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It  is knowzl that s i l icon-containing phenoxyl r ad ica l s  of the 2-d i - te r t -buty lphenoxyl  type and the s e r i e s  
2 ,6 -b i s -  ( t r imethy ls i ly l ) -4 -R-phenoxyls ,  where  R = CH (CH3) 2, - C (CH3) 3, - Si(CH3) 3, undergo a r e a r r a n g e -  
ment  in solutions of iner t  solvents  f r ee  of oxygen, consis t ing of migra t ion  of the or thot r imethyls f ly l  group 
of the phenyl r ing to the oxygen of the aroxyl  [1, 2]. The final products  of oxidation of s i l icon-containing 
phenols  by PbO 2 and an aqueous alkaline solution of K3Fe(CN) G are  substi tuted si loxydiphenyls.  The phenols 
enumera ted  above are  analogs of the known s t e r i c a l l y  hindered 2,6 -d i - t e r t - bu ty l -4 -R-pheno l s ,  the oxida- 
t ion of which by one -e lec t ron  oxidizing agents of the type of PbO 2, Ag20, K3Fe(CN) G i n t h e p r e s e n c e  of oxygen 
has  been r a t h e r  well studied. F o r  example ,  in the oxidation of 2 , 4 , 6 - t r i - t e r t  -butylphenol,  a subst i tuted peroxide  
of 4 ,4 ' -b icyclohexadienone is fo rmed  [3]. Under the action of a number  of other  oxidizing agents (benzoyl peroxide,  
lead t e t r aace t a t e ,  oxygen in alkaline alcohol solution}, or tho-  and paraquinoid der iva t ives  a re  obtained [4]. The 
action of one -e l ec t ron  oxidizing agents on 2 ,6 -d i - t e r t -bu ty l -4 -me thy lpheno l  leads to oxidative d imer iza t ion  [5]. 

We were  in te res ted  in de te rmin ing  the pecu l ia r i t i e s  of the course  of oxidation of s i l icon-containing 
s t e r i c a l l y  hindered phenols in the p r e s e n c e  of oxygen by one -e lec t ron  oxidizing" agents and in studying the i r  
oxidation under  cata lyt ic  conditions, s ince we showed e a r l i e r  that the oxidation of shielded phenols by oxygen 
in the p r e s e n c e  of a e o p p e r - p y r i d i n e  ca ta lys t  p roceeds  specif ical ly:  the re  is a s t r ipping of the alkyl sub-  
s t i tuents  on the p a r a - p o s i t i o n  and the fo rmat ion  of the cor responding  substi tuted 1,4-benzoquinones [6]. 

Fo r  the oxidation we se lec ted  2 - t r ime thy l s f ly l -4 ,6 -d i - t e r t -bu ty lpheno l  (I) and 2 ,6 -b i s ( t r imethy l s i ly l ) -  
4 - te r t -bu ty lphenol  (ID. In the oxidation of the phenols (D and (1I) by one-e lec t ron  oxidizing agents in the 
p r e s e n c e  of oxygen, two basic  p r o c e s s e s  take place:  1) d imer iza t ion  of the s i l icon-containing a roxyls  
fo rmed  during oxidation a f t e r  t he i r  r e a r r a n g e m e n t ,  as was observed  e a r l i e r  in oxygen-f ree  medium, and 
the product ion of subst i tuted si loxydiphenols (IV); 2) oxidation of the s i l icon-containing aroxyls  obtained, 
fo rming  the cor responding  perox ides  of 4 ,4 ' -b i s -eyc lohexadienone ,  l ike the fo rmat ion  of peroxides  of this  
type in the oxidation of 2 ,4 ,6 - t r i a lky l - subs t i tu ted  s t e r i c a l l y  hindered phenols in the p r e s e n c e  of oxygen 
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Of the oxidation products ,  we isolated and identified for  the f i r s t  t ime b i s - ( 1 - t r i m e t h y l s f l y l - 3 , 5 - d i -  
t e r t -bu ty l -2 ,5 -cyc lohexad iene -4 -one )  peroxide  (IX). The peroxide  (IX) is changed in air ;  it is t h e r m a l l y  
s table  and decomposes  at the mel t ing point (128-130~ In the t he rma l  decomposi t ion of (IX) we isolated 
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TABLE I. Oxidation Products of Silicon-Containing Phenols 

I1~ spectrum (v, Cl-'1"1~) 
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and identified the cor responding  substi tuted 1,4-benzoquinone (In). A ce r ta in  amount of (II1) is a lso  fo rmed  
in the oxidation of s i l icon-containing phenols.  The product ion of (lid can be explained by  the act ion of the 
oxidative s y s t e m  (KaFe(CN)6 + OH-) on the peroxide  (IX), which is conf i rmed by specia l  exper iments .  

