7114 (11) 
It should be pointed out that the ratio of the sensitivity of the 

organosilane reactivity (i.e. slope 
P 
> in the reaction of interest 
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Influence of x6* substituents on the rate constant of silane OZO- 

nization in CC14 at 20°C (67) 

fT0 Silanes 
10-'/k 

z&V kew kcalc A%k (kJ~mol)(~~molo ) S 

I 

II 

III 

IV 

V 

VI 

VII 

IrIII 

IX 

x 

XI 

:*x1 

XIX1 

XIV 

XV 

XVI 

-0.486 

-0.390 

-0.345 

-0.300 

0.330 

0.645 

0.400 
1,100 

1.800 

-0.324 

-0.260 

-0,230 
-0,200 

0.430 

1,200 

0,600 

107 - - 

100 - 

94.5 - - 

80 - - 

30 - - 

18.5 - - 

53 27.1 0.29 
40 8.8 0.65 

30.5 2.9 1.03 

63 E6.5 -0.13 
60 78.05 -0.11 

56 74.4 -0.12 

50-5 70-9 -0-15 

21.5 25.8 -0.08 

29.5 7.5 O-60 

35 19.? 0.25 

32.2 6.3 

31.8 5 

32.2 4 

33.5 6-3 

38.1 10 

28.5 0.63 

33.9 4 

42.7 100 

31.4 2 

31.4 2 

27.2 0.31 

31-8 2 

33.5 2 

29-7 O-5 

33.5 2.5 

Fig-l, Dependence of Ilk on E-6' f or reaction of ozone with organo- 

silanes in Ccl4 at 20°C; straight lines 1,2,3 and 3* are for the si- 

lanes of group I,2 and 3, respectively. 

to the value of LEG* is practically independent of the temperature 

(Table 5). The negative value of p confirms the proposed mecha- 

nism of the simple reaction of organic compounds of Group IV ele- 
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T-ABLE 5 

!i!he pvalues at different ozonization temperatures of group one 

organosilanes in CC14 (67) 

t c”a P r 
20 -0.696 0.998 

15 -0.735 0.980 
10 -0.787 0.996 

5 -0,672 0.995 
0 -0.762 0.995 

ments with ozone as a consecutive coordination of ozone to the he- 

teroatom of the organoelement compound followed by electrophilic 

attack on the heteroatom-carbon bond or the heterostom-hydrogen by 

ozone (depending on the nature of organoelement compound), Proceeding 

from this idea, the reactivity of compounds differing from each 

other only in the total inductive substituent effect towards czone 

should increase with decreasing Ed* value. The experimental data 

obtained (67) correspond quantitatively to this relationship. 

The dependence of 13" on&* Zor organosilanes of the second and 

third groups cannot be expressed by the equation II as seen in 

Pig.1, In this case the k values of the ozoniaation of organosilanes 

calculated from equation 11 in accordance with the values of organic 

substituents of these compounds (kcalc ) are lower than those found 

experimentally (kexp_) f _ or organosila&s of the second group and 

larger for the third group of organosilanes (Table 4, compounds X- 

XIV), This fact, observed with organosilanes of the second group, 

was explained (67) by t‘ne effect of %-pn interaction of the phenyl 

fragments with silicon, which is opposite to the negative inductive 

effect of this group. As for the silanes of the third group diffe- 

rence may be explained by 6,6 -conjugation of the methyl group. 

The assignment of the differences between the values of k 

and kcalc 
for the second group of organosilanes only to th?%fect 

of d_-p, Interaction is supported by the linear relationship (Pig.2) 

;;~~~~l~k=~~~~~ ,ic~ kcalc, for compounds VII-IX (Table 4) 

-_ taken from the literature (70) (aVSi_H 

denotes the contribution to the change of the stretching vibration 

frequency of the Si-H bond occurring due to %-pr interaction be- 

tween silicon and phenyl substituents. 

Quantitative comparison of the contributions of &,&-conjugation 

to the reactivity of the third group of organosilanes (compounds X- 

XIV) have not been carried out because of the very small differen- 
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- L I I t 

0 10 20 
43 (cm-') 

30 

Pig,2. Relationship between A$k and A3 for organosilanes, 

ties in AuSi y values for these compounds (61). However '*the point'* 

in Fig,2, cor&ponding to these organosilanes with 
If 
unresolvedW 

values of Ag Si_:! falls satisfactorily on the common straight line- 

The additivitg of the influence of +pP interaction effects and 

6,&-conjugation on organosilane reactivity towards ozone is sup- 

ported by a good agreement of the obtained linear relationship be- 

tween 01 
% 
k and h Usi_, (Fig.2) with analogous experimental data for 

methyl(diphengl)silane and dimethyl(phenyl)silane (Table 4, compounds 

-XV and XVI), for which the A\j values have been also taken from li- 

terature (61,70), 

The comparison of ozonization rate constants of a number of orga- 

nosilicon and organotin compounds with the electron density dis- 

The results of the calculation of the charge and the index /c,/fi 

of the reactivity of some organotin compounds (here and below the 

charge cuantities are given in terms of the electron charge (48,49)) 

