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Antioxidative Properties of Phenyl-substituted Phenols. Part 1. The 
Mechanism of Synergism between 4-Alkoxy-2,6-diphenylphenols and 
pp'-Disubstituted Diethyl Sulphides 
By Cornelis R. H. 1. de Jonge," Hendrik J. Hageman, Willem G. B. Huysmans and Willem J. Mijs, Akzo 

A pronounced synergism between 4-alkoxy-2,6-diphenylphenols and PP'-disubstituted diethyl sulphides has 
been observed in the inhibition of autoxidation of polypropene a t  180 "C. The mechanism of this synergistic 
action (at temperatures 21 50 'C) has been investigated. N.m.r. model experiments have shown that the phenolic 
antioxidant (AH) is regenerated continuously from the phenoxyl radical (A*) by hydrogen atom donation by the 
sulphenic acid, a product originating from the Pa'-disubstituted diethyl sulphide. This observation is of possible 
contributory importance to the understanding of the mechanism of synergistic effects. 
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THE autoxidation of organic compounds can be inhibited 
by antioxidants of various types.ld3 In antioxidant 
combinations, effects in excess of the additive value are 
frequently ob~erved.~ This phenomenon, called synerg- 
ism, has found wide-spread use particularly in the 
stabilisation of p~ lyo le f ins .~~~  Several explanations 
have been suggested for the synergism between chain- 
breaking antioxidants such as hindered phenols and per- 
oxide decomposers such as dialkyl sulphides,' but a 
detailed mechanism has yet to be given. 

The present study deals with the mechanism of 
synergism between 4-alkoxy-2,6-diphenylphenols and 
some p P'-disubs t itu t ed diet h yl sulphides .8 
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SCHEME 1 

Syrttheses.-(a) Phenols. 4-Alkoxy-2,6-diphenylphen- 
01s were synthesised according to Scheme 1. Oxidation 
of 2,6-diphenylphenol (I) to the quinone (11) was per- 
formed in 92% yield with oxygen in dimethylformamide 
at  room temperature with bis(sa1icylidene)ethylenedi- 
iminecobalt (11) (salcomine) as a homogeneous catalyst .O 

The oxidation of 2,6-diphenylphenol to 2,6-diphenyl- 
benzoquinone could equally well be carried out by lead 
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dioxide in formic acid.1° Catalytic reduction of (11) 
gave quantitatively the corresponding 2,6-diphenyl- 
hydroquinone (111). The 4-alkoxy-2,6-diphenylphenols 
(IV) were obtained by refluxing (111) in the appropriate 
alcohols. l1 

4-Methoxy-2,6-diphenylphenoxyl (VI) was prepared in 
methanol by oxidation of (IVa) with alkaline potassium 
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ferricyanide. The stable phenoxyl radical was obtained 
in quantitative yield as its dimeric quinone acetal (V). 
This dimer (V) dissociates into phenoxyl radicals on 
heating in solution producing a dark green colour, which 
disappears on cooling. N.m.r. and i.r. spectroscopy 
established the structure of quinone acetal (V). 

(b) Sulphuur compounds. The P-activated diethyl 
sulphides were prepared l2 according to Scheme 2. The 
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SCHEME 2 

corresponding sulphoxides were prepared according to  
the method of ref. 13. 

Synergistic Efects (See Experimental Section) .-(a) 
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Phenols and dphides. The synergistic effect between 
4-methoxy-2,6-diphenylphenol (IVa) and the 88'-di- 
substituted diethyl sulphides (VIIIa-c) was tested in 

FIGURE 1 Synergistic effect between 4-methoxy-2,6-diphenyl- 
phenol (IVa) and A, no additive: B, sulphide (VIIIa); C, 
sulphide (VIIIb) ; D, sulphide (VIIIc) ; in polypropene a t  
180 "C 

isotactic polypropene at  180 "C in accordance with the 
method of P0spisi1.l~ The dependance of oxygen uptake 
on time is depicted in Figure 1. A marked synergism is 
evident, activation of the 8-hydrogen atoms in the sul- 
phides playing an important role.15 

(b) Phenols and sdphoxides. The same synergistic 
effect could also be obtained with 4-methoxy-2,6- 
diphenylphenol (IVa) and the sulphoxides (IXa-c). 
The results in Figure 2 show that there is a negligible 
difference in synergistic action with 4-methoxy-2,6-&- 
phenylphenol between the sulphides and the sulphoxides. 

