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Abstract: o-Benzoquinones and catechols undergo the carbon-carbon bond cleavages induced by a particular copper(II) re
agent in the presence as well as in the absence of molecular oxygen. The overall anaerobic transformation of catechol to cis.cis-
muconic acid monomethyl ester involves a two-electron oxidation of catechol to o-benzoquinone, followed by a second two-
electron oxidation of the o-benzoquinone to the muconic acid ester. The active copper(II) species can be generated by reaction 
of cupric methoxide with water in pyridine and is equivalent to a dimeric cupric methoxy hydroxide complexed with pyridine. 
The oxidation reagent ("Cu reagent") can also be generated either by reaction of cuprous chloride with oxygen in pyridine in 
the presence of methanol, by reaction of methanol with a product mixture of the oxidation of cuprous chloride in pyridine, or 
by addition of 1 molar equiv of water to any of the following reagents: to cupric methoxy chloride in pyridine, to pyridine cupric 
methoxy chloride in pyridine, to a mixture of cupric methoxide and cupric chloride in pyridine, or to a mixture of cupric meth
oxide and pyridine hydrochloride in the same solvent. Thus, all the methods provide the same active oxidation agent which in 
pyridine exists as a mixture of bispyridine cupric chloride and dimeric, oligomeric, or polymeric cupric methoxy hydroxide in 
equilibrium with each other. During the reaction the active copper(II) agent is being reduced to copper(I) muconate ester and 
cuprous hydroxide, which under the reaction conditions can efficiently reduce the intermediate o-benzoquinone to the cop-
per(II)-catecholate complex that resists further oxidation. However, this undesirable reduction is prevented by the cupric 
chloride which scavenges cuprous muconate and cuprous hydroxide in situ and converts them into an innocuous mixture of 
basic cupric muconate and cuprous chloride. In the presence of molecular oxygen, the cuprous chloride is reoxidized to the 
original active copper(II) reagent. Since in these transformations the active copper(II) species act as electron acceptors from 
o-benzoquinone and cathechol, and since the final transfer of electrons to molecular oxygen occur from the generated cop-
per(I) species, a direct reaction between oxygen and organic substrates does not take place. Consequently, overall oxidation 
of these substrates does not require a special mechanism for the activation of the molecular oxygen. 

Currently one of the most intriguing chemical mysteries 
is the question of how living organisms circumvent the low 
kinetic reactivity of molecular oxygen in reaction with organic 
substrates.1 Under typical conditions this low reactivity is a 
consequence of oxygen's ground-state triplet character which 
makes the reaction with a singlet organic substrate a spin-
forbidden process.12 The last decade has seen considerable 
progress in the understanding'of the chemical bonding and 
structures of various transition metal complexes with oxy
gen, lc-2 and many chemical models for enzymatic oxidations 
have been discussed.la~d>3"~20 

The remarkable ability of certain oxygenases to catalyze 
oxidative carbon-carbon bond cleavage of various aromatic 
substrates, most notably of phenols and catechols, is well 
known.21,22 While the precise mechanism of these transfor
mations remains uncertain, it is becoming increasingly clear 
that molecular oxygen is not involved directly in reactions with 
these substrates. la_c-23 It is generally accepted212 that the re
quired activation of molecular oxygen in enzyme systems is 
achieved by reaction of the oxygen with the transition metal 
bonded to the enzyme molecule. It is then the reaction of these 
oxygen-containing intermediates with the complexed organic 
substrate that brings about the observed oxidation reaction. 
The possible role of superoxide ion in certain biological oxi
dations is well recognized and the investigations of superoxide 
ion chemistry in vitro24-29 as a model for the oxidative car
bon-carbon bond cleavage of catechols catalyzed by pyroca-
techase and metapyrocatechase has already been carried 
OUt.3 0'3 1 

Our interest in new synthetic approaches to caprolactam led 
us to explore various methods for cleaving carbon-carbon 
bonds in cyclic C6 systems. We recently reported on the ni-
trosolysis reaction—a novel carbon-carbon bond cleavage 
effected through nitrosation which leads to the formation of 
a terminal carbon-nitrogen bond.32-35 The success of this re

action was attributed to an efficient trapping of the a-nitro-
soalkoxy carbonium ion intermediates with an alcohol as a 
nucleophile, and in situ cleavage of the ensuing a-nitroso ac-
etals32(eq 1). 

OR 

t > r-^COOR ( 1 ) 

I^ C-N 
In an effort to streamline the preparation of caprolactam, 

a more direct route from phenol was sought. The success of the 
nitrosolysis concept prompted us to investigate possibilities for 
a similar transformation between phenol or catechol and a 
system containing "activated oxygen" (eq 2). The present 

paper describes results of these efforts and discusses the 
chemistry associated with copper(II)-induced carbon-carbon 
bond cleavage reactions in o-benzoquinones, catechols, and 
phenols, and elucidates the nature of the active copper species 
and the role of molecular oxygen in these transformations. 

Results and Discussion 

1. Copper(I) as a Catalyst for "Activation" of Molecular 
Oxygen, (a) General. In an attempt to imitate the action of the 
enzyme tyrosinase Brackman and Havinga studied oxidation 
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of phenols using copper/amine catalyst.3 Terentiev and co
workers reported that aromatic amines were converted to the 
corresponding azo compounds by aerial oxidation in pyridine 
solution containing cuprous chloride,36 and Kinoshita de
scribed that benzil undergoes the carbon-carbon bond cleavage 
to benzoic acid under similar conditions.37 Approximately at 
the same time Hay, Blanchard, Endres, and Eustance reported 
that 2,6-disubstituted phenols undergo oxidative polymer
ization catalyzed by cuprous chloride in nitrobenzene/pyridine 
solution,38 and shortly thereafter showed that the pyridine 
cupric methoxy chloride complex39e was an active catalyst for 
these oxidative polymerizations.39a_e>40~44 

Since oxygen is a four-electron oxidant, most reported oxi
dations of cuprous chloride involve the expected 4CuCl + O2 
stoichiometry.39e'44'47,48 In solvents which do not dissolve cu
prous chloride, the reaction with oxygen does not occur. 
However, in the presence of a cosolvent, e.g., pyridine, meth
anol, etc., that can act as a coordinating ligand for copper, the 
oxidation does take place even in benzene,39e o-dichloroben-
zene,39e or chloroform.43,44 While the stoichiometry of the 
reaction in these solvents was the same, with the exception of 
methanol, which provides insoluble crystalline cupric methoxy 
chloride,39*='49 

4CuCl + O2 
MeOH 

4CuClOMe + 2H2O (3) 

the nature of the oxidation products in other solvents remains 
uncertain.39e Pyridine is atypical as a solvent for copper com
pounds, because it solvates Cu(I) very effectively, but appar
ently solvates Cu(II) relatively poorly.45'46 The oxidation of 
cuprous chloride in methanol containing pyridine39e gives a 
deep green, insoluble, crystalline pyridine cupric methoxy 
chloride complex, I. 

4CuCl + O2 + 4py —*• (PyCuC10Me)„ + 2H2O (4) 
MeOH 

The same complex can also be prepared directly from various 
copper(II) starting materials.39e '50 The tentative structure of 
this complex was criticized and an alternative one was pro
posed,54 but a single crystal analysis has now established55 that 
the complex I exists as the methoxy bridged dimer analogous 
to the corresponding a-picoline complex.56 

CU 

Me 

. O N -py 
Cu Cu 

py x o ^ Cl 

Me 

I 

(b) Cuprous Chloride as a Catalyst for Oxidation of Cate
chol.57 The reaction of oxygen with 4 molar equiv of cuprous 
chloride in pyridine solution containing 5 equiv of methanol 
generates a green, heterogenous mixture ("reagent A"): 

4CuCl -I- O2 + 4MeOH —*• "reagent A" (5) 

When a solution of catechol in pyridine/methanol was added 
to the "reagent A" under oxygen, approximately 1 molar equiv 
of oxygen was consumed. Evaporation of solvent, followed by 
acid hydrolysis and extraction, gave an 80-85% yield of the 
rfs.m-muconic acid monomethyl ester 1 (eq 6). When ethanol, 

or 
^ T H 

4- "reagent A" + Q2 CCOOMe 
COOH 
1 
+ H2O (6) 

n-butyl alcohol, or isopropyl alcohol were used instead of 
methanol, the corresponding m.c/s-muconic acid monoalkyl 
esters were obtained in 63, 76, and 26% yield, respectively. 

Alternatively, reaction of oxygen with cuprous chloride in 
pyridine39e gives a brown-yellow, heterogeneous reaction 
mixture. Addition of the required amount of methanol, ethanol, 
«-butyl alcohol, or isopropyl alcohol to this reaction mixture 
provides the corresponding "reagent(s) B": 

4CuCl + O2 -
4ROH 

"reagent B" (7) 
py py 

Addition of catechol to "reagent B" under oxygen resulted in 
formation of the monoalkyl esters in essentially the same yields 
as when the reaction was carried out with the "reagent(s) A" 
as above. 

Finally, the reaction of complex I in pyridine with 1 equiv 
of water generates reagent C 

2(pyCuC10Me)2 + 2H2O — » "reagent C" (8) 
py 

which in the presence of oxygen effectively oxidizes catechol 
to the monomethyl ester 1 in an 80-85% yield. 

Since all three agents, "reagent A", "reagent B", and "re
agent C", henceforth referred to as the "Cu reagent", were 
active in promoting conversion of catechol in the presence of 
oxygen to the monomethyl ester 1, it is reasonable to conclude 
that all three are the same and contain the same active cop
per(II) species (eq 9). 

.OH . 
, f COOMe (9) 

py U^-COOH 
1 

+ "Cu reagent" -I- O2 

OH 

Regardless of the method of preparation, the "Cu reagent" 
on filtration provided approximately half of the total copper 
as bispyridine cupric chloride. Addition of catechol to a reac
tion mixture of bispyridine cupric chloride in pyridine/meth
anol under oxygen resulted in a very slow oxygen uptake. 
Workup as above gave 4,5-dimethoxy-l,2-benzoquinone58 (eq 
10). 

OH 

|T + Py2CuCl2 + O2 

MeO. 

XX 
.0 

(10) 
py/MeOH 

T)H MeO' ~ T) 
Evaporation of the olive-green solution ("CuO solution") 

after the filtration of the bispyridine cupric chloride gave an 
amorphous, brown-black material containing a small amount 
of chloride ion. Addition of catechol either directly to "CuO 
solution" or to the redissolved brown-black solid in pyridine 
resulted in a consumption of 1 equiv of oxygen and formation 
of the monomethyl ester 1 (eq 11). Before returning to this 

a 0 H 
^ T)H 

+ "solution A" + O2 > ( ^ C O O M e 
py/MeOH W^COOH 

1 
(11) 

point, it is necessary to consider briefly the nature of the oxi
dative carbon-carbon bond cleavage of catechol to the cis,-
m-muconic acid monoalkyl esters. 