Compound 
qSn qC cc/p Compound qSn 9C %fp 

(C$H$SnC13 O-78 -0.05 4.05 

(C2H5)2SnC12 

(C2H5)3SnC1 0.68 -0-16 4.16 

0.73 -0.11 4.11 <C2H5>4Sn* 0.63 -0.21 4.21 

'For (n-C H ) Sn, 
3?4 

(n-C,EI,),Sn, (n-C H ) Sn, - 

lues of q/p 

5 11 4 (iso-C4H9)4Sn the va- 

9Sn) 9C and are the same as those for (C2H5)4Sn, 
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tribution in these compounds results in very interesting conclusions 

(48,49) (Table 6). For ail the calculated compounds the tin atom 

charge has the highest positive value, whereas the charge on the car- 

bon atoms next to the heteroatom has the highest negative value in 

comparison with other carbon atoms of the same molecule, and conse- 

quently '&I@ h as the highest positive value. The comparison of the 

calculated values of the reaction center charges of the organoele- 

ment compounds with the values of relative ozonization rate constants 

of these.compounds (k/ho, where k. is the ozonization rate constant 

of the tetraethyltin, see Table 3j leads to derivation of a semilo- 

garithmic relationship which is completely linear (Fig.31, In this 

case ratio k/k0 increases with increasin, m negative charge on the 

carbon atom of the reaction center. These results agree with the 

above-mentioned heterolytical mechanism of organoelenent compound 

ozonization. The deviation from linearity is likely associated with 

%-p* interaction of the chlorine atom with the tin atom (which has 

been neglected), because such interaction results in increase of ne- 

gative charge on the carbon atom, 

Analogous calculation of electron density distribution for a number 

of silanes ( methyl(diethyl)silane, methyl(di-n-propyl)siiane, me- 

Fig,3, Dependence of the logarithm of relative rate of ozonization 

for organotin compounds on the change of charge of the reaction 

center, 
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thyl(di-n-butyl)silane, methyl(di-n-amgl)silane, triethylsilane, tri- 

n-propylsilane, tri-n-butglsilane (58)) gives practically equal 

charge densities 00 the atoms of silicon (qSi = O-331, hydrogen 

(qH(si) = -','5; - -0.16) and also on carbon at silicon (qC(8ij =-O-07- 

- 0.09L This result points to a disadvantage of the empirical calcu- 

lation (Del Re method) employed by the authors (48,49), which did 

not allow in case of silanes resilution of the differencies in their 

electronic structure, Ro:-lever, the high electron density on hydrogen 

in comparison with the carbon atom (at silicon) is of interest. The 

latter agrees with the fact that in the case of silane ozonization 

the attack of coordinated ozone is directed to the silicon-hydrogen 

bond, b-ut not to the silicon-carbon bond (11,12), 

Influence of non-specific salvation, The influence of non-specific 

solvation on the reactivity of organic derivatives of the silicon 

subgroup elements toward ozone has been studied in a number of works 

(47,51,52,55-57,711. In reference (5'7) two organosilanes (tribenzgl- 

silane and triethylsilane) and also two organobielement derivatives 

(hexaethyldisilane and hexaethgldigermane) were chosen as the object 
of investigation, In each of these pairs the compouds differ suf- 

ficiently in their reactivity towards ozone (See part II). Ccl4 

and 1,1,2,2-tetrachlorethane were chosen as solvents having compara- 

tively small values of dielectric permeability (&) and no functional 

groups, which would provide for specific solvation of the compounds 

under investigation. 

In the course of the study it was established (57) t'nat at 2F°C 

the k values of ozonization of compounds depend on & of the medium; 

in the case of a mixed solvent the value of & was calculated from 

equation 

where Nl andEl denote the mole fraction and dielectric permeability 

of the mixed solvent component, respectively. k may be expressed by 

the Kirkwood equation: 

$k = A+B(&- W(2Et 11, (12) 

the coefficients of which have the following values: 

Compound Triethyl- Tribenayl- Hexaethyl- Hexaethyl- 

silane silane digermane disilane 

A 1.72 1.24 -0.45 -0.63 

B I-15 1.11 3.87 2.32 

(I>r>O-99 from the least squares method), 
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The data obtained testify to the fact that non-specific solvation 

of organoelement compounds and ozone increases their reactivity in 

the course of interaction. In this case each pair of the compounds 

has the higher sensitivity towards non-specific solvation effects 

the higher is their reactivity toward ozone. Such a result agrees 

with tine heterolgtic mechanism of the ozonization of organic deri- 

vatives of the silicon subgroup elements (14,31,32). 

Valence electrons of the heteroatom in the activated "compound- 

ozone** complex are, evidently, in the sp3d state, that is influenced 

by ozone coordination to the tetravalent silicon atom (or germani- 

um>. Such hybridization seems to be unlikely in the case of solva- 

tion of the studied compounds by a solvent in the CC14-1,1,2,2,- 

tetrachlorethane system. Hence one may not take into account "dif- 

fusion pair" formation, when discussing the medium effect, and 

should explain the data obtained by a higher polarity of activated 

"compound-ozone" complex in comparison with the initial reagent. 