We also studied the synergistic 
action of 4-methoxy-2,6-diphenylphenoxyl (VI) with 
the sulphides and sulphoxides. Negligible differences 
were observed with the results obtained with 4-methoxy- 
2,6-diphenylphenol (IVa) (see Figure 3). 

In the presence of the sulphides and sulphoxides only, 
no inhibition occurred in polypropene at  180 "C. 

(c) Phenoxyl radicals. 
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FIGURE 2 Synergistic effect between 4-methoxy-2,6-diphenyl- 
phenol (IVa) and A, no additive; B, sulphoxide (IXa): 
C, sulphoxide (IXb) ; D, sulphoxide (IXc) in polypropene a t  
180 "C 

Mechanism of Syneygistic Action.-The behaviour of 
4-methoxy-2,6-diphenylphenoxyl (VI) towards sulphox- 
ides (IX) was investigated with n.m.r. spectroscopy. 
Recent studies of Armstrong and Scott l6 unequivocally 

l4 J.  Pospisil, L. Taimr, and L. Kotulak, in ' Stabilization of 
Polymers and Stabilizer Processes,' ed. R. F. Gould, Amer. 
Chem. SOC. Publications, Washington, 1968, p. 169. 

established the disproportionation pattern of sulphoxides 
in the presence of stable radicals. 

The reaction of 4-methoxy-2,6-diphenylphenoxyl (VI) 
and sulphoxide (IXc) was carried out at 150 "C in o- 
dichlorobenzene. The results obtained are consistent 
with the reaction Scheme 3. Starting from equimole- 
cular amounts of (VI) and (IXc), we found that within 
5 min, sulphoxide (IXc) had completely disproportion- 
ated and that 4-methoxy-2,6-diphenylphenol (IVa) was 
obtained quantitatively. The n.m.r. spectrum clearly 
showed the presence of a 1 : 1 mixture of styrene and 
4-methoxy-2,6-diphenylphenol. 

There are several ways of arresting an undesired radical 
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FIGURE 3 Synergistic effect between 4-methoxy-2,6-diphenyl- 

phenoxyl (VI) and A, no additive; B, sulphide (VIIIa); 
C, sulphide (VIIIc) ; D, sulphoxide (IXc) ; E, sulphoxide 

chain process. The steps common to virtually all 
autoxidations include (1)-(3) where RH denotes the 

(IXb) 

initiation + R- (1) 

propagat ion (2) I (3) 

R* + 0, ROO* 

ROO- + RH + ROOH + R 
organic substrate. 
of an antioxidant (AH) by reactions (4) and (5). 

Propagation is stopped by the action 
The 

ROO* + AH _t ROOH + A- (4) 

(5) ROO* + A _t ROOA 

chain reaction can be propagated by a variety of radicals 
[equations (2), (3) and (S)], several of which originate 
from homolytic cleavage of hydroperoxides [equation (6)]. 

ROOH -+ RO- + OH (6) 
From our experimental data we conclude that a t  high 

temperatures disproportionation products of the sul- 
phoxides play an important role in the regeneration of 
4-methoxy-2,6-diphenylplienol (IVa) from the corre- 
sponding phenoxyl radical (VI). This observation is 
consistent with Scheme 4, being one of a variety of 
reactions, which are involved in the thermal decomposi- 
tion of sulphoxides in the presence of stable phenoxyl 
radicals.16 The phenoxyl radical (VI) is stable towards 
oxygen. Thus the formation of peroxides by insertion 

l5 C. A. Kingsbury and D. J. Cram, J .  Amer. Chem. SOC., 
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SCHEME 3 

of oxygen between two aryloxy g r o u p ~ , ~ ~ - ~ O  wasting the 
antioxidant, could be excluded. 