2. Possible Pathways for the Oxidative Carbon-Carbon Bond 
Cleavage in Catechol. In the oxidation of catechol to cis.cis-
muconic acid catalyzed by the iron-containing pyrocate-
chase,la~c'21'22 neither o-benzoquinone nor hydrogen peroxide 
was detected as a reaction intermediate. On the other hand, 
it is well known that tyrosinase is capable of catalyzing oxi
dation of phenols to the corresponding catechols, and further 
to o-benzoquinones.59 Oxidation of catechol to cis.cis-muconk 
acid monomethyl ester 1 is a four-electron oxidation and in 
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Scheme I 

fs*?VsCOOMe 
k ^ C O O H 

f ^ Y m + 1.50, + MeOH ^ f^COOUe 

kJ I ^ C O O H 

principle the reaction could involve stepwise oxidations of 
catechol to o-benzoquinone, followed by the oxidative cleavage 
of o-benzoquinone to the observed muconic acid monomethyl 
ester. Consequently, it was of interest to determine whether 
the overall reaction of catechol involves o-benzoquinone as a 
reaction intermediate, and, more importantly, whether the 
same reaction can even be carried out with phenol as catechol 
precursor (Scheme I). 

Because 4-tert-butyl- 1,2-benzoquinone is considerably 
easier to handle than o-benzoquinone itself, we used 4-tert-
butyl derivatives to test the above possibilities.57 Thus, addition 
of 4-?m-butylcatechol to the "Cu reagent" (prepared as 
above) under oxygen resulted in consumption of an equivalent 
amount of oxygen, and after standard workup gave a mixture 
of the isomeric 3- and 4-rer?-butyImuconic acid monomethyl 
esters 2 (55%) and 3 (40%) (eq 12). Upon attempted chro
matography on silica gel both acid esters were converted to the 
corresponding lactones 4 and 5. The reaction with 4-tert-
butyl-1,2-benzoquinone (eq 12) required one-half of the 

^C 

^ O ' V _ f^COOH 
CH2COOMe ^ C O O M e 

4 2 

+ n'Cu reagent + nO-2 02) 

CH2COOMe COOMe 

r ^ H 
><SA Q X1S^COOH 

X = OH, n = 1 
X = O, n = Y2 

equivalent amount of the oxygen, and afforded essentially 
identical yields of the isomeric monomethyl esters 2 and 3. 
Careful analysis of the reaction mixtures after oxidation of 
both 4-tert-butylcatechol and 4-tert-butyl- 1,2-benzoquinone 
also revealed a small quantity of white, powdery material, mp 
228 0 C , whose structure will be described later in the text. 

Finally, addition of phenol to the "Cu reagent" resulted in 
slow oxygen uptake to give after 1 day about 50-60% yield of 
the monomethyl ester 1 (eq 13). 

cr0H 
+ Cu reagent" + O2 CCOOMe 

COOH 

1 

(13) 

Since both 4-/er/-butylcatechol and 4-tert-buty\- 1,2-ben
zoquinone provided essentially the same mixture of the iso
meric monomethyl esters 2 and 3, it seems reasonable to con
clude that corresponding o-benzoquinone is the intermediate 

in conversion of catechol into the monomethyl esters. More
over, since the oxidation of phenol also provided the mono
methyl ester 1, it appears that the overall oxidation of phenol 
might indeed be a stepwise process that involves catechol and 
o-benzoquinone as the reaction intermediates,60 as suggested 
in Scheme I. 

3. Does Oxidation of Catechol to c/s,c/s-Muconic Acid 
Monomethyl Ester Require Molecular Oxygen? (a) Anaerobic 
Reaction in the Presence of Water. The salient feature of the 
carbon-carbon bond cleavage of phenols and catechols in the 
reaction with oxygen catalyzed by iron-containing oxygenases 
is that the product contains both atoms of the O2, one on each 
carbon of the bond cleaved.ia-c,2i,6i jt j s generally accept
ed ia-c,2ia,65,66 t n a t t n e required activation of molecular oxygen 
in the enzyme systems is achieved by reaction of the oxygen 
with the transition metal bonded to the enzyme molecule. 1 

After cursory inspection of our experimental results with 
catechols and o-benzoquinone, one may be tempted to conclude 
that the "activation" of molecular oxygen in our system is 
similarly achieved by reaction of oxygen with the "Cu re
agent". However, from the observed stoichiometrics between 
cuprous chloride and oxygen it is evident that only the amount 
of oxygen required to oxidize the available copper(I) to cop-
per(II) is consumed initially. Moreover, the "Cu reagent" does 
not show any tendency toward further reaction with oxygen. 

Addition of a freeze-pump-thaw degassed solution of cat
echol in pyridine/methanol to a similarly degassed "Cu re
agent" prepared as above, followed by the standard workup 
but under the inert atmosphere, gave the m,m-muconic acid 
monomethyl ester 1 in essentially the same yields as when the 
reaction was carried out in the presence of oxygen (eq 14). Both 

OH 

OH 

+ "Cu reagent CCOOMe 

COOH 

1 

(14) 

4-fer/-butylcatechol and 4-tert-b\xty\- 1,2-benzoquinone 
reacted with the "Cu reagent" under nitrogen to give the 
identical mixture of monomethyl esters 2 and 3 (eq 15; X = 

& . . . . 
+ n "Cu reagent 4tT C 0 0 M e m 

1 S^COOH 

OH, n = 2; X = O, n = 1) as produced in the presence of 
oxygen.58 

(b) Anaerobic Reactions in the Absence of Water. Addition 
of catechol to a pyridine/methanol solution of the complex 1 
in the absence of water under anaerobic conditions led pre
dominantly to polymeric material. However, when reaction 
of either 4-tert-butylcatechol or 4-tert-butyl- 1,2-benzoquinone 
was carried out with the complex I under anaerobic and an
hydrous conditions, evaporation of the solvent gave a brown, 
oily material. Pentane extraction of this residue, followed by 
evaporation of the solvent and distillation, afforded 2,2-di-
methoxy-6-carbomethoxy-4-ferr-butyloxacyclohexa-3,5-
diene (6) in 65% yield (eq 16; X = OH, n = 6; X = O, n = 3). 

^C + npyCuClOMe 
py/MeOH 

COOMe 

OMe 

OMe 

— Iv 

(16) 

Acid hydrolysis of the ortho ester 6 in chloroform gave quan
titatively 6-carbomethoxy-4-rerf-butyloxacyclohexa-3,5-
dien-2-one (7), mp 84-85 0 C. 5 7 Heating the lactone ester 7 
with an excess of maleic anhydride at 150 0 C gave a 70% yield 
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MeOH 

4PyCuCIOMe 

H2O 

3MeOH 

4CuCI 

,6PyCuCIOMe 

CCOOMe 

COOH 

Figure 1. Schematic representation of the relationship between cuprous 
chloride, methanol, and oxygen on the one hand and the catechol substrate 
and the product monomethyl ester and water on the other.71 

3H2O 

3MeOH 

OMe 

Figure 2. Schematic representation of the cleavage of 4-(er/-butylcatechol 
with pyridine cupric methoxy chloride in pyridine under anhydrous and 
anaerobic conditions. Preparation of the Cu(II) reagent must be carried 
out in a separate "loop". 

Q yL** COC 

Scheme II 
COOMe o 

7 O u O 

COOMe 

O y ^ COOMe 
O COOMe 

of bis adduct 8, mp 326-329 0C, which is a single isomer by 
NMR analysis (Scheme II). 

Clearly, the oxidative carbon-carbon bond cleavage in 
catechols and o-benzoquinone brought about by reaction with 
"Cu reagent" under anaerobic conditions conclusively estab
lishes that molecular oxygen is not involved in the cleavage 
reaction.15-17 It follows that copper(II) species present in the 
"Cu reagent" are the active oxidizing agent capable of bringing 
about the observed conversion of catechol and o-benzoquinone 
into muconic acid monomethyl ester (1) even in the absence 
of oxygen.67 

When the transformation is being carried out in the presence 
of oxygen, the role of oxygen is to reoxidize the reduced copper 
species (generated as the oxidative cleavage progresses) back 
to the copper(II) reagent with water formed as a by-product 
(reagent A).68 Since this oxidation produces 2 equiv of water, 
one of which is required to generate the active copper(II) 
species, it is clear that the experiment with isotopically labeled 
oxygen would incorporate one atom of the labeled oxygen in 
the carboxylic group of the half ester 1, and that the other one 
would end up in the water by-product.16 These relationships 
between the oxygen, copper(I), copper(II), methanol, and the 
substrate on the one hand, and the half ester product and water 
by-product on the other, are illustrated in Figure 1. 

The reaction in the absence of water clearly precludes aer
obic conditions and requires that the preparation of the active 
copper(II) reagent, in this case the complex I, be carried out 
in a separate "loop" (Figure 2). 

It now appears that the general relationships between the 
copper reagent, substrate, and oxygen have been finally clar
ified (Figures 1 and 2), and we will now discuss the nature of 
the active copper species and the mechanism of the carbon-
carbon bond cleavage reactions. 

4. Nature of the Active Copper(II) Species, (a) Reaction of 
Cuprous Chloride with Oxygen in Pyridine. Numerous reports 

2nCu 

4CuCI 

2Py2CuCI 

n(CuO)2»mPy 

Figure 3. Conversion of copper metal into copper(II)-oxygen-pyridine 
species by reaction with oxygen in pyridine in the presence of a catalytic 
amount of cuprous (or cupric) chloride. 

have established that 1 equiv of oxygen oxidizes 4 molar equiv 
of cuprous chloride,39*-41'43'44'47'48-69 regardless of the sol-
vent/copper(I) ratio. The reaction is first order in oxygen and 
first order in cuprous chloride.44'69 The nature of the product(s) 
in this oxidation is unknown, although in the specific examples 
where the solvent is methanol39 or methanol containing pyri
dine,396 well-defined copper(II) complexes are generated (eq 
3,4). More recently Davies and co-workers reinvestigated the 
reaction of cuprous chloride with oxygen in pyridine.70 Using 
gel permeation chromatography they were able to separate 
from the reaction mixture bispyridine cupric chloride and 
showed that it accounted for half of the total copper in the 
products. The remaining pyridine solution contained the other 
half of the total amount of copper, and according to Davies,70 

this was a pyridine complex of the "copper(I) peroxide" (eq 
17). 