Thus, the angular coefficient (B) in equation 12 is related to the 

dipole moment and effective radius of the activated complex 

(JC r3) and also to the corresponding values for the initial rea- 

gents (JUT, rq for the organoelement compound, pZ, r2 for ozone > 

by the well-known relationship (72): 

I 
l 2 

ES=-- P 

2,3kT -F 
(13) 

Equation 13 has been used for the estimation of dipole moment va- 

lues of the activated compound-ozone complex and of relative charge 

values (q) on the organoelement compound heteroatom, When carrying 

out the calculations the authors assumed JUT= 0.53 D (73) and when 

choosing r2 and r a proceedin& from the assumption that the heterolg- 

tic mechanism of organosilane interaction with ozone results in for- 

mation of an activated complex of ozone of zwitterionic form, where 

the nucleophilic center is bound with th e compound heteroatom by a 

coordinative bond, In this connection ry was assumed to be rsi_o = 

11.64 A (74) for silanes and hexaethyldisilane and rGe_* = 1.85 A 

(74) for hexaethyldigermane, and for r2 the values of 1.28 and 0.67A 

were assumed taking into account various spatial arrangements of the 

ozone molecule toward the attacked bond (75). 

For triethylsilane and tribenzglsilane r., = 1.47 H (751, and JU, = 
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l.54 D and 1.31 D, respectively, For hexaethyldisilane and hexa- 

ethgldigermane r, was assumed to be equal to 2.34 A and 2.41 i (75) 

azxi the values ofy, >!ere equated to zero (74). Proceeding from the 

afore-mentioned data, JIl*and q for activated "compound-ozone" comp- 

lex in the case of ozonization of the orgauoelement compounds studied 

have been calculated. It can be seen from Table 7 that the Value of 

q at r2 = I-28 A correlates satisfactorily with the q value obtained 

by other investigators on the basis of spectroscopic data (76). This 

fact allows one to conclude (5’7) in the ozonization of t'nese compo- 

unds the value of r 2 = 1-28 L is more probable than r2 = 0.67 & 

Iience it is preferable to present the dipolar ozone molecule reacting 

with the organoelement compound as a zwitterionic form, irk which 

the nucleophilic center is localized mainly on one ovgen atom. 

An analogous investigation has been carried out using different 

solvents (56) which differ significantly in their nature and values 

of 6 : carbon tetrachloride (2,231, chloroform (4,721, 1,2-di- 

chlorethane (10,16), 1,1,2,2-tetrachlorethane (8.031, propionic 

acid (3.2), acetic acid (6.2) and acetic anhydride (2O,5), The 

authors chose to investigate the following compounds: methyl(di-n- 

propgl)silane,tribenzylsilane, hexaethyldisilane and hexaethyldiger- 

mane. 

TABLIZ 7 

Calculation of 
p* 

and q for the ozonization of organoelement com- 

pounds at 25OC (57) (the values of q are expressed in terms of an 

electron charge) 

Compound JU' q p" q q (76) 

r2El.28 k r2=0,67 i 

(C21i5)3SiE 2.08 0.26 2.84 O-36 0.22 

(C6Z5CH2)3SiH 'I.85 o-24 2-55 0.32 0.18 

(C2H5)6Ge2 1.78 0.20 2.87 0.32 

(C2K5)6Si2 1.25 0.16 2.26 0.29 

The investigation allowed them to establish that the dependence of 

k of ozonization of these compounds on E of-the solvent may be also 

expressed by the Kirkwood equation, which is indicative of non-speci- 

fic salvation of substrates in the solvents employed, 

The quantitatively established dependences (6) have the follow- 

ing coefficients at O°C (56): 
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Compound Kethyl(cii-n-propyl)- Tribenzyl- Hexaethyl- !&xaethyl- 

silane silane digermane disilane 

A O-9? 0.44 -0.60 -1.09 

B 1.88 '1.35 2.50 1.45 

(from least squares method, 0.9O<r<0.99). 

The nature of the established dependences agrees i:iith the results 

of the investigation carried out in binary mixtures like carbon tet_ 

rachloride-1,1,2,2-tetrachlorethane, Using equation 13 and the same 

initial data for r+, rl, r2,j$ and jU2 as in the previous case, the 

values of JUy and q for the activated compound-ozone COmpleX have 
0 

been calculated, The calculated values Of $ and q agree satisfac- 

torily with the results obtained in case of binary mixtures employed 

as solvents (Table 8). The reactivity of (c6tT5),+Z toward ozone, as 

in the case of the alkyl analogs, increases with increasing dielect- 

ric permeability of the medium (51,52)- 

PIand q values of activated compound-ozone complexes at O°C 

(r2=1-28 h) (56) 

