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Abatrwt--The pcroxidasc system oxidiw 2,6dimethylphcnol and 2,&dimcthoxyphtnol smoo&ly 
to the corresponding tctrasuhtitukd diphcno+nones; by con-t f6dkhlorop4enol and 2,4,6- 
trichloropbcnol give intractable products bclkvul to result from tht hydroly& of intermediate 
ChlOUXphOflCS. 

N,N,Z-and N,N.4-trimcthylanilinesrcadily oxidized by the pcroxidase system whcrcaa N,N,$6 
tctramcthylaniline and N,N.f4,6-pentamcthylaniline arc not oxidizd. Furthcnnorc pamino- 
buwnitrik, ethyl wnobcnwate and paminoaatopheoonc arc not mptibly oxidized by 
hydrogen peroxide and paoxidasc. The sign&ance of chne ncgatiw w&ions ia amsidued. 

IN continuation of our studies of oxidations by pcroxidasc systcms,l we have now 
examined the enzymic oxidation of three 2,6disubstitutcd phenols (the dimethyl-, 
dimethoxy- and dichloro-compounds) and two further 2,4,6_trisubstituted phenols 
(trichlorophenol and 2,6dimcthyl4iodophenol). 

The oxidation of 2,6dimethylphenol by noncnzymic agents has been studied by 
many workers. The most common product is 3,5,3’,5’-tctramcthyldipheno+‘- 
quinone (I; R = Me); obtained by use of copper sulphatc plus Na,&O, or NaOCl 
or air,* or of dibcnzoyl peroxide, *B‘ lead tctra-acetate in benzene or acetic acid,6 
sodium pcrsulphate and silver nitrate,6 alkaline ferricyanide,**‘-’ nitric acid,* chromic 
acid? ferric salt~,‘*~ potassium dichroma@ or pcrmanganateP ammonium pcrsulphatc: 
chlorine water,s bromine watcr,a silver oxide,lO argentic picolinate,” cupric bcnzoate,” 
sodium periodate, Mate, bromate, chlorite or hypochloritc,’ copper periodate,* 
manganese dioxide,’ and amyl nitrite .* The same diphenoquinone (I; R = Me) can 
also be formed from 2$-dimethylphenol and hydrogen peroxide in the presence of 
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certain salts (FeSO,,**= CuCl, CuSO,, TiCI,, TiCl,, or OsO,).* Such systems can be 

rcgardcd as “model peroxidases”.’ Recently, enzymes from Po+porur wrsicolor and 
Bus uernic+ru have been shown to catalyse the oxidation of 2,4dimethylphenol 
to the diphen~uinone.l‘ 

The related 4,4’-dihydroxy3,5,3’,5’-tetramethylbiphenyl (II) can be formed (alone 
or together with the substituted diphcnoquinone) by oxidizing 2,6_dimcthylphenol 
with various agents, e.g. AgNOs plus K,SkO,,s,d CuSO, plus Na.&OaB2 silver oxide,i* 
lead tetra-acetate in benzene,6 benzoyl peroxide,g oxygen in cumene plus ferric stearate,U 
t-butyl peroxide,le amyl nitrite,* sodium bromate, chlorate, chlorite, or hypochIoritc,* 
or hydrogen peroxide in the presence of FeSO,, ra TiCI,,* uranyl nitrat@ or selenium 
dioxide.* Irradiation of 2,~ime~ylphenol solutions in the presence of oxygen also 
yields the diphenol (II).” 

G=g)+y=Jo “GJJJ-f-JGH 
Me 

I n 

Attention has recently been paid to the linear polymer “polyphenylene oxide” 
(PPO) (III; R - Me), formed by oxidation of 2,6dimethylphenol with oxygen in the 
presence of copper-amine complex cataIysts,U~l@ magnesium-amine complexes,se or 
activated manganese dioxide .a In some cases, the diphen~uinone (I; R = Me) is 
an alternative product, even with these special oxidizing systems.r***r 

A few cases are known, in which other oxidation products are formed from 
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2&limethylphenol, usually in low yields. These products 
recently. 
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have been summariA 

The product most often obtained by oxidation of 2,6dimcthoxyphenol is also a 
diphenoquinone (I; R = OMe). This results from the action of t-butyl perbenzoate? 
potassium ferricyanide,’ sodium per&late,= lead tetra:acetate,” potassium dichro- 
mate,u chlorine,M nitric acid,n ferric chloride,” sodium nitrite,s oxygen in the presence 
of copper-amine complex catalysts,” or certain oxidases.” Some 2,6dimethoxy-p 
benzoquinone is given by lead tetra-acetate and sodium periodate,= (which also 
forms 3-methoxy-o-benzoquinone and 3,8_dimethoxy-1,2-naphthoquinom?.”). 