4CuCl + O2 —*• 2py2CuCl2 + (Cu-O-OCu) • npy (17) 
py 

We repeated Davies' experiments and also prepared a sim
ilar solution by reaction of oxygen with cuprous chloride in the 
presence of a large excess of copper metal. The cupric chloride 
initially produced reacts with copper metal to provide cuprous 
chloride, which is then again reoxidized by oxygen. When 
oxygen uptake ceases, the cuprous chloride originally present 
is converted to bispyridine cupric chloride, and the copper 
metal is oxidized to the same species present in the Davies so
lution (Figure 3). Using this technique we were able to prepare 
pyridine solutions of the copper-oxygen species containing less 
than 20% of the total copper as bispyridine cupric chloride. 
Davies' strongest evidence for the existence of pyridine coor
dinated cuprous peroxide was his report of a characteristic 
peroxide band at 856 nm in the Raman spectrum of the above 
pyridine solutions.70 We were unable to observe this band in 
solution after separation of bispyridine cupric chloride by 
chromatography or in the solution prepared from copper metal. 
Thus, we were skeptical of the copper(I) peroxide assignment 
of Davies'. 

Any mechanism for the oxidation of cuprous chloride in 
pyridine71 must take into consideration the following experi
mental facts: 
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% 40 

1000 nm 

Figure 4. Visible spectrum of the "reagent A". Total copper concentration 
2.47 X 10~2 in pyridine; \max731 nm, e90.0. The spectra of the reagents 
"B" and "C" were the same within experimental error.73 

(1) One equivalent of oxygen oxidizes 4 equiv of cuprous 
chloride.39e'41'43-44'47'48'69'70 

(2) The reaction between oxygen and cuprous chloride is 
first order in each reactant.44'69 

(3) One of the reaction products is bispyridine cupric chlo
ride which contains all of the chlorine atoms and half of the 
total amount of the copper.70 

(4) The second product contains the other half of the original 
copper and both oxygen atoms. Neither pyridine solutions of 
this product nor the amorphous solid remaining after evapo
ration of the solvent showed any evidence for the peroxide 
structure. 

(5) Pyridine solution of the copper-oxygen species is stable 
for an extended period of time and does not react with oxy
gen. 

(6) Acid-catalyzed hydrolysis of the pyridine solution con
taining copper-oxygen species provides cupric oxide.73 

(7) Pyridine solution containing the copper oxygen species 
is not ESR active.73 

The absence of the peroxide absorption in the Raman 
spectrum of the copper-oxygen species, the stability of these 
species toward oxygen, and the fact that on hydrolysis these 
species provide cupric oxide strongly argue against the cop-
per(I) peroxide structure,70 and suggest that the oxygen-
oxygen bond in this product has already been broken. The 
absence of an ESR signal in pyridine solution of this species 
is certainly not evidence for the presence of copper(I) species, 
since significant antiferromagnetic coupling of the unpaired 
electrons on the two adjacent copper(II) centers would also 
eliminate the necessary condition for the observation of the 
ESR signal.52-53 Clearly, this copper-oxygen product cannot 

Scheme IH 

be a simple cupric oxide. Most likely this is a copper(II) oxide 
that exists as a tight di-^-oxo-bridged copper(II)-pyridine 
dimer, oligomer, or a polymer effectively solvated with pyri
dine. 

Consequently, oxidation of cuprous chloride in pyridine 
provides a mixture of bispyridine cupric chloride and the 
copper(II)-oxygen-pyridine complex described above (eq 18). 
It should be understood, however, that the structure of the 
copper-oxygen species given in eq 18 was not determined ex-

4CuCl + O2 2py2CuCl2 + 
A 

npy-Cu Cu-npy 
\ / 

XT 

(18) 

perimentally and is used for the purpose of discussion only. 
(b) Reaction of Cuprous Chloride with Oxygen in Pyridine 

in the Presence of Methanol. When reaction of cuprous chloride 
with oxygen is carried out in pyridine solution in the presence 
of 4 equiv of methanol (eq 5, "reagent A") both the stoi-
chiometry39e'44 and the reaction order between the oxygen and 
cuprous chloride remain the same as in pyridine in the absence 
of methanol (eq 7, "reagent B"). The apparent chemical 
equivalency of these "Cu reagents" (vide supra) may be for
mally explained by assuming that the reaction between oxygen 
and cuprous chloride in pyridine gives initially the same 
products (eq 18) regardless of whether methanol is present or 
not. The copper-oxygen species then reacts with the methanol 
to produce cupric methoxy hydroxide which may exist in 
equilibrium with cupric methoxide and water. More impor
tantly, the products obtained by reaction of the copper-oxy-
gen-pyridine complex with methanol could also be obtained 
by reaction of cupric methoxide with water in pyridine 
(Scheme HI). Furthermore, the same overall product mixture 
also results from the reaction of pyridine cupric methoxy 
chloride complex I with water in pyridine ("reagent C"), or 
from the reaction of bispyridine cupric chloride and cupric 
methoxide with water in the same solvent. Indeed, both the 
spectroscopic72 and the chemical properties of these "Cu re
agents" ("reagent A", reagent B", or "reagent C") were 
identical regardless of the method of preparation. For example, 
freshly prepared pyridine solutions of either of the three re
agents (vide supra) had the same visible spectrum (Figure 4). 
These solutions were undergoing a very slow irreversible 
change as indicated by the decrease of the maximum at 730 
nm and a slight "increase" of the minimum at 565 nm (Figure 
4). Whether this slow, irreversible change reflected slow hy
drolysis of the cupric methoxy hydroxide to cupric hydroxide 
or cupric oxide or slow polymerization of some intermediate 
is not known at this time. 

While it is now quite certain that the "Cu reagent" is a 

O 

4CuCl + O2 + 4MeOH —» 2py2CuCl2 + py2Cu Cupy2 + 4MeOH 

O 

y 
Me 

/ ° \ O ,OMe ,OMe 
/ \ / \ / MeOH / 

py,Cu Cupy2 + 2MeOH *=* 2py,Cu H *=* 2py2Cu < * 2py2Cus + 2H2O 
\ / py V Py \ py \ / 

O 
\ py 

OH OMe 

n 
Me H Me 

,py MeO O 

Cu Cu : 
/ \ / \ 

py O OH 

MeO 0 py 

Cu Cu 

py O OMe 

Cu Cu 

a/ V \ , 
H H Me 
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Table I. Reaction of 4-ferf-Butylcatechol and 4-te/7-Butyl-l,2-benzoquinone with Copper Reagents in Pyridine" 

copper reagent/ substrate,4 

no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

13 
14 
15 

16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

mmol 

ICAT 
ITBC 
ITBC 
ITBC 
ITBQ 
ITBQ 
ITBQ 
ITBQ 
ITBQ 
ITBQ 
ITBQ 
ITBQ 

(ITBQ + 2CuOBu-//3H20)/ 
(ITBQ + 2CuOBu-f/2H20)/ 

ITBQ 

ITBQ 
ITBQ 
ITBQ 
ITBQ 

l[Cu(TBC)dipyp 
1 [Cu(TBC)(Py)]' 
l[Cu(TBC)dipy] 
l[Cu(TBC)(py)] 
1 [Cu(TBC)dipy] 
l[Cu(TBC)(py)] 
l[Cu(CAT)dipyp' 

mmol 

6Cu(OMe)2/3H20 
6Cu(OMe)2/3H20 
6Cu(OMe)2/3H20/02 

12Cu(OMe)2/6H20 
6Cu(OMe)2/3H20 

24Cu(OMe)2/12H2O 
2Cu(OMe)2/2H20/2CuCl2 
2Cu(OMe)2/2H20/ ICuCl2 

lCu(OMe)2/lH20/4CuCl2 

ICu(OMe)2/IH2O/12CuCl2 
2Cu0Bu-?/2H2O 
6Cu(OMe)2/3H20/2CuOBu-f/ 
2H2O 

6Cu(OMe)2/3H20 
6CuCl2 
4CuOBu-f/4H20/4MeOH/ 
4CuCl2* 

2CuCl/2H20/2MeOH 
4CuCl/4H20/4MeOH/4CuCl2 

6Cu(OMe)2/3H20/2CuCl 
ICu(OMe)2/IH2O 
6Cu(OMe)2/3H20 
6Cu(0Me)2/3H20 
6CuCl2/3H20/3MeOH 
6CuCl2/3H20/3MeOH 
6pyCuC10Me/3H20* 
6pyCuC10Me/3H20* 
6pyCuC10Me/3H20* 

products (%)rf 

HE-I (15-20); CAT (~80) 
HE-2 + 3 (30-35); TBC (-60) 
HE-2 + 3 (~60); TBC (~35) 
HE-2 + 3 (30-35); TBC (~60) 
HE-2 + 3 (~57); TBC (~43) 
HE-2 + 3 (~57); TBC (~43) 
HE-2 + 3 (95) 
HE-2 + 3 (95) 
HE-2 + 3 (~35); polymer5 

HE-2 + 3 (~35); polymer5 

TBC(IOO) 
HE-2 + 3 (~35); TBC (~65) 

TBC (95) 
polymer5 

HE-2 + 3 (95) 

TBC (60) 
polymer5 

HE-2+ 3 (57); TBC (43) 
HE-2 + 3(~55);TBC(~45) 

TBC (95) 
TBC (95) 
polymer5 

polymer5 

HE-2 + 3 (95) 
HE-2 + 3 (95) 
HE-I (95) 

" All reactions were carried out at room temperature in a degassed solvent system under an inert atmosphere. Detailed experimental procedure 
is reported in the Experimental Section. b CAT = catechol; TBC = 4-ferr-butylcatechol; TBQ = 4-tert-butyl-l,2-benzoquinone. c Copper 
reagents were generated in situ by mixing indicated molar quantities in pyridine. d HE-I = cis.cis-macoxnc acid monomethyl ester 1; HE-2 
+ 3 = a mixture of isomeric 4-terr-butylmuconic acid monomethyl esters 2 and 3 in the usual ratio of 5:4.5. The reported yields are by NMR 
on a crude isolated product.5 The same polymer was formed in all experiments, f A product mixture resulting from the reaction of the o-ben-
zoquinone and cuprous tert-butoxide/ water in pyridine. * A product mixture resulting from the reaction of indicated components in pyridine. 
* 4-/er/-Butylcatecholato-2,2'-dipyridylcopper(II). ' 4-f<?rt-Butylcatecholatopyridinecopper(II). See also ref 82. J Catecholato-2,2'-di-
pyridylcopper(II). k "Reagent C". 

mixture of bispyridine cupric chloride and the copper(II) 
species generated from cupric methoxide and water in pyridine, 
the equilibria indicated in Scheme III are probably simplifi
cations of a more complex situation. For example, it is known 
that cupric methoxide as well as cupric methoxy chloride exists 
as polymers;49,51 therefore, cupric methoxy hydroxide pyridine 
complex would probably exist in pyridine not only as a dimer, 
but could also be present in oligomeric or polymeric form. 
Finally, since bispyridine cupric chloride alone in pyridine was 
not effective in inducing the carbon-carbon bond cleavage,74 

the actual active copper(II) species in the "Cu reagent" 
(Scheme III) must come from the reaction of the copper(H)-
oxygen-pyridine species with methanol, or from reaction of 
cupric methoxide with water, as will be described in the next 
section. 