Compound PQ q Compound JP q 

(CH3)(C3H7)2SiH 2.24 0.32 (c,Hg)6=2 1.08 0.14 

(CGH5CH2)3SiH 2.10 0.30 (C2Hs)6Se2 1.49 0.20 

The sensitivity of interaction of (C6H5)4E with ozone to Yne me- 

dium polarity is s.pmbatic to their reactivity and is in the same 

order as the analogous interrelations of the rate constants of ozo- 

ne interaction with alkyl derivatives of the above-mentioned ele- 

ments (56,57)_ 

It should be noted that the increase of the rate constant of ozo- 

nization with Increasing g is also observed (55) at other temperatu- 

res (Fig.4); however, the value of the angular coefficient B in the 

Kirkwood equation (20) decreases with temperature increase. Since 8 

characterizes the transition state polarity, and the higher the po- 

lar molecule soivation the higher is their polarity, the decrease 

of coefficient B (Fig.4) may be explained by partial desolvation of 

the activated complex at higher temperatures. 

It has been established (55) that kinetic and activation parame- 

ters of ozonization of the organoelement compounds studied change 

significantly depending on & values of the solvent, However, for 

each compound in all the solvents studied their aGY values are very 
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Pig.4. Dependence of ozonization rate constant of hexaethyldisilane 

(l-4) and met!lyl(di-n-propyl)silane (5-8) upon dielectric permeabi- 

lity of the medium. 1-4 and 5-8 refer to 20,30,40 anti 50°C, respec- 

tively. 

Pig.5. Relationsh&p between IfI* and ASB for ozonization of hexa- 

ethyldisilane (I) and methyl(di-n-propgl)silane (II), 



close to each other. Similar values of 

relationship oH+=f(AS*) (Fig-S), are 

effect, 

A& as well as the linear 

indicative of a compensation 
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The analytical terms of dependence of AH* on AS* calculated from 

the data of Fig-5 read as follows: 

6HW = 0.7120S9 + 122.3 for (C2H5)3SiSi(C2H5)3, 

AHn = 0,454*# + 76.6 for CH3(n-C3H7)2SiH 

(correlation coefficient r>0,96), 

The presence of compensation effect is confirmed by the method 

described (77,78)- The values of the isokinetic temperature (Ti> for 

hexaethgldisilane (673OK) and for methyl(di-n-propyl)silane (467OK) 

have been calculated from the following equation: 

Ti = [T,IT2(b-1)]/(bT/,-T2), 

where T,>T2, - b is the tangent of the slope angle of the straight 

lines in the coordinates of 1% k,,,,=f(l%k,,,,) (Fig,5b), which agrees 

satisfactorily with the corresponding values (670°K and 460°K) 

found by the cross-point of Arrenius straight lines (Fig,%), 

TABLE 9 

Kinetic and activation parameters for the ozonization of hexaethyl- 

disilane and methyl(di-n_propyl)silane*(55) 

b 
EO Compound Solvent & 

k,20°C1 E 
(lsmol (kJ/mol? 
s-1) 

‘j a (k?mol) 

I. (C2K5)3SiSi(G2H5)3 Ccl4 2.23 1.34 37.6 6.7 71-I 

2. GC14+TCE** 4.57 4.8 35.4 7.0 69.4 

3. CF13COOH 6.2 7.3 32.0 6.5 67.3 

4. TCE a.8 11.4 28.4 6.2 65.6 

5. CH3(C3H7)2SiH CCl, 2.23 65 36.4 8.3 61-4 

6. CC14+TCE 4.57 191 30.1 7.6 58.9 

7. CH3COOH 6.2 263 27.6 7.3 58.5 
8. (CH3CO)20 20.5 450 23.4 6.8 56.9 
* 
The numbers of Fig.5 correspond to ordinal numbers of the systems 

presented in Table 9. 

W*1,1,2,2-Tetrachlorethane- 

From the point of view of the two series of uniform reactions stu- 

died, the compensation effect indicates (79) that the solvent nature 

does not influence the reaction mechanism, 

The considerable difference observed in the values of the isokine- 
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tic temperature for hexaethgldisilane and methyl(di-n-propyl)silane 

(670 and 460°K, respectively) is of obvious interest, From the point 

Of view of the Barkley-Rutler empiric rule (80) the difference in 

-t;lze values of Ti is indicative of 'a more energetic interaction be- 

tureen methyl(di-n-propyl)silane and the solvent in comparison with 

that of hexaethyldisilane,in vlhich case dispersion forces dominate.& 

indirect support of this conclusion is presented by the higher dipo- 

le moment of methyl(di-n-propyl)silane (1.54 D) in comparison with 

that of hexaethyldisilane (O), 

The interaction of organoelement compounds with ozone in the gas 

phase (47,Sl) follows kinetic rules, analogous to those for liquid 

phase, The reaction products do not influence much the rate of gas- 

phase oxidation of organoelement compounds by ozone- The data from 

an investigation (81) of the kinetics of gas-phase oxidation of or- 

ganoelement compound mixtures indic.ate a lack of influence of the 

reaction products on the kinetics of the process. It has been estab- 

lished that the oxidation rate of organoelemen'c compound mixtures by 

ozone consists of an additive sum of the rates for each compound untG 

a certain limit of the reaction is reached. Hence, the kinetic charac 

teristics of gas-phase oxidation of organoelement compounds by ozone 

may be referred directly to those of the bimolecular reactions of 

these compounds with ozone. 