An important step in this reaction sequence is the dis- 
proportionation of the sulphoxides.15 Quantitative re- 
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SCHEME 4 

generation of the phenol (IVa) from the corresponding 
phenoxyl radical (VI) was obtained with the sulphoxides 
(1Xa-c). Only in the case of sulphoxide (X) was no 
regeneration of the phenol observed. As expected, a 
five-centre elimination l5 could not take place in the case 
of this sulphoxide, because there are no p-hydrogen 
atoms available. Furthermore it seems very unlikely 
that peroxycyclohexadienones ROOA will be formed at 
150 "C according to reaction (5).' 
4-t-Butylperoxy-4-methoxy-2,6-diphenylcyclohexa- 

2,5-dienone (XI), which is stable at room temperature, 
completely decomposed even at 100 "C within a few 
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minutes. Among the decomposition products, 2,6-di- 
phenylbenzoquinone, methanol, and acetone could be 
detected. 

Further studies are in progress on the applicability 
of these data to other hindered phenols. 

EXPERIMENTAL 
h.3"Ip.s were determined with a m.p. microscope (Leitz 

1' E. Miiller and K. Ley, Chern. B e y . ,  1966, 88, 601. 
l* E. Miiller, K. Ley, and W. Schmidhuber, Chem. Ber., 1956, 

model 553215) and are corrected. 

SO, 1738. 

1.r. spectra (KBr discs or neat) were recorded on Hitachi 
EPI-G2 and Perkin-Elmer 457 spectrophotometers. N.m.r. 
spectra were taken with a JEOL JNM-4H 100 MHz spectro- 
meter, with tetramethylsilane as internal standard. Mass 
spectra were recorded a t  70 eV with a Varian MAT CH-5 
spectrometer. 

Elemental analyses of new compounds were carried o u t  
under the supervision of Mr. W. J. Buis of the Micro- 
analytical Department of the Institute for Organic Chemistry 
TNO (Utrecht, The Netherlands). 

Starting Materials and Solvents.-Unless otherwise speci- 
fied, the solvents and reagents were of reagent grade (puriss) 
and were not further purified. 

Syntheses.-2,G-DiphenyZbenzoquinone (11). 2,6-Di- 
phenylphenol (5 g, 204 mmol) in dimethylformamide (100 
ml) a t  50 "C with salcomine (2 g ,  6 mmol) as catalyst was 
placed in a flask (1 1) connected to a gas burette and placed 
on a shaking machine. The whole system was then flushed 
and filled with oxygen. After 3 h oxygen uptake (4.8 1) 
was complete. The mixture was poured onto crushed ice 
(600 ml) and ~ N - H C ~  (30 ml). The red precipitate was 
filtered and washed three times with water. The crude 
2,6-diphenylbenzoquinone was recrystallised from ethanol 
(48 g, 93%), m.p. 136-2-136.8 "C. 
2,6-DiphenyZlzydroquinone (111). A. 2,6-Diphenyl- 

benzoquinone (40 g, 154 mmol) in methanol (100 ml) and 
platinum on charcoal (1 g) were placed in a stainless steel 
autoclave (250 ml). After removing air, hydrogen was 
introduced until the pressure was ca. 50 atm. The mixture 
was agitated for 1 h a t  25 "C. It was then filtered and 
the methanol was evaporated in vacuo. A sticky crystalline 
mass was obtained. Recrystallisation gave 2, 6-diPhenjt1- 
hydroquinone (111) (38 g, 95%) m.p. 181 "C (Found: C, 
82.5; H, 5.3. C,,H,,O, requires C, 82.4; H, 5.3%). 

B. To a solution of 2,6-diphenylbenzoquinone (40 g) in 
chloroform (500 ml) was added a solution of Na,S,O, (80 g)  
in water (400 ml). The mixture was stirred for 1 h a t  40 "C. 
The deep red colour formed initially turned light yellow 
over this period. The mixture was filtered and the residue 

l9 E. Miiller, A. Schick, and K. Scheffler, Chern. Ber., 1959, 
92, 474. 

E. Mailer, A. Schick, R. Slayer, and K. Scheffler, Ckcnz. 
B e y . ,  1960, 93, 2649. 
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was washed with water and cold ethanol. Recrystallis- 
ation from hexane provided 2,&diphenylhydroquinone 
(111) (33 g ,  82%), m.p. 1804-181 "C. 