We now find that both 2,6dimethylphenol and 2,6dimethoxyphenol are oxidized 
smoothly by peroxidase systems to give the diphenoquinones(1; R = Me or R = OMe). 
By contrast, we were unable to isolate tetrachlorodiphenoquinone (I; R = Cl) by 
peroxidase-catalysed oxidation of 2,6dichlorophenol. This phenol gave a purple 
product, and chloride ion was liberated. Relatively little work has been carried out 
on the oxidation of this phenol. Inoue er aLn isolated 4,4’dihydroxy-3,5,3’,5’- 
tetrachlorobiphenyl in low yield when benzoyl peroxide in carbon tetrachloride was 
used as oxidant, whereas a relatively low-molecular polymer (III; R = Cl) was 
obtaineda by the action of oxygen and a copper-pyridine catalyst. 

The peroxidase-catalysed oxidation of 2,4,&richlorophenol was also investigated. 
We found that addition of peroxidase and hydrogen peroxide to an aqueous solution 
of this phenol produced a transient yellow colour, then a persistent red-violet colour, 
and liberation of chloride ion. The coloured oxidation product was almost completely 
soluble in water, giving an acidic solution. So far we have &n unable to isolate any 
identifiable compound from this material. It was observed, however, that when 
2,6dichlorobenzoquinone was left for some days in aqueous suspension, a red-violet 
colour slowly developed similar to that obtained by enzymic oxidation of trichloro- 
phenol. When the two reaction solutions were subjected to circular paper chromatog- 
raphy, they gave similar patterns. 

2,6_Dichlorobenzoquinone results from the oxidation of trichlorophenol with lead 
dioxidF*90 and certain other inorganic oxidizing agents,s1 whereas various trichloro- 
phenoxy-substituted benzoquinones are formed by the action of benzoyl peroxide,- 
lead dioxide,m*a and chromic acid .= Polyethers are formed by oxidation with silver 

a E. Adkr, R. Magnusson. B. Bcrggrcn and H. Thomelius, Acre Gem. scond 14,515 (1960). 
- F. Wcsuly and J. Kotlan. Monursh. 84.291 (195.3). 
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oxide,r) iodine,m lead dioxidc,m or oxygen in the presence of pyridine plus 
nitrobenzene.~ 

WC have found that 2,6dimethyl4iodophenol is also oxidized by peroxidase 
and hydrogen peroxide. Iodine was liberated,= but after the reaction mixture had 
been allowed to stand for some time, no free iodine could be detected. If, however, 
the oxidation was interrupted at an early stage, a small amount of 2,6dimethyl- 
benzoquinonc could be isolated. These observations present no anomaly, as it has 
been shown= that 2,6dimethylbenzoquinone will give a positive iodoform reaction. 
Hence the situation is probably that peroxidase liberates iodide from 2.6-dimethyl4 
iodophenol and that the halide is then oxidized to iodine which is subsequently used 
up in reaction with the dimethylbenzoquinone. Bromide ion was liberated by the 
action of the peroxidase system on 4bromo-2,6dimetbylphenol. Various workers 
have shown that oxidation of Cbromo- and 4-chloro-2,6dimcthylphenols with 
inorganic oxidizing agents can lead to halide ion and linear polymer (III ; R = Me);‘*” 
in addition, a small quantity of 2.6dimetbylbenzoquinone is formed with alkaline 
ferricyanidt or lead dioxide? 

The formation of diphenoquinones I (R - Me or R = OMe) from the 2,6- 
dimethyl- and 2,6dimethoxyphenols can reasonably be ascribed to puru-para C-C 
coupling of aroxyl radicals, lea7 followed by oxidation of the resulting 4,4’dihydroxy- 
biphenyl derivatives. The liberation of halide from 2,6dimethyl4halophenols could 
perhaps be formulated as involving attack of a HO radical at the puru-position of the 
aroxyl radical first formed, with subsequent elimination of hydrogen halide (oxidized 
then to the halogen, in the case of the iodocompound). Attack by the HO radical 
may also be involved in the formation of 3,5dimethyl4hydroxybenzyl alcohol by 
peroxidasecatalysed oxidation of mesitol. ae However, as Saunders and Patchett have 
been unable to detectpee HO radicals in the peroxidase systemm it would seem likely 
that HO radicals (if formed at all) are passed to the hydrogen donor simultaneously 
with removal of a hydrogen atom. It is of interest that recently it was shownLO that 
the action of iodine plus hydrogen peroxide on certain methylphenols (in which the 
position puru to the OH group is unsubstituted) forms the corresponding 2,4-di-iodo- 
methylphenols. The iodine atom introduced at the Cposition is then eliminated, to 
yield 2-iodo-methylbenzoquinones as final products. 

