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uxidaFivc ckavage rcacFioar of aromatic rilrgs ir a wide 
spread occurmce in nature. Typically enzyme pyroca- 
techase catalyzes the oxidativc ckavagc of the aromatic 
ring of catechol to give ckch-muconic acid. In this 
oxidation reaction, an oxygen moiecuk is incorporattd 
into the muconic a&.‘~ Fyrocatechase and related cn- 
zymcs are known to rquire either copper or iron for 
maximum activity, indi@ing an importnnt rok of these 
rnctak in biofo+cal OxidaGoO. SevupI StWikS on in t&J 
ox&ion of catccbd and its derivatives as an enzyme 
model reaction for pyroc8tccbue hut been pttcmpted. 
Us&y tbc in uifn, oxi&ii reaction has been carried 
out mostly with 3.S-di-t-butykatecbol, rather than 

~rc&d it&f. Oxidation of ~~-~tyk~~~ cItllyted 
by fcvtral meFat Salts gave tbe cone~pondir& o- 
quinoncS.’ Oxidation w&h oxyperr in ahline Solution 
gave y-hone of 2.4 - di - t - butyl - 4,S - dibydroxy - u - 
hydromuconic add 85 a nmin product.’ Photwxi&tivc 
&wage of the sWtW iTa&cbd involving Singlet oxygca 
produced the sit&r IactoSic acid.’ Recently the reaction 
of dibutykatechol with superoxide ion fKW was c&cd 
out &nd two main j%oducts, 3,s - di - 1 - butyl - 5 - 
(cahoxytlydroxymcthyl) - 2 * furanone nnd 3$ - 4% - I - 
bury1 * s - (carboxybydroxywthyl) - 2 * ftlfmonc were 
obintd.’ These reactions are inure&g, but the reac- 
Fion~ do not seem to be apphbk to urtccbd itself. 
Catehol and dr~ty~~ have quite different reac- 
(iv&y, Aho, pcr~tic acid waS u~cd for the oxidative 
ckavagc of phof ta ci.r,chnucottic acid.‘+’ Recently it 
wan fouod that the pre~coce of either Fe“ or Cu” ions 
is csscathl for this oxidrtive chvage reaction by 
peracetic acid: 

we iaave found that smooth hdativt titavagc of 
caLccbd to give moMester of cir,ds-muc6nic tfid in a 

hi& yidd proce& with tufzt &eat& with molecular 
oxygen in pyridine containing akohl at room tempera- 
IW!. 

Furthermore, oxidative ckavpge of pknof s&o pro- 
ceeded under similar conditions to give the ~amc 
products, although tbc yield wes lower &an that of 
cate&ol.‘* The reactions bave not only a thcorcticrri 
signifiutocr in connectioa with the biob&d oxidation, 
but also considcnbk synthctk utility due to mild rcac- 
tion conditions and high yields of muconic acid dcrivr- 
the. Preliminary accounts of the work have already 
been given”‘” and the details of these unique oxidation 
reoctiow arc presented in this paper. 

It is more than 2.5 years ago that the oxidative ckavagc 
reaction of catc&l by py-rocate&ue wan diScovered by 
Haya& CI 4.’ Many attemprs mW had been chcd 
out in order to find a model reaction of this intmstittg 
enzyme reaction, but no succcssfut in cim oxidative 
ckavagc of catechd itself to muconic acid had been 
reported before we attempted the oxidation of cafe&A 
in 1971. Only oxidative ckav* of pbentl to muconic 
acid in a low y&d with per&d had bttn reported? 
before WC Start oltr Study we spec~kttd that the 
dilIiculty in ckaving catcchol to muconic acid is attri- 
buted to the fact that catechol is very wsceptibk to 
oxidation with oxygen to form an intractabk polymer. 
Catccbd is oxidized easily to oquinon which is 
attack& by another mokcuk of catechol or a nucko- 
phik at tbc ekc~~~nt 4 and S positions kading to 
polymuiz.ation. Thus in order to achiivt tJu ring 
ckrvyt reaction selectively, the most crucial probkm to 
be solved is how to avoid the oxidfhve polymerization of 
cntcchol. Apparently the use of 35dibutykatccbol is 
one sotulion. Two bulky F-Bu groop~ protect the reactive 
4 and 5 positions from inWmok&ar n?action* A&bough 
tlte po#ym$ation can pC avoid& however, I&: dibu- 
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The ring ckavage reaction is an intramokcukr reac- 
tion and the polymerization is an intermokcukr reaction. 
In order to carry out the intramokcuiar reaction with 
suppression of the intermokcular reaction by sekcting 
proper reaction conditions, one welltstablished method 
is known which is c&d a hi&t dilution technique. These 
consideralions lead us to attempt the reaction by keeping 
the concen~~n of catechoi as low as possible in the 
presence of an excess 0xidiLinp agent. Our success in 
ckaving cat&o1 to muconate can be attributed to the 
high dilution technique. 