4-Alkoxy-2,6-diphenylPhenols (IV) . General procedure. 
To a solution of 2,6-diphenylhydroquiiione (111) (26-2 g, 
100 mmol) in the appropriate alcohol (200 ml) was added, 
while stirring, concentrated sulphuric acid (25 ml) in the 
course of 3 h. After additional stirring for 21 h at 65". 
the mixture was diluted with chloroform (200 ml) and 
washed with water. After evaporation of the chloroform 
a light yellow syrup was obtained, which gave the 4-alkoxy- 
2,6-diphenylphenol after crystallisation from hexane- 
benzene (95 : 5). 4-Methoxy-2,6-difiher~yZphenol (IVa) (24 g, 
87%) had m.p. 67.6-68-1 "C (Found: C, 82.7; H, 5.8. 
C,,H1,02 requires C, 82.6; H, 5.8%) ; 4-ethoxy-2,6-di- 
phenylphenol (IVb) (21 g ,  72o/b) had m.p. 89-1-89-9 "C 
(Found: C, 82-7; HI  6.2. C,,H,,O, requires C, 82.8; H, 
6.2%) ; and 4-n-decanoxy-2,6-diphenylphenol (IVc) (22 g, 
55%) had m.p. 34-2-35.3 "C (Found: C, 83.3; H, 8-6. 
C,,H,,O, requires C, 83.6; H, 8.5%). 

To a solution of 
4-methoxy-2,6-diphenylplienol (IVa) (1.0 g) in methanol 
(30 ml) and KOH (10 g) in water (250 ml) was added under 
nitrogen and with stirring a solution of potassium ferri- 
cyanide (10 g) in water (100 ml) over 0.5 h. A grey-white 
precipitate was formed, which was filtered off and washed 
with water. Crystallisation from hexane gave the phenoxyl 
radical, which was obtained as its dinieric quinone acetal (V) 
(0.94 g, 96yo), m.p. 158.5-159-2" (Found: C, 82-8; H, 5.6. 
C38H3004 requires C, 82.9; H, 5-3%), v- 2830w, 1680s, 
1650s, and 700s cm-l, 7 (CDCI,) 2-20-2-90 (20H, m, 
aromatic), 3.03 (2H, s, aliphatic), 3-55 (ZH, s, aromatic 
911-H), 6-05 (3H, s, aromatic OMe), and 7-05 (3H, s, aliphatic 
Ofile). 

General pro- 
cedure. To a solution of the appropriate chloride (VTI) 
( 1  mol) in dimethyl sulphoxide was added Na2S,9H,O 
(0.55 mol) and the mixture was stirred at 90 "C for 2 h. 
The mixture was diluted with chloroform, washed with 
lvater, and dried. After evaporation in vacuo at 30 "C the 
residue was distilled in vacuo. Bis-fbmethoxycarbonyl- 
eflzyl sulphide (VIIIa) (128 g, 62%) had b.p. 105-106 "C at 
0.4 mmHg (Found: C, 46.8; H, 7.1; S, 15.6. C,H,,O,S 
requires C, 46.6; H, 6.8; S, 15.5%); bis-P-cyanoethyl 
szdphide (VIIIb) (99 g, 71%) had b.p. 152-154 "C at 0-6 
mtiiHg (Found: C, 51.5; H, 5-7; S ,  23.0. C6H,N2S 
requires (', 51-4; H, 5-7; S, 22.8%); and bisfihenethyl 
sulphide (VIIIc) (194 g, 80%) had b.p. 151 "C at 0.2 mmHg 
(Found: C ,  79.2; H,  7.6. C1,Hl,S requires C, 79.3; H, 

General pro- 
cedure. To a solution of the @P'-disubstituted diethyl 
sulphide (VIII) (0.1 ml) in acetone (100 ml) was added 
307i hydrogen peroxide (20 ml). After refluxing for 2 h the 
mixture was concentrated in vacuo at 30 "C. Crystallis- 
ation gave the sulphoxides (IX) . Bis-P-methoxycarbonyl- 
ethyl sulphoxide (IXa) l6 (17.5 g, 78%) had m.p. 59.3- 
50.7 "C [from acetone-pentane (1 : l)] ; bis-P-cyanoethyl 
sulphoxide (IXb) (10.4 g, 74%) had m.p. 107-1-109-2 "C 
(from acetone) (Found: C, 46.0; H, 5.3; N, 17.8; S, 20.8. 
C,H,N,OS requires C, 46.2; H, 5.1; N, 18.0; S, 20.6%); 
and bisphepzethyl sulphoxide (IXc) (20.7 g, 80%) had m.p. 
70.2-70.4 "C [from hexane-acetone (95 : 5) ]  (Found: 

4-Methoxy-2,6-difihenylphenoxyl (VI) . 