By analogy with the oxidations described above, primary products from 2,6- 
dichloro- and 2,4,6_trichlorophenols should be, respectively, 3,5,3’,5’-tetrachloro- 
dipheno4,4’quinonc and 2,6dichlorobenzoquinone (together with chloride ion). 
The formation of halide from the dihalophenol and our inability to isolate these 
two haloquinonoid compounds can be attributed to the instability of the chloro- 
quinones (which are vinylogues of acyl chlorides) under the particular reaction 
conditions (very dilute aqueous solution, long reaction times). This instability was 
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u H, Booth and B. C. Saunders. Nature, Land. 165,567 (1965); J. Chmt. Sk. 940 (19%). 
n B. C. Saunders, Royal ht. of Chemiwy. Lectures, Monograph and Report3 NO. 1 (1957). 
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demonstrated with a sample of dichlorobenzoquinone prepared from trichlorophenol 
by non+nzymic oxidation. The similar lability of a chlorine atom in a related com- 
pound, chloranil, has been discussed recently.” 

The oxidation of two amines (N,N,2,6_tetramethylaniline andp-aminobenzonitrile) 
by the peroxidase system was also attempted. It is known that N,Ndimethylaniline 
is readily oxidized (by puru-pura C-C coupling of radicals arising by one-electron 
oxidations) to N,N,N’,N’-tetramethylbenzidine.” (The latter is then further 
oxidizeda.) Similar coupling occurs on oxidation of dimethylaniline with dibenzoyl 
peroxide.‘8 NayloP has observed that N,N,2- and N,N,Ctrimethylanilines are 
readily oxidized by the peroxidase system, but that N,N,2,4,6_pentamethylaniline is 
not. We have now found that N,N,2,6_tetramethylaniline is scarcely oxidized by 
hydrogen peroxide in the presence of peroxidase. The reluctance of N,N,2,6- 
tetramethylaniline and N,N,2,4,6pcntamethylaniline to undergo oxidation by the 
peroxidase system (and by dibenzoyl peroxidp) can be attributed to steric strain in 
the radicals IV (R == H or R .= Me); the dimethylamino group in this tetramethyl- 
aniline is known to be perpendicular to the ring.‘b 

Some aromatic amines which have powerful electron-withdrawing groups (e.g. 
-NO,, --COOEt, -COMe) in the position puru to the -NH, group are known to 

be unatfected by the peroxidase system.” By contrast, aniline and those of its 
derivatives which have paru-methyl or methoxy or halide substituent groups are 
oxidized very easily ;t the phaloanilines liberate halide ion on oxidation.’ In the 
present work, paminobenzonitrile was recovered unchanged after treatment with 
peroxidase and hydrogen peroxide. Cyanide ion (which would have “poisoned” the 
enzyme system) was not liberated, since it was found that addition of mesidine to 
the reaction mixture immediately produced the characteristic purple 2,6dimethyl- 
benzoquinone4(2’,4’,6’-trimethyl)anil. l Chemical tests for cyanide also gave negative 
results. 

EXPERIMENTAL 

Peroxlduw. Two preparations of the enzyme wtrc used: one wu a cmantratal soln (Purpuro- 
gallin Number ca. 600) of horse-radish pcroxidasc. which WBS diluted with water before use. The 
otbcr was a kss active sample (P.N. ca. 10) of turnip pcroxidasc.” 

bL J. W. Hancock, C. E. Momll and D. Rhum. TcrruhPrLon Lmers 987 (1962). 
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U L. Homer and K. Junkermann. Lie&qs AM. 591, 53 (1955); L. Homer and K. !Schd. Ibid. 

574,202 (1951). 
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OxfrbtioR of ~~lhy~f. Diluted horse-radish pcroxidasc (P.N. IO; 27 ml) and H,O, 
(XLvot ; 1 S ml) WCC adds intermittently in 1 ml portions during 3 days to a suspcmion of&c p&an01 
(2ag) in acctatc buffer soln (1000 ml; OlM; pH 4.7). The mixture first dcvcIopcd a phow colottr, 
which MS soon suecccded by the precipitation of an orangc+zolourul solid. The mixture was left 
for 1 day, and then flltcrcd. The d&d ppt (085 g> was extracted exhaustively with dry cthcr, and the 
t&issolvdd material rccrystallizcd from AcOH; 3.5.3’,5’-tetramethyIdi~~,~quinoa (@47 g, 
m.p, 2W) was obtained. (Found: C, 79.8; H, 6.4. Cak. for C,,H,,Or: C, 8OG; H, 670/,) 