The oxidation of the phenols (19 and (ID in the p r e sence  of the c o p p e r - p y r i d i n e  complex also leads to 
two reac t ion  pathways:  

OH 
R [ Si (CHa)a 

@ - \ / [cu~+Py(%)l 
02 

t 
(I), (II) C (CHa)a 

R=C(CHa)a (I), (Ill), (IV); Si (CH@a (II), (VI), (VIII) 

o 
It II Si (CHa)a 

I1 
o 

(III), (VI) 

0 Si (CH~)a 
n I 

, ~ / .~zx  . . . . .  

I 
c (CHa)a 
(IV), (VII) 

OSi (CHa)a 
I R 

0 
I 

C (CHa)a 

Like the oxidation of (19 and (]1) by one-e lec t ron  oxidizing agents in oxygen-f ree  solutions of iner t  
solvents ,  under the conditions of catalyt ic  oxidation, the cor responding  f ree  rad ica l s  a re  formed,  which 
undergo a r e a r r a n g e m e n t ,  then leading to subst i tuted d imer  si loxydiphenols (IV) and (VII) with yields of 30 
and 41%, respec t ive ly .  In addition to the siloxydiphenyls (IV) and (VII), in the p r e sence  of a c o p p e r - p y r i -  
dine catalyst ,  2 - t r i m e t h y l s i l y l - 6 - t e r t - b u t y l -  (III) and 2 ,6 -b i s ( t r imethy ls i ly l ) - l ,4 -benzoquinones  (VI) a re  
fo rmed  with yields of 51 and 34%, respec t ive ly ,  i . e . ,  the tendency for  shielded phenols to s t r ip  an alkyl 
substRuent f rom the parapos i t ion  under conditions of catalyt ic  oxidation is p r e s e r v e d .  Substituted benzo-  
quinones (III) and (V1) were  isolated for  the f i r s t  t ime  and were  identified by var ious  methods (Table 1). 

In addition to the compounds indicated above, in the oxidation of the phenol (1I) a product  was i so-  
la ted r ep resen t ing  a complex of the c o p p e r - p y r i d i n e  ca ta lys t  with one of the oxidation products  - 2 ,6 -b i s -  
( t r imethyls i ly l ) - l ,4 -benzoquinone  - which ag rees  with the data of [7], obtained in the oxidation of fi-naphthol 
in the p r e s e n c e  of a c o p p e r - c o l l i d i n e  complex.  

Thus, in the oxidation of shielded s i l icon-containing phenols under catalyt ic  conditions, speci f ic i ty  
of the action of the c o p p e r - p y r i d i n e  complex is also observed.  Otherwise,  we might have expected the 
fo rmat ion  of a s i l icon-containing peroxide  of 4 ,4 ' -b i s -cyc lohexadienone .  

E X P E R I M E N T A L  M E T H O D  

2 - T r i m e t h y l s i l y l - 4 , 6 - d i - t e r t - b u t y l -  and 2 ,6 -b i s - ( t r ime thy l s i ly l ) -4 - t e r t -bu ty lpheno l s  were  synthesized 
according to modified methods of [8, 9], according to [2]. 

The oxidation of s i l icon-containing phenols was conducted under  mild conditions: a tmospher ic  p r e s -  
sure ,  t e m p e r a t u r e  20-22 ~ oxidizing agents PbO 2 in benzene solution and an aqueous alkaline solution of 
K3Fe(CN)6; catalyt ic  sys tem:  c o p p e r - p y r i d i n e  complex (at a ra t io  of phenol to the ca ta lys t  of 10 : 1, 10 : 2, 
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calculated on the ~)asis of cuprous chloride). The copper-pyridine complex was produced according to the 
method of [6]. All the experiments were conducted in an atmosphere of oxygen. 