5. Reaction of Cupric Methoxide/Water in Pyridine with 
Catechols and o-Benzoquinones. (a) Cleavage of the Carbon-
Carbon bond. Addition of a pyridine solution of catechol to a 
mixture of cupric methoxide75 and water in pyridine under 
anaerobic conditions, followed by acid hydrolysis and the usual 
workup, gave a 15-20% yield of the cis.cis-mucomc acid mo
nomethyl ester 1 and a large quantity of unreacted catechol 
(eq 19). A similar reaction with 4-?ert-butylcatechol gave the 
expected isomeric 4-terr-butylmuconic acid monomethyl esters 
2 and 3 in a 30-35% yield (eq 20; Table I, entry 2); in the 
presence of oxygen the yield of the cleavage products increased 
to ca. 60% (Table I, entry 3). 

The low yield of the cleavage products in these reactions was 
attributed to a possible irreversible hydrolysis of the cupric 
methoxide under the reaction conditions to give inactive cupric 

OH 

+ 6Cu(OMe)2 + 3H2O 

OH 

N2 H,O+ f ^ C O O M e , f^Y" 

TT —' I^COOH
 + I O k n u 

UK 
15-20% 

OH 

(19) 

<if 
.0H 
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py 

+ 6Cu(OMe)2 

• m < ' . 

+ 3H2O 

^COOMe 
„COOH 

& 

.OH 

+ J . Il (20) 
vOH 

30-35% 
oxide. Increased amounts of cupric methoxide did not lead to 
a higher yield of the cleavage products (Table I, entry 4). Even 
more surprising is the reaction of 4-terr-butyl-l,2-benzoqui-
none with an excess of cupric methoxide in pyridine in the 
presence of water to give a mixture of the half esters 2 and 3 
(ca. 60% in the usual ratio of 5:4.5), and 4-rer;-butylcatechol 
(ca. 40%, eq 21; Table I, entry 5). The ratio of the cleavage and 

^ C=-+ XX011-
" * 40* 

6Cu(OMe)2 + 3H2O 
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reduction products did not change significantly even when a 
large excess of cupric methoxide was used (Table I, entry 6). 
While reaction of 4-rerr-butyl-1,2-benzoquinone with a mix
ture of 2 equiv each ofcupric methoxide, water, and cupric 
chloride (Table I, entry 7), as well as with reduced amounts 
of cupric chloride (1 equiv; Table I, entry 8), gave the cleavage 
products only, the reaction with a mixture of 1 equiv ofcupric 
methoxide, water, and 4 or even 12 equiv ofcupric chloride 
(Table I, entries 9 and 10) gave only 30-40% of the half esters 
2 and 3 and polymeric material. 

Clearly, the reagent prepared from cupric methoxide and 
water in pyridine is capable of bringing about the carbon-
carbon bond cleavage in both catechols and o-benzoquinone. 
Therefore, it follows that the active copper(II) species re
sponsible for the cleavage reaction is either cupric methoxy 
hydroxide complexed with pyridine and methanol or a mixture 
of these with the corresponding di-M-hydroxy- or di-/u-me-
thoxy-bridged copper(II) dimers or oligomers as suggested in 
Scheme III. 

(b) Reduction of o-Benzoquinone. The formation of the 
catechol in the reaction of 4-fert-butyl-1,2-benzoquinone with 
cupric methoxide and water evidently arises as a result of a 
competitive reduction pathway. Since the only reducing re
agent present in the system can be a copper(I) species produced 
in the cleavage reaction,76 it appears that this reduction is a 
very facile process that effectively competes with the cleavage 
reaction. Possible copper(I) species that can be formed in the 
course of the cleavage reaction are cuprous hydroxide (or the 
corresponding oxide) and the copper(I) salt of the muconic 
acids 2 and 3. Addition of 4-terr-butyl-1,2-benzoquinone to 
a pyridine solution containing cuprous hydroxide (generated 
in situ by reaction of cuprous fert-butoxide77 with water78) 
gave either the copper(II) catecholate and cupric hydroxide79 

or the corresponding mixed complexes of copper(II) ca
techolate and cupric hydroxide, which after acid hydrolysis 
afforded 4-terf-butylcatechol quantitatively (Scheme IV; 
Table I, entry 11). 

Reaction of 4-fert-butyl-1,2-benzoquinone with a mixture 
of 6 equiv of cupric methoxide and 2 equiv of cuprous hy
droxide78 in the presence of water (Table I, entry 12) provided 
30-40% cleavage and 60-70% reduction. When A-tert-bu\y\-
1,2-benzoquinone was treated first with cuprous hydroxide, 
and then with an excess ofcupric methoxide and water, only 
trace amounts of the cleavage products were observed (Table 
I; compare entries 13 and 12). Similarly, addition ofcupric 
chloride to a product mixture resulting from the reaction of 
A-tert-butyl- 1,2-benzoquinone and cuprous hydroxide also 
gave only small amounts of cleavage product (Table I, entry 
14). On the other hand, addition of 4-rerr-butyl- 1,2-benzo
quinone to a mixture of cuprous hydroxide, methanol, and 

cupric chloride in pyridine80 led to clean carbon-carbon bond 
cleavage (Table I, entry 15). Addition of A-tert-buty\- 1,2-
benzoquinone to a solution of cuprous chloride in pyridine 
containing methanol and water resulted in a rapid reaction, 
as indicated by the disappearance of the quinone absorptions 
in the IR spectrum. If the reaction mixture was quickly hy-
drolyzed in the presence of acid, the catechol was obtained 
quantitatively (Table I, entry 16). However, if the reaction 
mixture was allowed to stand overnight before hydrolysis, or 
if the attempted reduction was carried out in the presence of 
cupric chloride, and then hydrolyzed, only polymeric material 
was observed (Table I, entry 17). Contrary to the experiment 
with cupric methoxide/water/cuprous hydroxide (Table I, 
entry 12), in which the presence of cuprous hydroxide increased 
the amount of the reduction product, the presence of cuprous 
chloride did not have any significant effect on the reaction of 
o-benzoquinone with cupric methoxide/water80 (Table I, entry 
18; compare with entry 4). 

These experiments established that cuprous hydroxide, 
cuprous chloride, and probably other copper(I) species (e.g., 
cuprous monomethyl muconate) indeed react very readily with 
o-benzoquinones. Moreover, as one now would expect, the 
reaction of the A-tert-butyl-1,2-benzoquinone with 1 equiv of 
cupric methoxide and water in pyridine, followed by acid hy
drolysis, gave about 55% of the cleavage products 2 + 3 and 
ca. 45% of catechol (Table I, entry 19). The outcome of this 
particular reaction is remarkable, because it requires all of the 
resulting copper species to exist in a copper(II) state. In other 
words, the overall reaction occurred without a net change in 
the oxidation state of the copper reagent. To account for the 
isolated products, it is then necessary to conclude that the o-
benzoquinone was converted into copper(II) catecholate and 
basic copper(II) monomethylmuconate, which before the 
hydrolysis were present in solution either as such, or as a mixed 
copper(II) catecholate/basic copper(II) monomethylmuconate 
complex79-81 (Scheme V). 

Since the reaction between copper(II) catecholate complex 
and cupric methoxide/water (Table I, entry 13) or cupric 
hydroxide (e.g., the reverse of the reaction in Scheme IV) does 
not generate o-benzoquinone, it follows that such a complex 
must be stable under the reaction conditions. The reaction of 
the o-benzoquinone with cuprous chloride, on the other hand, 
does not provide a copper(II) catecholate complex that is stable 
under reaction conditions (Table I, entries 16, 17). Evidently, 
the equilibrium between the copper(II) catecholate complex 
and cupric chloride and o-benzoquinone and cuprous chloride 
is readily established and produces some intermediate that on 
hydrolysis provides catechol. As it will become evident (vide 
infra), this redox reaction involves a semiquinone radical anion 
intermediate and under thermodynamic conditions it is this 
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intermediate that undergoes a relatively slow irreversible 
polymerization. 

(c) Copper(II) Catecholates as Intermediates in the Car
bon-Carbon Bond Cleavage Reactions of o-Benzoquinones and 
Catechols. In order to test the above conclusions unequivocally, 
we prepared copper(II) 4-?w/-butylcatecholates both with 
dipyridyl and with pyridine itself as counter ligands. The re
action of 4-ferf-butylcatechol with cupric sulfate in the pres
ence of dipyridyl and a base according to Brown's procedure81 

gave the 4-re/-?-butylcatecholato-2,2'-dipyridylcopper(II) as 
a dark brown-red, powdery solid. The same complex was also 
prepared by reacting the catechol with cupric methoxide in 
pyridine containing 1 equiv of dipyridyl. When the latter re
action was carried out in the absence of dipyridyl, the corre
sponding 4-tert-butylcatecholatopyridinecopper(II) complex 
was obtained as a very soluble, brownish-black solid.82 

Both copper(II) catecholate complexes82 were inert to cupric 
methoxide/water in pyridine (Table I, entries 20, 21; eq 22), 
and underwent polymerization in the presence of cupric 
chloride (Table I, entries 22, 23,; eq 23), to provide the same 
polymeric material as in the previous experiments with cuprous 
chloride and the o-benzoquinone (Table I, entry 17), and cu
pric chloride83 (Table I, entry 14). Conversely, the various 
4-ter/-butylcatecholatocopper(II) complexes underwent clean 
carbon-carbon bond cleavage when treated with excess pyri
dine cupric methoxy chloride complex (complex I) in pyridine 
in the presence of water (Table I, entries 24-26; eq 24, R = 
/erf-butyl, H; X2 = dipyridyl, 2py). 

The above experiments with copper(II) catecholate com
plexes (eq 22-24; Table I, entries 20-23) corroborate the 
previous observations with the copper(II) catecholate com
plexes generated in situ (Table I, entries 13, 14), and reaffirm 
that the cupric methoxide/water reagent cannot convert ef
fectively the copper(II) catecholate back to o-benzoquinone 
and cuprous hydroxide (eq 22). The formation of the polymeric 
material in the reaction between the copper(II) catecholate 
and cupric chloride (eq 23) suggests that cupric chloride can 
oxidize the catecholate complex to the same semiquinone 
radical anion that is being formed in the reaction of the o-
benzoquinone with cuprous chloride. It is this radical anion 
which is then responsible for the relatively slow but irreversible 
formation of the polymer. The carbon-carbon bond cleavage 
did not occur, simply because these systems lack the active 
copper(II) species, presumably cupric methoxy hydroxide or 
its equivalent (see Scheme III), that could affect the oxidative 

PuX2 + 6Cu(OMe)2 + 3H2O 

py 

OH 

OH 

(22) 

CuX, + 6CuCl2 + 3H2O + 3MeOH 

O 

py 
polymer (23) 

CuX2 + 6pyCuC10Me 

R = H, i-Bu; X2 = 2py,dipy 

cleavage in the generated o-benzoquinone. However, in the 
reaction of the copper(II) catecholate complexes with pyridine 
cupric methoxy chloride in the presence of water (eq 24; Table 
I, entries 24-26), all the requirements for the carbon-carbon 
bond cleavage are met and this transformation again becomes 
the exclusive reaction.85 

The experimental results presented in this section firmly 
establish that the active copper(II) species responsible for the 
carbon-carbon bond cleavage reaction can indeed be generated 
by reaction of cupric methoxide with water in pyridine. 
However, it is now evident that copper(II) catecholates can be 
formed as an intermediate from both catechol and o-benzo
quinone. 