Oxidotia+r o/S6&treGto~~@enol. Horse-radish pcroxidasc (P.N. 10; 27 ml) and H,O, (2Wot; 
12 ml.) wcrc add& during 2 days to the phenol (154 g) in acctatc buffer soln (300 ml; 0,lM; pH 
4-i). After a further 12 hr the mixture was filtcrcd. and the dried ppt (1.32 g) mc+allizcd thrice 
from nitrobcnzme to givt deep blue nccdks of 3.5,3’,5’-tetramcthoxydiphcno-4,4’quinonc (1.15 g, 
mp. 2933. (Found: C, 628; H, 5.3. Cak. for C,,Hi,O,: C. 63.1; H, 53x.) 

Ox&&&a of PJkkkkwophmol. Turnip pcroxidaae (2Oml) and H,O, (2~vol; 10 ml) wrc added 
during 3 days to f&hchlorophcnol(2~5 g) in water (250 ml). The yellow colour first obsernd was 
soon suaccdcd by an oran&-red ppt. The mixture was left for 2 days. during which time both solid 
and soln bccamc purple. The soln now contained chloride ion, and its pH was appreciably lower than 
at the start of the oxidation. 

Oxidation of ~4,~tr~ch~r~p~~~. Turnip pcroxidaac (49 ml) and H,O, (u)-vol; 24 ml) wac 
added during 3 days to a suspension of trichlorophcnol(3*93 g) in phosphate-citrate b&r (loo0 ml; 
pH 5-O). At the start of the oxidation, a transknt yellow colour was obscrvcd; the mixture soon 
became red-viokt. At the end of the reaction time, the mixture was hhcrcd. Thcrc resulted 0.17 g of 
a deep red solid-the colour of this material was discharged by prolonged boiling with Sn and HCl, 
but soon rcappeanrt when the resulting soln was exposed to air. The deep viokt-colourcd filtrate 
from the oxidation mixture was extracted exhaustively for 2 days with ether (125 ml) and the ether 
evaporated to give a dark red oil which contained some trichlorophcnol (volatik in steam). Horizon- 
tal ~ornato~ of this oil on circular Whatman No. 1 filter paper. with a butanol-AcOH-water 
(5:2:3 v/v) mixturc, gave patterns whose most obvious fcaturc was a violet band of Rj’O68. When 
2&diilorobcnzoquinonc was left in suspension in water, a violet mat&al having similar chromato- 
graphic bchaviour was obtained. 

OxldPtion of 2,6dmethyl4idophed. When horse-radish pcroxidasc and H.0, wcrc addcd to a 
aoln of the phenol in water, the soln had a greenish tinge during the earher stagca of the oxidation, 
and contained free I ; no I could bc detected after the mixhuc had been kft for some days however. 
Horse-radish peroxidasc (@S ml ; P.N. 500) and H.0, (5 ml; 20-vol) were added during 2 hr to the 
phenol (1.42 g) in water (1000 ml). The soln was then extra&d with ether (5 x SO ml), and the ether 
layers washed with aqueous alkali to rcmovc unchanged phenol, then with water. Evaporation and 
vacuum sublimation gave 2&dimcthylbenxoquinonc (51 mg; m.p. 72-73’). 

PeroxUt~e and N,N,L6;elrumcthy~~ftinc. Turnip pcroxidasc (15 ml) and HIOt (2Ovol; 10 ml) 
wcrc added during 2 days to the amine (2.98 g) in an acetate buRcr soln (3000 ml: 0,lM; pH 4.7). 
The resulting pak yellow soln was rendcrcd alkaline with 10% NaOHaq. and was then cxtractcd 
exhaustivcIy with ether (258 ml). The ethercal soln was dried (KOH); removal of solvent gave 2.60 g 
of unchanged amine. 

Peroxldare and p-amlnobenzonirrile. Turnip pcroxidasc (9 ml) and H.0, (20 vol; 2 ml) wcrc 
added during 20 hr to the amine (O-234 g) in acetate butkr (400 ml; l+OM; pH 4.7). Sam&s of 
the mixture were withdrawn at intervals, and a drop of mcsidinc added; in each caac an immcdiatc 
purpk coloration rcsultcd. The main bulk of the mixture was then extracted thoroughly with ether, 
and the ethereal portions combined and evaporated. to give the unchanged amine (O-213 g after 
recrystallization from light petrokum). 

While this work was b:ing carried out, one of us (B. P. S.) received a grant from the Dcpaftmcot 
of Scientific and Industrial Bcseamh. 