As the oxidizing agent, we sekcted pyridine compkx 
of CuCI, which is known to absorb oxygen at a room 
temperature under atmospheric pmsure. This compkx 
is used as a =cualyst for the oxidative ~y~~~n of 
2.6dimethylplunol.” Also the compkx was used for the 
oxidative coupliig of aniline to diazobenz.ene.” We have 
found that this compkx is a good catalyst for the oxida- 
tive ckavage of o-phenyknediamine.” The successful 
ring ckavage of o-phenyknediamine to give ciwis- 
mucononitrik in a hi ykM with &is compkx under the 
high dilution conditions gave us a strong impetus to 
attempt the oxidation of catechol using the same 
compkx under similar conditions. 

OxJ.&fiox of c5tcckol. At Bnt CuCI was dissoivod in 
pyridine and the solution was stirred under oxypn at- 
mosphere at room temperature. One mok of oxygen for 
four moks of CuCl was absorbed, and the solution 
turned to deep green. Then a pyridine solution of cate- 
chol was added slowly under oxygen atmosphere. Al- 
though the oxygen absorption was observed during tbc 
addition of catechol, no muconic acid was isolated even 
after several trials. Only polymeric product was formed. 
Then we found that the addition of methanol has a 
dramatic effect on the redon. By the reaction carri& 
out in the presence of methanol. monomethyl r1?3,cir- 
muconate was isolated as colorkss ncedks in 82% yield. 

The oxidation reaction appears to be quite delicate. 
Persistence of the deep green cotoor of the reaction 
mixture tat the reaction is essential. When the 
reaction mixture turns to Mock or purple by adding the 
catechot solution too fast. the yield of muconate 
decreases drastically. Ef6cknt stirring and stow addition 
of catechol are essential. Catedvol is ckaved as soon as 
it is added and by this way the,concentratkn of catcchol 
in the reaction medium is kept bw enough to avoid the 
polymerization. - 

In this reaction. monomethyl muconate was obtained 
irrespective of the concentratjoo of methanol added to 
the reaction medium. Neither free muconk rid nor 
dimethyl ester was obtained under any conditions. The 
effect of the concentration of methanol is critical. If too 
much methanol is added, the yields of monomethyl 
muconate tend to decrease. When 20 molm equivaknts 
of methanol were added, the yield decreased to 42%. 

Optimum amounts of methand seem to be 3-8 moks for 
one mok of catechol. O&m akobds can be used for tik 
oxidation to give the corresponding monoester, but the 
ykki of the monoester decreased with incnaxofcarbon 
numbers of the alcohols under the same reaction condi- 
tions as shown in Tabk t. No ester was obtained with 
t-butyl akoho!* 

Pyridine behaves as a ligand and a solvent. The coor- 
dination of pyridine to CuCl seems to be important for the 
smooth oxidation. When 2-methylpyriditu was used in- 
stead of pyridine. the muconate was obtained only in 4% 
yield. With 2,fMimethytppyridine no reaction took place. 
When the pyridh solution was diluted with bcaztfu, 
acetoaitrik and ~~y&of~, almost no reaction took 
pbcc. 

Theo the e&et of substituents on catecbol was stu- 
died. Catechols substituted by an ekctroo dona& 
group can be oxidized smoothly to give substituted 
muconates. CMethykatechd was ckaved to give a mix- 
ture of monomethyl methyhnueonates in 79% yield. 
Simarly 3methykatechol was converted into a mixture 
of monoesters in 81% ykkf which is a useful startir~ 
mater)l for the synthesis of c~~temu~~xy~ 

&l ~ &r&t+s + (L&;“s 

From 44lorocatechol. a mixture of cor&ro&ing 
monoester of chkromuconate was obtained in 37% ykki. 
On the other hand, cat&ok substituted by ekctron 
withdrawing groups can not be oxidized to muconate 
even thoogh oxygen absorption was obsewaf. For 
cxampk, *teohol and protocatechuk rid (3.4-G 
hydroxy-benzoic rid) were not oxidized to mucoaate. 