The reaction products were identified on the basis of the IR and UV spectrometric data, elemental 
analysis, and the molecular weight. The separation of the mixture of oxidation products was performed 
by the method of adsorption chromatography, followed by a fine separation by gas-liquid chromatography. 

Oxidation of 2-Trimethylsilyl-4,6-di-tert-butylphenol (I) by an Aqueous Alkaline Solution of Potas- 
sium Ferricyanide in the Presence of Oxygen. To a mixture of 2.5 g K3Fe(CN)6 in i0.0 ml benzene and 25.0 
ml 2 N KOH we added dropwise a solution of 0.5 g (I) in 20.0 ml of benzene over a period of 5 h, passing a 
strong current of oxygen into the solution. The mixture was mixed for 3 h in a stream of oxygen until dis- 
appearance of the blue color. The organic layer was removed, washed with water, and dried over MgSO 4. 
After the solvent was distilled off under vacuum, the reaction mixture was chromatographed on a column of 
Al203, eluent hexane. The mixture of products was distributed in the form of four adsorption layers. The 
first, narrow layer represented traces of an unidentified compound, the second 2,2'-bis-(trimethylsiloxy)- 
-3,3 T,5,5'-tert-butyldiphenol (IV), the third the 1,4-benzoquinone (In), and the fourth the peroxide (IX). 
The peroxide (IX) is a white crystalline substance, mp 128-130 ~ (from ethanol), readily soluble in hexane, 
benzene, and ether. During thermal decomposition (130~ a bright-yellow compound, identified as a 1,4- 
benzoquinone (HI) on the basis of the ]1% and UV spectra, is formed. Chromatography (" Tsvet-4") by com- 
parison of the retention of this compound and an addition of the individual compound (Ill) confirms the spec- 
troscopic results. The IR spectrum of the peroxide (IX) does not contain the absorption bands of the OH 
and Si-O-At groups, and the absorption bands of the trimethylsilyl group (850, 1255 cm -i) and carbonyl 
group (1640 and 1665 cm -I) are present. Found: C 69.68; H 10.20%; molecular wt. 566 (cryoscopically in 
benzene). C341158Si204. Calculated: C 69.56; H 9.95%; molecular vv% 586. Yields on the basis of the reacted 
phenol: (IX) - 56%; (HI) - 7%; (IV) - 23%; (V) - 7%. 

Oxidation of 2,6-bis-(Trimethylsily])-4-tert-butylphenol (If) with Oxygen in the Presence of a Copper 
-Pyridine Complex. To a solution of the copper-pyridine complex, prepared by saturation of 0.2 g Cu2Cl 2 
in 50 ml of pyridine by oxygen, we added 2.9 g 2,6-bis-(trimethylsilyl)-4-tert-butylphenol. The mixture was 
shaken in a vessel connected to a gas burette, on a mechanical mixer, until the absorption of oxygen ceased. 
Pyridine was distilled off under vacuum, a resin remained upon addition of methanol to which, white crystals 
of the dimer product 2,2'-bis-(trimethylsiloxy)-3,3 '-bis-(trimethylsilyl)-5,5' -di-ter~-butyldiphenyl (VII) with 
mp 125-126 ~ (from ethanol), precipitated; yield 1.7 g (41%); molecular wt. found 580, calculated 586 (see 
(Table i). A mixed sample with (VII) produced by countersynthesis gave no depression of the melting point. 

In the hydrolysis of (Vil) with sodium methylate, 3,3'-bis-(trimethylsilyl)-5,5'-di-tert-butyl-2,2'- 
dillydroxydiphenyl (VIII), _nap 146-147 ~ was obtained. A mixed sample with (VIII) produced by counter- 
synthesis (rap 145 ~ gave no depression of the melting point. 

The mixture of products remaining after the separation of the crystals of (VI~ was dissolved in hex- 
ane and chromatographed on a column with A1203, eluents: hexane and benzene. The mLx• of products was 
distributed in the form of four adsorption layers. The first of them consisted of traces of Cu2C12, the third, 
narrow layer consisted of traces of an unidentified compound. The high melting product (rap above 250 ~ 
yield 25%) obtained after remo~al of the eluent of the second adsorption band, was a complex of the copper 
-pyridine catalyst with 2,6-bis-(trimethylsilyl)-l,4-benzoquinone. To identify it the mixture was treated 
with dilute HCI (I : 5), the solution extracted with benzene and analyzed by gas-liquid chromatography. 