In the following section we will first discuss the mechanism 
of the carbon-carbon bond cleavage of o-benzoquinone with 
cupric methoxide in pyridine in the presence of water; then we 
shall extend the discussion to the "Cu reagent"; and finally we 
will outline the details of the overall catechol transforma
tion. 

6. Mechanism of the Cleavage of o-Benzoquinone with Cu
pric Methoxide in Pyridine in the Presence of Water, (a) 
Stepwise One-Electron Oxidations. Considering the ubiquitous 
propensity of copper(II) toward one-electron oxidations,86 it 
may be expected that carbon-carbon bond cleavage of o-
benzoquinone would proceed by a sequence of two one-electron 
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oxidations. However, the conspicuous absence of any products 
typical for reactions involving free-radical intermediates87'88 

raises serious doubts about such a mechanism. Most of the 
experimental observations can be adequately explained by an 
"ionic" mechanism in which the two electrons from the organic 
substrate are being removed in a single step by two copper(II) 
centers. This mechanism is considered next. 

(b) A Single-Step Two-Electron Oxidation. Another ubiq
uitous characteristic of many copper compounds89 is that they 
exist in the solid state as well as in solution, as polymers or 
highly clustered aggregates.49-51-55 We have already alluded 
to the possibility that the active oxidant, cupric methoxy hy
droxide, or its equivalent may exist in solution as methoxy 
hydroxy bridged dimers or oligomers in mobile equilibrium 
(see Scheme III). An initial interaction between cupric me
thoxy hydroxide dimer and o-benzoquinone, followed by oxi
dative cleavage of the carbon-carbon bond accompanied by 

Scheme VII 
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the other bond reorganization outlined in Scheme VI, can 
generate directly the copper(I) salt of the muconic acid mo-
nomethyl ester, cuprous hydroxide, and methanol. The two 
electrons provided by the substrate in a single step are dis
tributed between the two copper(II) centers converting them 
both to the copper(I) state90 '91 According to the experiment 
summarized in Table I, entry 19, and Scheme VI, the copper(I) 
salt of the muconic acid monomethyl ester together with cu
prous hydroxide can then reduce the o-benzoquinone to the 
copper(II) catecholate and basic copper(II) monomethyl 
muconate.79 '93 This mechanism satisfactorily explains both 
the exclusive formation of the monoester and the concomitant 
conversion of the o-benzoquinone into copper(II) catecholate 
in the absence of cupric chloride. More importantly, the re
moval of two electrons from the organic substrate in a single 
step90 '91 does not violate the well-established propensity for 
single electron oxidations by copper(II).86 Indeed, the cop
per-containing oxidase,21 laccase,95 which contains four cop-
per(II) centers per molecule,96 catalyzes the oxidation of or
ganic substrates by removing electrons in pairs, accepting a 
total of four electrons with oxygen being fully reduced to water. 
It is also known that two of the four copper(II) centers in the 
fully oxidized laccase molecule, similarly to the cupric meth-
oxide/water system in pyridine, exist as an "EPR-nondetec-
table copper(II) pair".95 '97 '103 The absence of an EPR signal 
in this case was also attributed to a total antiferromagnetic 
coupling of the unpaired spins on the two adjacent copper(II) 
centers.95-97'98 

(c) The Role of Cupric Chloride in the Cleavage of the Car
bon-Carbon Bond of o-Benzoquinone. Earlier discussion es
tablished that the carbon-carbon bond cleavage of o-benzo
quinone with cupric methoxide/water in pyridine is followed 
by a rapid competing reduction of o-benzoquinone by cop-
per(I) species produced in the cleavage reaction providing the 
corresponding copper(II) catecholate complex (Scheme V). 
It should also be remembered that bispyridine cupric chloride 
alone in pyridine (with and without added water or methanol) 
is inactive in cleaving the carbon-carbon bond in both catechol 
and o-benzoquinone. The experimental results summarized 
in Table I suggest that the main role of cupric chloride in the 
oxidation of o-benzoquinone with the "Cu reagent" is to 
scavenge cuprous hydroxide (or cuprous oxide) and the cop-
per(I) salt of the monoalkylmuconate as they are generated 
in the cleavage reaction, and to form an innocuous mixture of 
cuprous chloride and basic copper(II) monomethylmuconate. 
This interpretation is summarized in Scheme VII. (The black 
arrows indicate transformations with cupric methoxy hy
droxide dimer or copper(I)-oxygen species, and the white ones 
represent transformations induced by cupric chloride or cu
prous chloride.) 
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Reaction between o-benzoquinone E and cupric methoxy 
hydroxide or the corresponding dimer, according to the 
mechanism discussed earlier (Scheme VI), provides copper(I) 
monomethyl muconate F and cuprous hydroxide (or cuprous 
oxide). A direct transfer of a pair of electrons from the two 
generated copper(I) centers (Schemes IV, V) would generate 
dicopper(II) catecholate intermediate B , " which could either 
return to E or irreversibly collapse100-101 to copper(II) ca
techolate complex with cupric methoxy hydroxide C. Reaction 
between catechol A and dimeric cupric methoxy hydroxide 
affords again the same dicopper(II) catecholate intermediate 
B. In this case, however, the net forward reaction is not as ef
ficient as when the substrate was o-benzoquinone itself, mainly 
owing to the parallel but irreversible transformation of the 
intermediate B into the copper(II) catecholate complex C. 

Reaction of copper(II) catecholate with cupric chloride (C) 
appears to give irreversibly the dicopper(II) catecholate in
termediate B' (Scheme VII, X = Cl). The reaction of o-ben
zoquinone with cuprous chloride under kinetic conditions leads 
to the reversible formation102 of the same intermediate B'. 
Under thermodynamic conditions both of these reactions 
provided the same polymer. Presumably, a rapid one-electron 
transfer from the substrate to one of the copper(II) centers in 
the intermediate B' produces the corresponding semiquinone 
radical anion D, the same intermediate that is being produced 
by a single-electron reduction of o-benzoquinone by cuprous 
chloride. Under thermodynamic conditions this radical in
termediate undergoes a relatively slow but irreversible poly
merization. 

When, on the other hand, the reaction of either catechol, 
o-benzoquinone, or copper(II) catecholate is being carried out 
with the active "Cu reagent", e.g., pyridine cupric methoxy 
chloride complex I in the presence of water, the carbon-carbon 
bond cleavage reaction becomes exclusive (Table I, entries 
24-26). Clearly, the generated active reagent (see Scheme III) 
now effectively converts the entire o-benzoquinone E into the 
cleavage product F, regardless of whether the o-benzoquinone 
was produced directly from the intermediate B, and hence from 
catechol A, or from the intermediate B' and hence from cop-
per(II) catecholate and cupric chloride ( C ) . In addition to 
transforming the otherwise stable copper(II) catecholate into 
the reaction intermediate B', cupric chloride also acts as an 
efficent oxidizing agent for converting the copper reduced 
species generated in the carbon-carbon bond cleavage reaction 
into cuprous chloride. The cuprous chloride remains innocuous. 
in the present system as long as there is the active copper(II) 
reagent that can cleave the intermediate o-benzoquinone be
fore the thermodynamically controlled formation of polymer 
via D intervenes. Thus, in effect, by converting the reduced 
forms of copper into cuprous chloride and basic copper(II) 
monomethylmuconate G, cupric chloride suppresses the side 
reactions that would otherwise result from the reduction of the 
o-benzoquinone intermediate E. 

The flow of electrons in pairs or singly in rapid succession 
between the substrate and the attacking copper dimer in the 
intermediate B, in which the copper(II) centers are held to
gether effectively by the bridging oxygen ligands, is essentially 
simultaneous.90,91 Thus, the radical anion intermediate D is 
by-passed and the side reaction leading to polymeric materials 
suppressed. On the other hand, the electron transfer between 
the organic substrate and copper(II) centers in the interme
diate B' occurs in a stepwise manner.103 The radical anion 
intermediate D, formed by one-electron transfer, then under 
thermodynamic conditions can undergo slower but irreversible 
polymer formation. 

(d) Possibilities for a Single-Step Two-Electron Oxidation 
with a Monomeric Copper(II) Reagent. As a further illustration 
of the complex chemistry in the present system, we found that 
4-fe/-?-butyl-l,2-benzoquinone readily undergoes reduction 

with copper(O) in pyridine to give the copper(II) catecholate 
pyridine complex (eq 25). 
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The question now arises whether the oxidation of catechol 
to o-benzoquinone can also take place by a similar two-electron 
oxidation with formation of copper(O). Moreover, is it possible 
that even the carbon-carbon bond cleavage of o-benzoquinone 
involves a similar two-electron oxidation with the generation 
of copper metal, rather than the previously discussed mecha
nism in which two copper(II)s are reduced to the copper(I) 
state? 

We have established that bispyridine cupric chloride in 
pyridine readily oxidizes copper(O) to give stable solutions of 
cuprous chloride, but the corresponding reaction does not take 
place between cupric methoxide and copper(O), or between 
cupric tert-butoxide and copper(O) as indicated by the recovery 
of unchanged copper metal. Cuprous re/7-butoxide in pyridine 

Py2CuCl2 + Cu(O) —>- 2pyCuCl 
py 

Cu(OMe)2 + H2O + Cu(O) 

CuOH + CuOMe + MeOH 
py 

Cu(OBu-O2 + Cu(O) -#+• 2CuOBu-J 
py 

failed to disproportionate to copper metal and cupric tert-
butoxide over a period of several hours. Clearly, the absence 
of any reaction between copper metal and cupric methoxide, 
cupric ?e/t-butoxide, and cupric hydroxide does not reflect the 
thermodynamic stabilities of the copper(II) and the corre
sponding copper(I) species in pyridine solution.45'46 These 
copper(H) systems appear to be stable in pyridine because each 
is polymeric and virtually insoluble in this solvent. Thus, the 
possibility that the previously discussed reduction of o-ben
zoquinone by cuprous hydroxide or cuprous muconate could 
actually involve a prior, thermodynamically controlled dis-
proportionation of the copper(I) species to copper(II) and 
copper(O), which then reduces the o-benzoquinone, has to be 
considered unlikely. 

Similarly, the fact that 4-ter?-butylcatechol reacts rapidly 
with cuprous tert-butoxide in pyridine to form copper(II) ca
techolate complex and copper(O) in the absence and in the 
presence of water is most reasonably explained by formation 
of a dicopper(I) catecholate which then undergoes dispro-
portionation to give copper(II) catecholate and copper(O). 