The dependence of the obtained values of the rate constant (k, 

l.mol 
-1 

set-') of the gas-phase oxidation on the temperature may be 
1 

ex 

pressed satisfactorily by the Arrenius equation, and the full form : 

of these values is the following (81): I 

The rate 

in the gas 

tion in an 

(-58OO/RT) 

{-37OOiXT) 

for (C2H5)3SiH 

{-8600fi~) 

for CH3(n-C3E7)2SiH 

(-3200/W) 

for (CH3)4Sn 

{-4OOO/RT) 

for (CH3)4Fb 

for CH3(C2H5)2SiE ! 

constant of organoelement compound interaction with ozone 1 

phase is much lower than the rate constant of this reac- [ 

organic solvent, e-g. CC14 (Table IO), f 
The increases of the values of the bimolecular reaction rate cons-' 

tant in going from the gas phase to the liquid one are similar and i 

are the consequence of the appearance of cohesion interaction when 
! 

the substance transfers from the gas state to the liquid one (BO), 

In accordance with this the experimental value of the rate cona- 
I 
L, 

tant of the gas-phase reaction of organoelement compounds with 
I 
: 

ozone (kg) may be lower compared with the value Of the Pate COnS- / 

: 
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tant 

&t 

found by extrapolation of the Kirkwood dependence of 

to the value of zero, corresponding to the value of 

gas phase (Pi.g-6). 

TABL% 10 

The values of the rate constants of reactions of some organoelement 

compounds with ozone in the gas phase and in CC14 at 20°C (kg and 

"1 
-1 -? 

(l*mol set ),respectively (81)) 

Compound k 
g kl 

(CE314Sn 2.2x1r2 7. ~xIO-~ 

(CH3)(C3H7)2SiH 17.3 57 
(CH3)(C2H5)2Si?? 3.9 50.5 
(C2E5)3SiH 11 .l 80 

(CH3)4Fb 2.86 25 

Fig.6, Dependence of reactivity of methyl<di-n-propyl)silane at O°C 

(I) and triethylsilane at 25OC (II) toward ozone on the medium di- 

electric permeability: 'l,5-CC14; 2-CH3CH2COOH; 3,9-1,1,2,2-tetra- 

chlorethane (TCE); 4-1,2-dichlorethane; 6-CC14 + TCE('l4%); ?-CC14 t 

-I- TCE<35%); 8-Ccl& + TCE(58%). 

Influence of specific salvation, The influence of specific solva- 

tion on ozonization of organoelement compounds has been investigated 

for the first time (82) while studying the reaction of triethylstan- 

nane chloride with ozone in CC14 in presence of dimethylformamide 
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(DHFA), :ghich solvates specifically the initial compound. It has 

been established (82) that the course of the reaction practically 

does not change in the presence of DI-WA. However, k in this case 

depends significantly on t'ne concentration of DMFA (Table 11). 

TABLE 11 

Influence of DMFA additives (K=[Do]/[Aol) on the rate of oxidation 

of triet'nylstannane chloride by ozone in CC14 ([031=2X10-fol/l, 

c=concentration of Et3SnCl in mol/l) (82) 

N 
Cl/n02 s-1 ’ k N k 

(l/m01 set) (l/m01 set) 

-17°C c&.23x10-3 o"c c=2.c2xlo-3 20°C c=7.4Wlo-3 

0 0.110 

5.2 0.184 

8.7 0.250 

12.2 0.300 

15.2 0.320 

20-8 0.380 

29-6 O-390 

0 0.42 0 

5.2 0.53 2.7 

7.0 0.62 5.4 

13.1 0.76 8.0 

18.3 O-91 13.5 

23.5 0.93 20-O 

31-3 0.93 27.0 

39.2 0.93 40.0 

1.34 

1.38 

1.44 

? '2 

,:;o 

l-39 
2.18 

2.17 

The moderate kinetic effect found (82) may be explained by a spe- 

cific solvation of triethylstannane chloride in DMFA by analogy with 

well-known complexes of alkylstannane.halogenides with many ligands 

(amides, ketones etc. (83)). The authors (82) carried out calorimet- 

ric and spectroscopic measurements to check this assumption, Calori- 

metric measurements of thermal effects occuring as a result of mixing 

triethyltin chloride with DXFA in the I:-2 proportion, accomplished 

at 20°C, gave a value of the complexing enthalpy equal to -510.5 
kcal/mol, The IR spectra of triethyltin chloride mixed with DfiD?A 

in the proportion I:20 indicated a considerable shift of the stret- 

ching vibration frequency of the GO bond (\I,..,) toward lower fre- 
-1 quencies (18 cm lower) in comparison with dC=, of pure DPPA 