PP'-Disubstituted diethyl swlphides (VI 11). 

74Y0) .  
PP-Disubstituted diethyl sulphoxides (IX) . 

C, 74.2; H I  7.2; S, 12.5. C,,H1,OS requires C, 74-4; H, 
7.0; S, 12-4%), vmx. 1045111 (SO) and 700s cm-l, T (CDC1,) 
2-82 (lOH, s, aromatic) and 7-22 (SH, s, aliphatic). 
Bis-fi-methoxycarbonyl-P(3-dimethylethyZ sulphoxide (X) . 

To a solution of methanol (48 g, 1.5 niol) and pyridine 
(40 g, 0-5 mol) in chloroform (100 ml) was added 
the diacid chloride of 2,2,6,6-tetramethyl-4-thiaheptane- 
dioic acid (3 g ,  0.125 mol) with stirring and cooling to 10 "C 
over 20 min. After additional stirring for 20 min the 
mixture was poured into water (500 ml). The chloroform 
layer was washed with water (3 x 100 ml). After evapora- 
tion, the product was distilled in vacuo to give the diester 
(29 g, 88%). To a solution of the diester (26.2 g, 0.1 niol) in 
acetone (100 nil) was added 30% hydrogen peroxide (20 nil). 
After refluxing for 2 h the mixture was concentrated. 
Addition of hexane gave the sulphoxide (X) (15 g, 54y0), m.p. 
45-48' (Found: C, 51.7; H, 7.9; S,  11.8. C,2H,z0,S re- 
quires C, 51.8; H, 7-9; S, 11.5%). 

4-t-Butyl~eroxy-4-methoxy-2,6-d~~henylcyclokexa-2,6-dien- 
one (XI). According to  the procedure of Campbell and 
Coppinger,,l t-butyl hydroperoxide (25 ml) was added to a 
solution of 2,6-diphenylphenol (5 g, 20 mniol) in t-butanol 
(50 ml), followed by two drops of a solution of cobalt 
naphthenate in ethyl acetate. After heating for 1 h at 70 
"C the product was isolated by evaporation of t-butyl 
alcohol. The residue was crystallised from hexane to give 
the peroxycyclohexadienone (XI) (4-7 g, 71y0), m.p. 68" 
(Found: C, 83-0; H,  7-4. C,,H,,O, requires C, 83.1; H, 
7.2y0), vmx. 2830w, 1680s, 1650s, and 700s cm-l, T (CCl,) 
2.5-2-9 (lOH, m, aromatic), 3-12 (2H, s, aliphatic), 6-53 
(3H, s, OMe), and 8-77 (9H, s ,  But). 

Oxygen UPtake Measurements.-Synergistic effects of 
4-methoxy-2,6-diphenylphenol (IVa) and the PP'-disub- 
stituted diethyl sulphides (VI I Ia -c )  and the corresponding 
sulphoxides (1Xa-c)  as well as the synergistic effects of 
4-methoxy-2,6-diphenylphenoxyl (VI) and the PP'-disub- 
stituted diethyl sulphides and sulphoxides were tested in 
unstabilised isotactic polypropene according to the method 
of ref. 14. Powdered polypropene (1-000 g) was mixed 
with the phenol (2 mg) and the sulphide or sulphoxide 
(5 mg). This mixture was honiogenised with acetone 
(5 ml). The solvent was carefully evaporated in vacuo a t  
40 "C and the sample was placed in a tube connected with a 
gas burette filled with oxygen. Oxygen uptake was 
measured at regular intervals at 180 "C. 

N.m.r. Measurements.-The spectrometer was cquipped 
with a variable temperature unit for direct reading to 
within ( f 0.5 "C). Measurements were performed with a 
solution of 4-methoxy-2,6-diphenylphenoxyl (VI) and 
sulphoxide (IXc) a t  150 "C in o-dichlorobenzene. After 
5 niin, formation of styrene and regeneration of 4-methoxy- 
2,6-diphenylphenol (IVa) were observed, 7 (o-dichloro- 
benzene) 4.45 (lH, d, vinylic), 4.95 ( lH ,  d, vinylic), and 
6-38 (3H, s, OMe). 
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