One cannot unequivocally disprove a two-electron trans
formation involving a single copper species, but all the available 
experimental observations strongly suggest that the active 
copper(II) species in the present system do not operate by this 
mechanism. 

Conclusion 

For the first time it has been demonstrated conclusively that 
the cleavage of the carbon-carbon bond in catechol and o-
benzoquinone can be brought about by a particular copper(II) 
reagent in the absence of molecular oxygen. The overall 
transformation of catechol to os.cw-muconic acid monomethyl 
ester involves a two-electron oxidation of catechol to o-ben
zoquinone, followed by a second two-electron oxidation of the 
o-benzoquinone to the muconic acid ester. The active cop-
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per(II) species can be generated by reaction of cupric meth
oxide with water in pyridine and is equivalent to a dimeric 
cupric methoxy hydroxide complexed with pyridine. The 
oxidation agent ("Cu reagent") can also be generated either 
by reaction of cuprous chloride with oxygen in pyridine in the 
presence of methanol, by reaction of an alcohol with a product 
mixture of the oxidation of cuprous chloride in pyridine, or by 
addition of 1 molar equiv of water to any of the following re
agents: to cupric methoxy chloride in pyridine, to pyridine 
cupric methoxy chloride (complex I) in pyridine, to a mixture 
of cupric methoxide and cupric chloride in pyridine, or to a 
mixture of cupric methoxide and pyridine hydrochloride in the 
same solvent. It appears that all methods provide the same 
active oxidation agent that exists in pyridine as a mixture of 
bispyridine cupric chloride and dimeric, olygomeric, or poly
meric cupric methoxy hydroxide in eqilibrium with each other. 
During the reaction the active copper(II) agent is being re
duced to copper(I) muconate ester and cuprous hydroxide, 
which under the reaction conditions can efficiently reduce the 
intermediate o-benzoquinone to the copper(II) catecholate 
complex that resists further oxidation. However, this unde
sirable reduction is prevented by the cupric chloride which 
scavenges cuprous muconate and cuprous hydroxide in situ and 
converts them into an innocuous mixture of basic cupric mu
conate and cuprous chloride. In other words, the electrons 
provided by catechol and o-benzoquinone are transferred first 
to the active copper(II) agent from where, eventually, they 
could be transported to their ultimate destination, molecular 
oxygen. In the absence of molecular oxygen the flow of elec
trons from the organic substrate stops at the copper stage which 
at the end of the reaction cycle exists in copper(I) state. In the 
presence of oxygen the electrons continue to flow from the 
copper(I) centers to the molecular oxygen thus providing 
thermodynamically stable copper(II)-oxygen species, which 
are ready to reenter the reaction cycle and accept another set 
of electrons from the organic substrate. 

Since the active copper(II) species rather than molecular 
oxygen act as electron acceptor in these transformations, and 
since the final transfer of electrons to molecular oxygen occurs 
from generated copper(I) species, a direct reaction between 
oxygen and organic substrate does not take place. Conse
quently, it is now clear that in the present system overall oxi
dation of organic substrate does not require a special mecha
nism for the activation of molecular oxygen. We have only 
briefly mentioned that phenol also undergoes overall oxidative 
carbon-carbon bond cleavage with the active copper(II) agent 
in the presence of molecular oxygen, but at a much slower rate. 
Discussion of this particular transformation, as well as the 
discussion of the reaction of pyridine cupric methoxy chloride 
with catechols and o-benzoquinones under anaerobic and 
anhydrous conditions, will be presented in a subsequent 
paper. 

Experimental Section 

Catechol and 4-?e/7-butylcatechol were commercial products which 
were purified by crystallization and stored under dry and inert at
mosphere. 4-rerr-Butyl-l,2-benzoquinone was prepared by oxidation 
of the catechol by the literature procedure104 and was stored in a re
frigerator under nitrogen. Pyridine and methanol were freshly distilled 
before use, and other alcohols were purified similarly. Cuprous 
chloride was a commercial product which was prereduced by sulfurous 
acid according to the standard literature procedure.105 Cupric chloride 
was an anhydrous commercial product and reaction with pyridine gave 
bispyridine cupric chloride. Cupric methoxide44'51 was prepared by 
reaction of cupric chloride with lithium methoxide in methanol and 
stored in a drybox. Cuprous rm-butoxide was prepared by reaction 
of lithium tot-butoxide with cuprous chloride in tetrahydrofuran and 
purified by sublimation.77 Cupric methoxy chloride39c was prepared 
by reaction of cuprous chloride with oxygen in methanol; pyridine 
cupric methoxy chloride was prepared by (1) reaction of cupric me

thoxy chloride with pyridine,39e (2) reaction of bispyridine cupric 
chloride with cupric methoxide in methanol,396 or (3) reaction of 
cupric methoxide with pyridine hydrochloride in pyridine. Alterna
tively, reaction of cuprous chloride with oxygen in methanol containing 
a slight excess of pyridine also gave the pyridine cupric methoxy 
chloride complex.39e 

The reported melting points a're uncorrected. GLC analyses were 
generally carried out on a Hewlett-Packard 570OA instrument using 
3- or 6-ft columns of either 10% SE-30 or 10% Carbowax 20M col
umns packed on Chromosorb W. 1H NMR spectra were recorded on 
either a Varian A-60 or Varian T60-A 60-MHz or HA-100 MHz 
instrument, while 13C NMR spectra were measured on a Varian 
CFT-20 instrument using tetramethylsilane as an internal standard. 
EPR spectra were taken on a Varian E-12 EPR spectrometer. Routine 
chemical ionization mass spectra were obtained on a Finnigan 3100D 
mass spectrometer, while high-resolution mass spectra were obtained 
on an AEI M.S. 902 instrument. 

Oxidation of Catechol to c/s.c/s-Muconic Acid Monomethyl Ester 
(1). (a) With "Reagent A" in the Presence of Oxygen. A three-neck 
500-ml flask equipped with a mechanical stirrer, an addition funnel, 
and an inlet attached to a gas buret was charged with 5.93 g (60 mmol) 
of purified cuprous chloride, 2.4 g (75 mmol) of methanol, and 60 mL 
of pyridine under a blanket of nitrogen. After flushing with oxygen 
without stirring, the system was exposed to the oxygen in the buret 
and the mechanical stirrer was started. Oxygen uptake ceased after 
1 equiv (15 mmol) was consumed, and the resulting green, heteroge
neous mixture is referred to as "reagent A". The addition funnel was 
charged with a solution of catechol (1.10 g, 10 mmol) in pyridine (20 
mL) and methanol (0.5 mL). This solution was added dropwise to the 
reagent A under oxygen over a 60-min period. The rate of oxygen 
consumption roughly paralleled the rate of addition of catechol with 
oxygen uptake stopping after ca. 10 mmol was consumed. The reaction 
mixture was evaporated to dryness and the yellow-brown solid residue 
was hydrolyzed with dilute hydrochloric acid in chloroform under 
nitrogen. Drying and evaporation of the chloroform solution afforded 
the m,w-muconic acid monomethyl ester (1), mp 80-80.5 0C, in an 
80-85% yield.57 

(b) With "Reagent B" in the Presence of Oxygen. The reaction of 
cuprous chloride with oxygen was carried out in pyridine as above 
except that the pyridine solution did not contain methanol. After the 
equivalent amount of oxygen was introduced (15 mmol), further 
oxygen uptake ceased. To the yellow-brown, heterogenous mixture, 
2.4 g of methanol (75 mmol) was added and the resulting "reagent 
B" was then used in the reaction with catechol and oxygen as above. 
Similar workup provided an identical yield of the acid ester 1 as in the 
previous experiment. 

(c) With "Reagent C" in the Presence of Oxygen. The "reagent C" 
was prepared in the same reaction flask as above by adding water (0.5 
g, ca. 30 mmol) to a solution of 12.5Og (60 mmol) of pyridine cupric 
methoxy chloride (complex I) in pyridine (120 mL). The reaction with 
catechol was then carried out under oxygen and when oxygen uptake 
ceased (ca. 10 mmol) the reaction mixture was worked up as above. 
The yield of the monomethyl ester 1 was identical with that in the 
previous two experiments. 

c/s,c/s-Muconic Acid Monoethyl Ester.57 The reaction of cuprous 
chloride with oxygen in pyridine in the presence of ethanol also pro
vided a "reagent A" which reacted with catechol under oxygen to give 
cw.c/s-muconic acid monoethyl ester, mp 101-102 0C, in 63% yield: 
NMR (CDCl3) i 9.98 (bs, 1 H, -CO2H), 8.05 (t, J a 11 Hz, 1 H, 
-CH=CHCO2H) overlapping with 7.86 (t, / ^ 11 Hz, 1 H, 
-CW=CHCO2Et), 6.06 ("d", J =* 9 Hz, 2 H, C=CHCO2-), 4.26 
(q, J = 7 Hz, 2 H), 1.32 (t, J = 7 Hz, 3 H); IR (KBr) 2800-2400 
(-CO2H), 1720 (conjugated -COOR), 1693 (conjugated -CO2H), 
1585 (conjugated C=C), 1245, and 1180 cm"1; UV (CHCl3) 262 
nm U 22 200). 

Anal. ( C 8 H I 0 O 4 ) C, H. 
c/s.c/s-Muconic Acid Mono-n-butyl Ester.57 Oxidation of catechol 

as above with the "reagent A" prepared with n-butyl alcohol instead 
of methanol provided the c/s.m-muconic acid mono-«-butyl ester, 
mp 54.5-56 0C, in 73% yield. 

Anal. (C10H14O4) C, H. 
Muconic Acid Monoisopropyl Esters (Mixture of Double Bond 

Isomers).57 Oxidation of catechol as above with the "reagent A" 
prepared with isopropyl alcohol gave the muconic acid monoisopropyl 
esters, mp 51-71 0C, in 26% yield: NMR (CDCl3) 5 11.52 (s, 1, 
-CO2H), 8.05 (t, J = 11.2Hz, 1 H, -CH=CCOOR), 7.84 (t, J = 
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11.2 Hz, 1 H, -CH=CCOOR), 6.01 (d, J = 10.5 Hz, 2 H, 
=CHC0 2 - ) , 5.12 (septet, J = 6.5 Hz, 1 H, CZZ(CH3)2), 1.29 (d, J 
= 6.5 Hz, 6 H, (CH3)2C) (cis,trans isomer(s) noted as minor ab
sorption at 8 8.4, 6.8, 6.1, and 5.2); 13C NMR (CDCl3) 8 170.91 and 
170.7 (-CO2H), 165.15 and 165.8 (-CO2R), 140.23 and 142.86 (d, 
-CH=CHCO2H), 137.06 and 137.94 (d, -CH=CHCO2R), 125.81 
and 130.61 (d, =CHC02H), 122.97 and 123.5 (d, =CHC02R), 
68.16 and 68.47 (d, CH(CHj)2), 21.86 (q, CH(CHs)2). The second 
of each of the pairs of chemical shifts is due to the minor double bond 
isomer. 