(1680 cm-') which was assumed as evidence of complexing of triethyl- 

stannane chloride and DNFA via the unshared electron pair of the car- 

bony1 oxygen of the amide molecule. Evidence for specific solvation 

of triethylstannane chloride in DMFA was also obtained (82) in the 

course of the analysis of DV spectra of this organoelement compound; 

The degree of charge transfer in the complex triethylstannane- 

DNFA was 5-7s per donor-acceptor bond, The estimation of this value 

was carried out according to the known correlation (83) of comp- 
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tained the authors (82) assume that the increase of the reaction 

rate in case of interaction between triethylstannane chloride and 

ozone in the presence of DiWA is associated with formation of a comp- 

lex that is more reactive toward ozone than the initial organoelement 

compound. On the basis of this assumption the analysis of kinetic 

measurement results has been carried out. Denoting triethylstannane 

chloride, DMFA, ozone and reaction products with A, D, C and P, res- 

pectively, the scheme of the process may be presented as follows: 

A+C -P 

A i-D _- AD 

kg) 

AD+D = 
kL$) AD2 

..-.-...-..-_SW.--._ 

Cd 
k2 

AD, , -I- D = 

k:;) 
ADn 

(11 
k3 

AD+CLP 

AD2 + C 
kg*) 

-W-..-.-.-.*. 

AD, + c 

kg;, 
P 
__.._...I 

P 

<-$ 

(14,) 

In this case the reaction rate can be expressed by the following 

equation: 

bJhen the extent of oxidation of triethylstannane chloride is small 

we have 

CA] = [~lo - g, [ADi] = 2 k$i)cAD.] - kl 
i=l 

1 

k 

CA30 
(15) 

We have suggested (82) that the reactivities of the complexes for- 

med according to equations 147 -14n should differ significantly and 
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therefore (for the sake of simplification of mathematical treat- 

nent) we take into account only the complex of arbitrary comgosi- 

tion , AD,, the most ack%ve one toward ozone, 

In this connection, in the case'of [D],>>n[AD,] equation 15 will 

have the following form: 

k k +(ky)-k,$ Nn 
exp= 1 ') 

Nn + -?- 
IC;AIz 

(16) 

where K=[D],/[A],, _L r is the equilibrium constant of the total pro- 

cess, expressed by equations ?4?-14,, denoting its stages. having 

made use of t'ne experimental data (Table 11) the authors (82) used 

equation 16 to determine the minim= value of the root-mean-square 

deviation for each temperature studied 5n the range of n=O,3-3 

with steps eo_u.al to 0-5 and for optimum values of k, estimated by 

the value of t'ne root-mean-square deviation of the calculated va- 

lues from the experimental ones. It appeared that the optimum value 

of n=2 and the experimental data, obtained at -17OC (Table II) may 

be satisfactorily expressed by the following equation: 

N2 
k 
exp = 'kl * kmax - kl),2 (17) 

-I- 70 

(the root-mean-square deviation does not exceed 3%). 

The good correlation between the k values of triethylstannane 

chloride ozonization in the presence of DXFA, found experimentally 

at -17°C and calculated from equation 17 (Fig.?) confirms the for- 

mation Of a 1:2 complex triethylstannane chloride-DMFA. 

The influence of electron-donor compounds on the kinetics of ozo- 

nization is also observed when triethylchloroplumbane (84-86) is 

oxidized by ozone in n-heptane and acetone at -78OC. Triphenylphos- 

phine and N,N-dimethylformaide were used as samples of electron- 

donor compounds, in quantities which practically do not change the 

medium polarity. It has been established that the kinetics of tri- 

ethylchloroplumbane interaction with ozone in a wide range of con- 

centrations of ozone and (C2E15)3?bC1 ('lx10~-3x10'4 mol/l and 

6x10-4-3Y10"3 mol/f, respectively) may be expressed by a first order 

equation for each of the initial reagents, and in the case of intro- 

duction of additives of the electron-donor compounds triphenylphos- 

phine (n-heptane solvent)and N,N-dimethylformamide (DMFA) (acetone 

solvent) is of a complicated natwe as in case of trimethylstannane 

chloride. 
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Fig.7. Influence of additives of some organic compounds on the reac- 

tivity of trietbgltin chloride toward ozone: I-dimethylformamide, 

2-acetophenone, 3-benzophenone, 4-tris(chloroethyl)phosphine, 5- 

tripropylphosphine oxide (for curves 1 and 5 the dots correspond 

to experimental values, the solid line is calculated on t'ne basis 

of equations 17 and 24, respectively), 

The kinetic effect mentioned (86) may be due to solvation of the 

initial organoelement compound or ozone, or by simultaneous solva- 

tion of initial reagents by the introduced complexing compound, 

The influence of electron-donor and electron-acceptor additives 

upon ozone solubility has been determined (84-86) in order to learn 

whether the complexing compounds influence ozone solvation or not. 