For this reaction, two moks of CuCi for one mok of 
ca.te&darcmceuuy inordertoobtainthemucotmte 
above 80% ykk. Wheo one mok of CuCl was used, the 
~~~~~~.At~t~~nf~~ 
stoicbiometric consumption of CuCl is inhibition by 
water formed by the oxidation. As shown in Tabk 2. the 
addition of water to the redoa sysfem decreased the 
yield. Aahydrous magnesium sulfate was added as an 
absorber of water to the reaction medium, but no effect 
wasobserved.Tbeseresultaindkatethattbewater 
formed combines strongly with copper salt and inhibi& 
the reaction. Monomethyl muconate. the main product of 
the reaction showed some inhibiting effect. These in- 
hibitions by the products of the reactko at kast put& 
contribute the quimoiar consumptimt of Cucl. 

Oridfxrion of &end_ it is known that in the metabolic 

Tabk 1. Syntheses of vubu IWIOWKS of ciS,c&-mtkoaate 

hlcohol Yfetld(Sf s5.p. (*a 

CH2OH a2 80 

C2tlgOH 59 102 

nqf,OH 45 74 

iql,OLI 7 

t-C,Hpli 0 _ 
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cquhkat of powdered KOH. The mixture was stirred 
~~~n~~ef~~~.~~~, 
~~~u~~t~to~~n.~~~~ 
color observed by the trnatment QI CuCl in pyridine with 

%2 molecular oxygen. To this siihition ~lrtachol wu added 

67 
slowly pnl monomethyl mutate was obtnined in high 
ykid.. In this reaction the addition of more than 1 mote of 

47 KOH for I mok of CuCI, dcc& the yield. Also four 

6 
or five molar exqss of CuCl~ wa!3 n&?ess$ry. The ad- 
dition of methanol is essential and only polymeric product 

tr*n was formed in the absence of m&anol. No m&on took 
place with CutOHk+ 

pnthwry afcmtatk compounds 8fc conv~ at first into 
phenols which w thca oxyprautd further by B 
hydroxyksc to catcchols before be& ekavcd to the 

Our results, taken tagahef the Fit&&itmr*s and 

mtlconatt. Thus th@ direct oxidntive ckav8gc reaction of 
Rogic’r results, sugget that tbc wccrsrcry Jphes for the 

~~m~~~~~~~~~m.W~~ 
oxid&ve ckav* of catc&ol is CutKI)cI ion combined 
with citber hydroxide or me&oxide Mb qordinnted by 

the oxidation of phenol under similar conditions us 
adopted in the #techol ox&ion, &ml again monometbyl 

pyridinc. In the reaction mixture. the hydroxide and 

~~~~~~~~ was obtained, &though the reaction 
mcthoxidc of Cu(Il)CI seem to exist as w quihbrium 

was slow. For exampk in the ox&ion of four mmoks 
mixtnre. It is cermin that the same species is formed by 

of phenol with ei$t mmoks of CuCI at mm tcmpcra- 
the treatment of Cut3 with oxygen in the presence of 

ture, slow absorption of oxygen stopped &f&r 6ohr amI 
m&mot and water 1~s suggested by F~bcincr n of.” 
~W~~~~i~~t~ 

methyl rn~o~t~ was obtained in 44% yield. 
fktc#sq utmfitiono for 

the catechol oxidation is the presence of spray 
amounts of Cu(fllCl, water, methanol and pyridiim. 