Anal. (C9Hi2O4). C, H. 
The same monoalkyl esters were also prepared in a similar yield by 

carrying out the oxidation of cuprous chloride in neat pyridine and 
then adding the alcohol to the resulting pyridine product mixture, 
followed by addition of catechol in the presence of oxygen. 

4,5-Dimethoxy-l,2-benzoquinone. The preparation of the "reagent 
A" was carried out as above using the same quantities of cuprous 
chloride, methanol, and pyridine. The dark green heterogenous mix
ture was filtered and the collected blue solid, 3.05 g, was identified 
as bispyridine cupric chloride by IR and x-ray diffraction. A sample 
of pure bispyridine cupric chloride (5.85 g, 20 mmol) was suspended 
in pyridine (100 mL) containing methanol (1 mL) in a 250-mL 
three-neck flask equipped with mechanical stirrer, addition funnel, 
and an inlet attached to an oxygen buret. A solution of catechol (1.10 
g, 10 mmol) in pyridine (20 mL) and methanol (1 mL) was added to 
the copper reagent under oxygen with stirring. After 18 h 11-12 mmol 
of oxygen was consumed and the red mixture was evaporated and 
hydrolyzed with 20% aqueous hydrochloric acid (2 X 100 mL) in the 
presence of methylene chloride at 0 0C. The combined organic layers 
were dried and evaporated to give 0.75 g of yellow-brown solid shown 
to be ca. 80% pure 4,5-dimethoxy-l,2-benzoquinone by comparison 
of the NMR spectrum with that of an authentic sample.106 The other 
minor products were not identified. 

The pyridine solution remaining after filtration of the bispyridine 
cupric chloride from the "reagent A" (see above) was reacted with 
catechol (1.10 g, 10 mmol) in pyridine (20 mL) and methanol (1 mL) 
in the presence of oxygen as above. When the oxygen uptake ceased, 
the reaction mixture was worked up as above to give the muconic acid 
monomethyl ester (1) in ca. 80% yield. 

Reaction of 4-terf-Butylcatechol with the "Reagent A" in the 
Presence of Oxygen. The preparation of the "reagent A" was carried 
out as above by the oxidation of cuprous chloride (1.98 g, 20 mmol) 
in pyridine (40 mmol), containing methanol (1 mL). A solution of 
4-te«-butylcatechol (1.66 g, 10 mmol) in pyridine (20 mL) and 
methanol (1.0 mL) was then added dropwise over 90 min under oxy
gen with stirring. The rate of the oxygen uptake roughly paralleled 
the rate of addition of the catechol solution and ceased after ca. 11 
mmol reacted. The reaction mixture was worked up as above to give 
2.27 g of amber oil whose GC and 60-Hz NMR spectrum clearly re
vealed two major components, 3-ter7-butylmuconic acid monomethyl 
ester (2, 55%) and 4-;er;-butylmuconic acid monomethyl ester (3, 
40%). Column chromatography (Sephadex-LH-20/methyl acetate) 
provided the major isomer 2: mp 75-76 0C (pentane/methylene 
chloride); NMR (CDCl3) 8 1.40 (b, 1 H, OH), 6.87 (dd, J = 12.5, 2.0 
Hz, 1 H, cis CZZ=CHCO-), 6.02 (d, / = 12.5 Hz, 1 H, cis C H = 
CHCO-), 5.85 (d, / = 2.0 Hz, 1 H, =CHCO-) 3.67 (s, 3 H, 
-OCH3), and 1.15 (s, 9 H, C(CZZ3)3);

 13C NMR (CDCl3) 8 170.56 
(s, -CO2H), 166.92 (s, -COOCH3), 162.41 (s, CC(CH3)3), 144.35 
(d, -CH=CHCO2H), 121.29 (d, =CHC0 2 H), 114.65 (d, 
=CHC02CH3), 51.21 (q, -OCH3), 37.86 (s, C(CH3J3), 29.14 (q, 
C(CH3J3); IR (Nujol) 3200-3230 (b, -CO2H), 1735 (s, RCO2CH3), 
1692 (s), 1640 (bs), 1350, 1260, 1235, and 1200 cm-1. 

Anal. (C11H16O4)C, H. 
The minor isomer 3 was not isolated in analytically pure state:107 

NMR (CDCl3) 8 10.97 (bs, CO2H, 1 H), 7.57 (dd, J23 = 16.8, Z35 
= 1.5 Hz, trans CTZ=CHCOOMe, 1 H), 5.87 (d, Z23 = 16.8 Hz, 
trans CH=CZZCOOMe, 1 H), 5.82 (d, J35 = 1.5 Hz, C=CZZCOOH, 
1 H), 3.77 (s, OCH3, 3 H), 1.13 (s, C(CH3)3, 9 H). 

The crude mixture of 2 and 3 on standing, or during attempted 
chromotography on silica gel, underwent lactonization to give the 
corresponding ester lactones 4 and 5. 

5-Carbomethoxymethyl-5- ferr-butyloxacyclopent-3-en-2-one (4), 
an oil obtained by column chromatography, (silica gel/CHCl3-
EtOAc, 9:1), was evaporatively distilled to give an analytical sample: 
bp 105-108 0C (0.04 mm); 100-MHz NMR (CDCl3) 8 7.58 (d, J34 
= 5.9 Hz, CZZ=CHCOO, 1 H), 6.10 (d, y34 = 5.9 Hz, =CZZCOO, 

1 H), 3.64 (s, OCH3, 3 H), 2.95 (q, CZZ2COOCH3, 2 H), 1.01 (s, 
C(CH3), 9 H); 13C NMR (CDCl3) 8 172. 11 (s, COO-), 169.61 (s, 
CO2CH3), 156.84 (d, CH=CCOO), 122.23 (d, =CHCOO-), 92.49 
(s, CC(CH3)3), 51.99 (q, OCH3), 38.16 (s, C(CH3)3), 37.75 (t, 
CH2COOCH3), 25.42 (q, C(CH3)3); IR (neat) 3140, 1780-1730, 
1610 cm-'. 

Anal. (C11Hi6O4)C, H. 
5-Carbomethoxymethyl-4- ferf-butyloxacyclopent-3-en-2-one (5), 

after separation by column chromatography (silica gel/CHCl3-
EtOAc, 9:1), was further purified by bulb-to-bulb distillation: bp 
105-108 0C (0.04 mm); 100-MHz NMR (CDCl3) 8 5.91 (d, J35 =* 
1.7 Hz, C=CZZCOO, 1 H), 5.46 (ddd, JK = 9.2, J^ = 3.2, J3e = 1.7 
Hz, OCZZcCHaHb-, 1 H), 3.77 (s, 3 H, OCH3), 3.08 (dd, J* = 3.2, 
/ a b = 16.0 Hz, 1 H, OCH0CHaZZb), 2.54 (dd, Jib = 16.0, Jie = 9.2 
Hz, CHcCZZaHb-, 1 H), 1.26 (s, C(CH3)3); 13C NMR (CDCl3) 8 
179.41 (s, -COO), 153.26 (s, CO2Me), 124.14 (s, CC(Me)3), 116.14 
(d, =CHCOO), 79.33 (d, -CHO-), 52.18 (q, OCH3), 38.52 (t, 
CH2COOMe), 33.63 (s, C(CH3)3), 29.45 (q, C(CH3)3); IR (neat) 
1780-1740, 1630, 1445, 1380, 1190 cm"1; 13C NMR (CCl4) 1776 
(s, lactone C=O), 1748 (ester C=O), 1625 cm"1 (w, C=C). 

Anal. (CnH1 6O4)C, H. 
3,10-Di- tert-butyl-1,5-dihydroxy tricy clododeca-3,9-diene-7,8,-

11,12-tetraone. The crude, oily product mixtures resulting from several 
oxidations of 4-rert-butylcatechol were combined and treated with 
methylene chloride to redissolve the half esters 2 and 3. The insoluble, 
white, powdery material, mp 224-226 0C, was filtered off and ten
tatively identified as a dimer of 5-ferf-butyl-3-hydroxy-l,2-benzo-
quinone with the following properties: 100-MHz NMR (Me2SO-J6) 
8 6.78 (s, OH, 2 H), 6.36 (d, J = 1.7 Hz, -CH=, 2 H), 3.72 (d, J = 
1.7 Hz, CHCO, 2 H), 1.12 (s, C(CH3)3,18 H); 13C NMR (Me2SO-
d6) 8 199.83 (s, HOCC=O), 195.06 (s, -CHCO-), 171.44 (s, 
(CH3)3CC=), 126.16 (d, -C=CH-) , 87.51 (s, -COH-), 59.58 (d, 
-CHCO-), 37.60 (s, C(CH3J3), 29.63 (q, CH3); IR (KBr) 3370 (s, 
OH), 1757 (s), 1678 (s), 1598 (m), 1400,1370, and 1365 (/-Bu), 1175, 
1157, and 867 cm-1; mass spectrum CI (methane) MH+ at m/e 361 
and 181 (monomer + H+). 

Anal. (C20H24O6) C, H. 
Reaction of 4- terf-ButyI-1,2-benzoquinone with "Reagent A" in the 

Presence of Oxygen. Reaction of cuprous chloride (2.96 g, 30 mmol) 
with oxygen (7.5 mmol) in pyridine (60 mL) containing methanol (1.2 
g, 38 mmol) as above gave the "reagent A". Addition of a solution of 
4-;er/-butyl-1,2-benzoquinone (1.64 g, 10 mmol) in pyridine (20 mL) 
and methanol (1.0 mL) to the stirred "reagent A" under oxygen over 
45 min resulted in consumption of the required amount of oxygen (ca. 
5 mmol). The product mixture was isolated as before to give essentially 
the same yield of the half esters 2 and 3 as obtained in the reaction with 
4-terr-butylcatechol. 

Reaction of Phenol with "Reagent A" in the Presence of Oxygen. 
The preparation of "reagent A" was carried out as described for the 
reaction with catechol above. A phenol solution (0.94 g, 10 mmol) in 
pyridine (10 mL) was added to the "reagent A" dropwise under 
oxygen. The oxygen uptake was very slow and the complete reaction 
(15 mmol of oxygen) required about 24 h. Workup as above gave the 
monomethyl ester 1 in 50-60% yield. 

Reaction of Catechol with Copper(II) Reagents in the Absence of 
Oxygen, (a) With "Reagent A". The preparation of "reagent A" was 
carried out as before using purified cuprous chloride105 (5.93 g, 60 
mmol) in a three-neck 500-mL flask equipped with a mechanical 
stirrer, an addition funnel, and an inlet attached to a gas buret or a 
vacuum line. This mixture was then freeze-pump-thaw degassed three 
times under nitrogen or argon. A similarly degassed solution of cat
echol (1.10 g, 10 mmol) in pyridine (20 mL) and methanol (1 mL) 
was added dropwise from the addition funnel under anaerobic con
ditions. After complete addition (15-30 min) the reaction mixture 
was stirred for an additional 15-30 min and then evaporated. The 
yellow-brown solid residue was hydrolyzed with dilute hydrochloric 
acid in the presence of chloroform at 0 0C under nitrogen. Drying and 
evaporation of the chloroform solution afforded a's.m-muconic acid 
monomethyl ester (1) in essentially the same yield as when the reaction 
was carried out in the presence of oxygen (above). 