It should be noted in this case that if ozone underwent noticeable 

specific solvation, it would cause an increase of the ozone solubi- 

lity coefficient (d) or an additional absorption of ozone on in- 

troduction of additive compounds which are difficult to oxidize 

under the conditions of experiment (continuous bubbling of ozone- 

oxygen mixture at -78OC) (Table 12). 

The data of Table 12 indicate that specific solvation of ozone 

by the studied compounds practically does not exist. Proceeding 

from this statement, the authors (84,85) have assumed that the ki- 

netic effect observed is due to the formation of a "organoelement 

compound-ligand" complex, a more reactive one than the initial tri- 

ethylchloroplumbane, as occurs in case of triethglchlorostannane 

ozonization in the presence of ligands (82), 
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Influence of additives of complexing compounds (D) on additional ab- 

sorption of ozone (36) 

Solvent D t(Oc> - PI, Solubilitg 

r/31 0 
coefficient 
of ozone,d 

T.let*nyI.acetate (C2H5)2"n"12 -78 200 * 

_'I_ (C255)3"ncl -II_ 32 22.6 
_'S_ - -II_ 0 23.0 

n-Beptane SnCl -78 130 
* 

4 

(rJ*E5)pC1 -II_ 8000 * 

Tic14 -'I_ 6C * 

N,W-dimetbyl- _'I- IO * 

formamide 

acetone -II- 130 + 

methylacetate -I'_ 140 * 

-acetophenone -'1_ 15 * 

benzophenone -'I- 12 * 

ccl4 acetophenone 0 600 * 

benzophenone -'I- 1000 * 

acetone _'I_ 8000 * 

M,N-dimethyl- 0 600 
* 

formamide 

*When adding ligands into the reactor with solvents no additional 

absorption of ozone was observed. 

It is known that triphenylphosphine reacts readily with ozone <87), 

and the only product of its ozonization at low temperatures is the 

osonide of the initial organophosphorus compound, which is stable 

under these conditions and decomposes at elevated temperatures to 

release singlet oxygen and to form triphenylphosphine oxide. It 

should be mentioned that addition of triphenylphosphine oxide did 

not influence the rate of oxidation of (C H ) PbCl by ozone. 253 
The data reported (84,86) suggest that triphenylphosphine ozonide 

is indeed the catalyst in triethylchloroplumbane ozonization, Nathe- 

matical treatment of the kinetic data on ozonisation of (C2K5)3PbC1 

in the presence of dimethylformamide and (C H > PO carried out ac- 
653 3 

cording to the scheme suggested (82) has shown that the reactivity 

of (C H ) PbCl toward ozone at 
253 -78'C may be satisfactorily expressed 
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for (C6H&P 
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equations : 
N2 

k 
exp 

= O-90 t I-1 
112 + 270 

(18) 

for DIQ'A k 
exp = 

0.80 i- 0,33[3.08 + N - (3.08 + Ia) - 4N] 

(19) 

(the root-mean-square relative deviation is 2%, Pig.7). 

The data (84.86) and equations 18 and 19 give a basis for the con- 

clusion that triethylchloroplumbane forms complexes with diethyl- 

formamide and triphenylphosphine ozonide of I:1 and I:2 ratios, res- 

pectively. 

In ref,(87) the nature of the influence of ligand electron-donor 

properties on their catalytic activity in the reaction of triethgltin 

chloride with ozone is reported for acetophenone, benzophenone and 

a number of organophosphorus compounds (D). All compounds D used as 

ligands are much less reactive than triethgltin chloride toward ozo- 

ne (Table 13). Just as in case of DWA (82), on addition of com- 

pounds D the ozonization rate constant of the organoelement compound 

increases, reaching a certain (depending on D) maximum value (Pig,7), 

Taking into consideration the fact that when stuc@ingozonization of 

triethyltin chloride both in the presence of compounds D and in the 

presence of DbZ?A no change of th-. p reaction mechanism was observed, 

the above mentioned kinetic effec' ir was interpreted by the authors 

(88) from the point of view of a specific solvation of the initial 

organoelement compound by compounds D, 

Compounds D show a difference in catalytic effect and, according- 

lY, a decrease of stretching vibration frequency of C=O (DKFA, ace- 

tophenone, benzophenone) or P=O (organophosphorus compounds) bonds 

in the triethyltin chloride D system is different in comparison to 

that for individual compounds D. It is known (83) that a decrease 

of stretching vibration frequency of C=O (or P=O) bonds may be consi- 

dered a measure of donor ability of compound D toward the initial 

organoelement compound, 

'rhe authors (88) have shopm by their experiment with organophos- 

phorus compounds (Fig.8) that the increase in relative catalytic 

activity of the additive (619 k = lgk., - 19 k2, where k., and k2 

are rate constants of ozonization of organoelement compound and com- 

plex of that compound with D, respectively) correlated satisfactori- 

ly with the decrease of vibration frequency of P=O and the sum of 

Taft inductive constants (Ed*) of the substituents at phosphorus 

atom in compounds D. 