on As the rdated reach’” we carried out tbc oxidation 
of ~nyk~~ with @uCfs similatty pretnated 
with KOH, hut in the absence of meshanol. c&e& 
~~~o~~ ~1s isollated in 80% yield, 

The formotion of moaaarethyl mucotmte as a sok 
isokbk product of the ox&&on of phenol suggests that 
the oxid&tion frrocoeds through ths formation of fate- 
chol. This step seems to k very slow* In ordef trr 
acc&rate the oxid&n, other metal salts such as CuC12, It is 8pptuent Us81 beh catechol md F~~yk~i~ 

F&r, F&I were added, but no tflqt was observed. can be oxldizcd with the Cullfl s$ccks in the absence of 

The effect of methyl rubst&stion on phenol is delicate, oxygen. However. it should be pointed out that a 

Z*~~~y~~l is polymeri& el?icicatly with Cut3 considembly large amount of Cu(lI) salt is necessary to 

in pyridii under oxygen. This is tbc established ins obtnin the products in hi& yields. Therefore. it is more 

dustrial ploecsS_‘f we have t&d the oxidrttion of In- mb COUVGnitttt to carry out tbcsc oxidations usilrg one 

p-cm&, but dy minour product was formed. quivaknt of C&I under oxym atmosphere for prac- 

QxklirLrg speck of copper. In this ox&ion, CuCl is tical synthetic purpose. 

the most &cknt oxidiz& agent. CuBr in pyridinc ab- In corwxtion with the tnzymc reactions catalyzed by 

sorbs oxygen. but gave 34% yield of mucouate, No atkf dioxygenase, spe&l att&on has been directed to 

cupric and cysrous wplu by themselves were found to be superoxi& fsn as a possibk active spccics for biological 

wtive far the axideke cleavpirc rtnction, oxidation. Mow Kt& as a convenient source of supcrox- 

In conMctioa with the a&c species in the oxidzttive idc ion is chicly avail&k, Morooha snd Foote 

pc@mcMtron of 2,~~y~ cstaiyzed by CM.3 have carried out the oxidative ckavtrge of 3Jdi+butyl- 

in pyediltc containing meth8wl under oxygetl, Fink- catcchol with KG.) Recently Knmctani et al. carried out 

b&w rl &.” suggHed the fcwmwn ef CtrtflS spwiu P novel oxidative cw of certain phenolic iso&nol- 

as the active catalytic spccics by the rtwtion of CuCI inc &aloiis with KOx treated with CL&& in F~~.‘~ 

With okygttl in pyridine COatpinino fXWdW?Oi. We tried the oxidstion of cabs&o1 under h&w&s 
condition without success. We then tried the oxidation of 
utcchol by Kametani’s method with KG pretreated 
with CuCl~ in p!ridinc containilrg mf&nol. and found 
that the smooth oxldttive ckovrge took place to give 
monomethyl muconatc. Tbc result does not tkcessarily 

Becently bgic CP oi. cafrkd out use o*tion of cat@ suppbit th& the oxidation takes p&e by the direct 
chol to monomethyl muconam with CuCl(OCH,) in attach of superoxidc ion to catcchol. Superoxide ion is 
pyridinc,‘* In order to ckrify the active specks of tbc known to behave as an efficient reducing agent of Cu(tI1 
oxidation furtim, we unicd Wl tbc oxida~a of tpte- ion.‘* Thus it is reasonable to assume that K4 converts 
chol rvith CuCI:, prttreatcd with KOH, CuCk dissolved Cuf& to CuCl, KCI snd oxygen. Then the reaction of 
in pyridii containing methanol was trnntcd by one CuCl with oxygen in pyridim generates the same active 



spwics for 0xkJaive clcavagc of catechd. Actuauy WC 

obseruc;d the cvotution of oxygen by tltc reaction of KO, 
ad CUCI~. 

mixrure d nonotutlbyl estet of mclhybluconalc wu dJt&d iu 
81% (05s g) yield. ‘fbe CSICI was maed with xw6 NIOH to give 
the fn3n~.tmm isomer and then mtbykfcd with dimzomctkanc to 
fnrm dimethyl 1nus,rmn~-2melbylmuconrte u cryrtrls. m.p. 
57 &tpoNcd SfJ3.” SimiMy. cmethYlc&!cbd tO.288& 
2 mmoll was oxidized with CuCI IO.5 0.5 mmol) in pyridin (IS mli 
md MeOH f0.2mi) at 5’. A mixture of monnmttbyl m&yC 
muaexes wu &&sd in 79.18 to.27 $) y&l. 

oxidpri~ virb CuCh. A mixture d Cu&l~ 0.3s. tOmmolt, 
powdered KOH &62r. IOmmo0 aed MeOH (1 mlf in py+Jinc 
mu& was SlimI w&r 81 tt 0 mom temp. for 2Ok. rkuiq 
tbir period. tbc bhwc Iorn tumcd to duk @een. A py?idii xotn of 
catechol (0.1 I I. I mmol in 20 ml) wxx &cd skrwi~ duria(: 2 br. 
A&F Ibc Mid work-up, Cfy$tiine molmmrIkyZ rnUCONI(: was 
hoh2d in 82% to.i2f@ ykld. 
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