The eluent used to elute the products of the fourth band was removed. The resinous compound re- 
maining (0.8 g) was treated with methanol; the 1,4-benzoquinone (VI) was isolated, yield 34%. The method 
of preparative gas-liquid chron~atography was used to obtain pure (VI). The mixture was separated on a 
"Tsve~-4" analytical chromatograph according to a method analogous to [i0]. (VI) was identified by methods 
of IR and UV spectroscopy (see Table 2 [sic]). The benzoquinone (VI) was a yellow-orange crystalline com- 
pound with nap 50-51 ~ crystallizing from alcohol, readily soluble in n-hexane and benzene. The data of ele- 
mental analysis and molecular weight (cryoscopically in benzene) are in good agreement with the calculated 
data. Found:C 57.47, H 8.08; Si 22.04%; molecular wK 267. Ci2H20Si20. Calculated: C 57.08; H 8.00; Si 
22.20% molecular wt~ 252. The UV spectrum has an intense absorption band at 254 urn, which is in good 
agreement with the absorption maximum characteristic of the series of 2,6-substituted 1,4-benzoquinones 
described in [4]. 

Oxidation of 2-Trime~hylsilyl-4,6-di-tert-butylphenol (I) by Oxygen in the Presence of a Copper-Py- 
ridine Complex. To a solution of the copper-pyridine complex (0.2 g Cu2C12, 50 ml of pyridine) we added 
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L1 g butyl phenol (i). The oxidation was conducted analogously to that descr ibed  above. After the pyridine 
was disti l led off under  vacuum and the solid res idue extracted with pe t ro leum ether ,  the solvent was dis-  
t i l led off. The mixture  of products  remaining was chromatographed on a column with AI203; for  quantitative 
measurement s  chromatography was conducted on a "Tsvet -4"  analytical chromatograph under the condi- 
tions descr ibed  ea r l i e r .  The components of the mixture  were identified by comparing the re tent ion t imes  of 
the p resumed components in the mixture  to be analyzed and the individual compounds, as well as by the 
addition of the individual compounds to the mixture.  The following were  isolated: the benzoquinone (HI), 
yield 51%; the siloxydiphenyl (IV) 19%; and (V) 10%. Prev ious ly  synthesized compounds 2- t r imethy ls i ly l -  
4 ,6-di - ter t -butylphenol ,  3,3' ,5 ,5 ' - te t ra- ter t -butyldihydroxydiphenyl ,  2,2' -b is - ( t r imethyls i loxy)-3 ,3 '  ,5,5 '-  
t e t ra - te r t -bu ty ld iphenol  were  used as standard additives. F o r  p repara t ive  isolation of the components on 
an analytical column (100 cm•  0.3 cm), the t empera tu re  was established at 150 ~ c a r r i e r  gas veloci ty 5 ml 
/mill ,  volume of sample 0.2 ml. 

The benzoquinone (I]]) was identified by the methods of IR and UV spectroscopy,  the data of elemental  
analysis and molecu la r  weight (see Table 2). Found: C 66.15; H 8.60; Si 11.96%; molecular  wr 258. C13H20 
�9 SiO 2. Calculated: C 66.05; H 8.52; Si 11.88%; molecular  wt. 264. 

The solid res idue,  insoluble in pe t ro leum ether ,  was t rea ted  with HC1 (1 : 5), and the solution was 
ext rac ted  with benzene and pe t ro leum ether .  The mixture  remaining af ter  removal  of the solvent was 
chromatographed on a "Tsve t -4"  chromatograph.  The basic product  in the mixture  was 2 - t r imethy ls i ly l -  
6 - te r t -bu ty l - l ,4 -benzoquinone .  

CONCLUSIONS 

i. In the oxidation of shielded silicon-containing phenols by one-electron oxidizing agents in the pres- 
ence of molecular oxygen, stable aroxyls are formed, which react further along two pathways: they are 
rearranged and dimerized, giving substituted siloxydiphenyls, and they are oxidized to the peroxide of 4,4'- 
bicyclohexadienone. 

2. Oxidation in the presence of a copper-pyridine catalyst is specific, consisting of stripping of an 
alkyl substituent from the para-position and the formation of substituted 1,4-benzoquinones. The second 
pathway of the process is dimerization of the rearranged aroxyls with the formation of sfloxydiphenyls. 
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