The results obtained indicate that specific solvation of triethyl- 

tin chloride by the organophosphorus compounds employed is in fact 
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Y 

10 20 30 

AL)< P=O ),cm-' 

Fig.8, Dependence of ligand catalytic activity (al3 k) on the va- 

lue of shift of vibration frequency of P=O bond [dv (P=O)] and the 

sum of Taft inductive constants for substituents in organophospho- 

rus compounds (the dot numbering corresponds to Tablel3). 

a donor-acceptor interaction of the organoelenent compound and com- 

pound D with the participation of the oxygen unshared electron 

pair of F=O, a fragment of a compound D. The rate of oxidation of 

organoelement compound by ozone is directly related to the s-trength 

of the donor-acceptor interaction- Rence, it Fs possible to estimate 

the ligend donor-acceptor ability by its variation. 

Specific salvation of organoelement compound A by ligands D may 

result in the farnation of complexes with various compositions (AD,,, 

ADZ... AD,,,. ). St has been shown previously (82) that the effective 

rate constant for the most active complex (AD,) may be expressed by 

equation 15, from which one can derive 

k 
IADn3 

exp 
= k,, + (k2 - k?) 

PI0 

(20) 

The maximum catalytic influence of some organophosphorus compounds 

(for instance, influence of tri-n-propylphosphine oxide Pig.7, 

curve 5) in the reaction studied is realized at comparatively low 

values of N=[D],/[A],, 

CDIo- 

*when it is not possible to assume that [DjZ? 

Thekequilibrium constant of total complexing process 

A+nD_& AD n 
may be expressed by the following equation 

(21) 
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k,[A]: = 
r AD,] / PI0 

cl-[ADn]/tA],>(~I-niAD~]/~A]~) 
(22) 

Analysis of expressions 20 and 22 allows one to determine the com- 

position of the "organoelement compound-ligand" complex, i.e. by 

finding the value of !*n*' in the donor molecules in AD,, Calculation 

has shown that for tri-n-propylphosphine oxide - one of the most 

active ligands - n is equal to 1 (88). 

Effective rate constants (k) of ozonization of some organic and 

orzanophosphorus compounds in CC14 a-t O°C <[C3]o 1x10-4mol/~) (88) 

EO Compound k(l/mol set) 6' 
R~a2R3 

I, 

2. 

3. 

4. 

5- 

6. 

7- 

8. 

9. 
10, 
11. 

12. 

13. 

Triphen.vlphosphine 

Tris(chloropropyl)phosphine 

Tris(chloroethyl)phosphine 

Tributylphosphine 

Tri-n-propglphosphine oxide 

Triphenylphosphine oxide 

Tri-n-amglphosphine oxide 

Diethgl ether of methylphosphonic 

acid 

Tris(perfluoropropgl)phosphine oxide 

Dimethglformamide 

Benzophenone 

Acetophenone 

Triethyltin chloride 

3-xlo-d 7-04 (891 
ClxlO -3 

< Wlo-J 

<lx-lo-3 5.04 (90) 

4 1x10 -3 -0.345<90) 

1.3x10-3 1.80 (90) 

l.7xlo-2 -0.492(90) 

(lx?0 -3 2.732(89) 

~lxlo-3 

7xlo-3 

MO-2 

1, 5xlo-2 
4,2x10 -1 

It is natural to suppose 

compounds from the studied 

composition snd having not 

tri-n-propglphosphine will 

tio ?:I. 

that the rest of the organophosphorus 

series, being similar to each other in 

a stronger catalytic effect than that of 

also form complexes with composition ra- 

Thus, expression 20 can be written in the followinG form: 

k 
exp 

= kl++(k$n)-k,){liN~ - \I 

kJAl, 

(~+N+l/'kp[A],)'-42') (23) 

and in particular, for triln-propylphosphine oxide (87) 
. 

k exn= 0.42t0,7{2.22+N- (2,22+N)L-41?) (24) 
(the root-mean-square deviation does not exceed 4%). 

The agreement of the experimental data with those calculated from 

equation 24 is shown in Fig,?. 



The spectra of mixtures of OX and tri-n-propylphosphine oxide 

with different mole ratios of components at 240 nm have been recor- 

ded to check the correctness of the calculations. The presence of a 

break on the curve (Fig,g) when 0EC:ligand = 111, confirms the above 

stated data on formation of complex with such a cornPosition. 

Pig.9, Dependence of the deviation of optical density of (C2H5)+3nG1 

and (C3Y7)3p0 mixtures on additive (AD) at different values of N, 

CONcLUSION 

The data summarized on oxidation of organic derivatives of silicon 

subgroup elements by ozone on the element-carbon bond allows to us 

present the mechanism of the process as a series of stages consis- 

ting of coordination of ozone to heteroatom, formation of an inter- 

mediate trioxide followed by its conversion, both heterolgticallg 

and homolgticallg, 

The reactivity of organoelement compounds toward ozone is signifi- 

cantly influenced by the heteroatom nature, organic substituents, 

medium Polarity and electron-donor ligands, forming donor-acceptor 

complexes with the initial organoelement compounds. 

The dePendence of t‘ne catalytic activity of the ligand on their 

donor ability has been established, 
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