(b) With "Reagent B". "Reagent B" was prepared as described 
earlier and then degassed and the reaction with catechol carried out 
as above. The monomethyl ester 1 was obtained in ca. 80% yield. 

(c) With "Reagent C". The same reaction flask as above was charged 
with pyridine cupric methoxy chloride complex I (6.26 g, 30 mmol) 
and a solution of methanol (0.3 mL) and water (0.27 g, ca. 15 mmol) 
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in pyridine (60 mL). The green suspension was then freeze-pump-
thaw degassed three times under nitrogen or argon. A similarly de
gassed solution of catechol (0.55 g, 5 mmol) in pyridine (10 mL) and 
methanol (0.5 mL) was added dropwise from the addition funnel at 
room temperature. Following similar reaction conditions and workup 
the yield of methyl ester 1 was the same as in the preceding experi
ments. 

Reaction of 4-ferf-Butylcatechol with "Reagent C" in the Absence 
of Oxygen. As in the preceding experiment the "reagent C" was pre
pared from 6.26 g (30 mmol) of the complex I and water (0.27 g, ca. 
15 mmol) in pyridine/methanol. Addition of 4-/er?-butylcatechol 
(0.83 g, 5 mmol) to the degassed "reagent C" under anaerobic con
ditions, followed by standard workup, gave a mixture of the isomeric 
3- and 4-fert-butylmuconic acid monomethyl esters 2 and 3 in 55 and 
40% yield, respectively. 

Reaction of 4-ferf-Butyl-l,2-benzoquinone with "Reagent C" in the 
Absence of Oxygen. Essentially the same results were obtained when 
the reaction was carried out with 4-re«-butyl-l,2-benzoquinone (0.82 
g, 5 mmol) and the "reagent C" prepared from the complex I (3.14 
g, 15 mmol) as in the preceding experiment. 

Reaction of 4-ferf-Butylcatechol with Pyridine Cupric Methoxy 
Chloride under Anaerobic and Anhydrous Conditions. A three-neck 
1000-mL flask equipped with a mechanical stirrer, addition funnel, 
and nitrogen inlet was charged with 56 g (0.268 mol) of complex I and 
500 mL of pyridine. This mixture was degassed three times and a 
solution of 4-rert-butylcatechol (7.40 g, 44 mmol) in degassed pyridine 
(90 mL) and methanol (7 mL) was then added dropwise over 90 min 
with stirring under a nitrogen atmosphere. The stirring was continued 
for an additional 60 min and the solvent was removed under reduced 
pressure. The remaining brown oily material was extracted with 
pentane (4 X 500 mL) and the combined extracts were concentrated 
to give 7.20 g (64%) of 6 as a brown oil. This material was evapora-
tively distilled to give 5.65 g (50%) of 2,2-dimethoxy-6-carbome-
thoxy-4-/err-butyloxacyclohexa-3,5-diene (6): bp 100 0C (0.06 mm); 
NMR (CDCl3) 5 6.55 (d, J = 1.8 Hz, CH=CO-, 1 H), 5.37 (d, J = 
1.8 Hz, CZZ=CC(CH3J3, 1 H), 3.82 (s, CO2CH3, 3 H), 3.32 (s, 
C(OCH3J2, 6 H), 1.15 (s, C(CH3)3, 9 H); 13C NMR (CDCl3) 5 
162.57 (s, CO2CH3), 148.28 (s, CCO2CH3), 142.96 (s, CC(CH3)3), 
114.73 (s, -C(O)3), 112.38 (d, CH=CCO2CH3), 106.95 (d, 
CHC(O-J3), 52.30 (q, COOCH3), 50.19 (q, COCH3), 33.97 (s, 
C(CH3J3), 28.76 (q, C(CH3)3): IR (neat) 2875 (OCH3), 1730 (s, 
CO2CH3), 1655 (s, C=CO), 1590 (w), 1M3, 1330, 1290, 1255, 1100 
cm -1; UV (MeOH) Xmax 286 nm (« 8900); mass spectrum CI 
(methane) MH+ at m/e 257. 

Anal. (Ci3H20O5) C, H. 
6-Carbomethoxy-4-ferf-butyloxacyclohexa-3,5-dien-2-one (7). The 

ortho ester 6 (0.5 g) was dissolved in 10 mL of chloroform containing 
1 mL of water and a catalytic amount of concentrated hydrochloric 
acid. After stirring for 15 min, an excess of sodium bicarbonate was 
added, the solution filtered, and the solvent evaporated to dryness to 
give 0.44 g of 7: mp 84-85 0C (100% yield); 100-MHz NMR (CDCl3) 
& 7.21 (d, J = 1.8 Hz, CH=CO-, 1 H), 6.42 (d, J = 1.8 Hz, C = 
CHCO-, 1 H), 3.97 (s, CH3O-, 3 H), 1.27 (s, C(CH3)3, 9 H); IR 
(CCl4) 2970, 1755 (s), 1736 (s, CO2R), 1730 (s), 1643 (w), 1438, 
1335, 1272, 1253, 1112 cm"1; UV (MeOH) Xmax 297.5 nm (« 6343), 
206.5 (19 272); mass spectrum CI (methane/ammonia) MH+ at m/e 
211. 

Anal. (CnHi4O4)C, H. 
Reaction of the Lactone Ester 7 with Maleic Anhydride. The lactone 

ester 7 (0.5 g) was mixed with an excess of maleic anhydride (3.5 g) 
and sealed in a heavy-wall glass tube. The glass ampule was then 
heated at 150 °C overnight, cooled in dry ice, and opened. Crystalli
zation from acetone/chloroform gave 0.55 g of the bis adduct 8: mp 
326-329 0C (70% yield); NMR ((CD3)2CO) 5 6.57 (d, J = 1.9 Hz, 
-CH=, 1 H), 4.4-3.84 (m, methine H's) + 3.97 (s, OCH3) (total 8 
H), 1.03 (s, C(CH3)3, 9 H); 13C NMR ((CDj)2CO) 6 171.01 and 
170.20 (2 s, 4C, COOCO), 169.48 (s, CO2CH3, 1 C), 154.02 (s, 
CC(CH3)3), 121.23 (d, -CH=), 52.82 (q, OCH3), 47.64 and 44.96 
(2 d, -COCCCO-, 4 C), 33.78 (s, C(CH3J3), 28.53 (q, C(CH3J3) 
(the bridgehead carbon attached to the carbomethoxy group was not 
detected); IR (Nujol) 1860 (m) and 1790 (s, anhydride), 1740 (s, 
COOR), 1225, 1090, 950, 935 cirr1; mass spectrum CI (methane/ 
ammonia) MH+ at m/e 363. 

Anal. (Ci8Hi8O8)C, H. 
Reaction of Cuprous Chloride with Oxygen in Pyridine in the 

Presence of an Excess of Copper Metal. A three-neck 50-mL flask 

equipped with a magnetic stirring bar and an inlet attached to an 
oxygen buret was charged with 0.268 g (2 mmol) of anhydrous cupric 
chloride and 0.635 g (10 mmol) of 99.9999% pure copper metal 
powder.108 Addition of dry pyridine (25 mL) under nitrogen resulted 
in formation of a yellow-olive solution, indicating that the cupric 
chloride was reduced by copper metal to cuprous chloride. The con
necting stopcock in the oxygen buret was opened, the magnetic stirrer 
started, and the reaction with oxygen begun. After 4 h the theoretical 
amount of oxygen was consumed (ca. 5 mmol). The resulting pyridine 
solution was evaporated to dryness to give an amorphous olive-black 
solid containing pyridine. Unfortunately, elemental analysis indicated 
nonstoichiometric Cu/pyridine ratio, and the spectrum revealed only 
pyridine bands. However, the Raman spectrum clearly showed that 
the previously reported70 peroxide absorption at 856 mm was not 
present. The EPR spectrum of the solid as well as of the original 
pyridine solution indicated the presence of small amounts of bispyri-
dine cupric chloride suggesting that the remaining copper-oxygen 
species exist in an EPR-undetectable antiferromagnetically coupled 
copper(II) state.70'72 

Reaction of Cuprous Chloride with Oxygen in Pyridine Containing 
Methanol (Visible Spectrum). A solution of cuprous chloride (0.128 
g, 1.3 mmol) in dry pyridine (40 mL) containing methanol (0.042 g, 
1.3 mmol) was exposed to anhydrous oxygen with stirring. After 
oxygen uptake ceased, the homogeneous solution ("reagent A") was 
transferred via syringe into the spectrophotometer cell and the spec
trum was recorded as a function of time. The results are summarized 
in Figure 4. 

Reaction of Pyridine Cupric Methoxy Chloride (Complex I) with 
Water. To a solution of the complex I (0.209 g, 1 mmol) in 40 mL of 
pyridine, water was added (0.009 g, 0.5 mmol) and the visible spec
trum of the resulting homogenous solution, "reagent C", was recorded 
as a function of time. The spectrum was essentially identical with that 
of the "reagent A" above (Figure 4). 

Reaction of Cupric Methoxide with Cupric Chloride in Pyridine in 
the Presence of Water. A mixture of cupric methoxide (0.125 g, 1 
mmol), cupric chloride (0.134 g, 1 mmol), and water (0.018 g, 1 
mmol) was dissolved in 80 mL of pyridine and the visible spectrum 
of the resulting homogenous solution recorded as before. Within ex
perimental error the spectrum was indistinguishable from those of the 
"reagents A" and "C" above (Figure 4). 

Reaction of Catechol with Cupric Methoxide/Water in Pyridine. 
Typical Reaction Procedure. A 200-mL Airless-ware109 flask equipped 
with a magnetic stirrer was charged with 3.76 g (30 mmol) of cupric 
methoxide under strictly anhydrous conditions. An Airless-ware109 

addition funnel containing 0.55 g (5 mmol) of catechol was attached 
and degassed pyridine containing water (0.27 g, 15 mmol) was then 
distilled into the reaction flask (60 mL) and addition funnel (10 mL) 
under vacuum. The catechol solution was added dropwise over 30-45 
min at room temperature to the stirred suspension of cupric methox-
ide/water in pyridine. After complete addition the reaction mixture 
was stirred for an additional 30 min and then the pyridine was removed 
under vacuum. The brown-black residue was stirred with an excess 
of chloroform and dilute hydrochloric acid under nitrogen. The 
chloroform solution was dried and evaporated to give a solid residue 
which according to GLC and NMR analyses was a mixture of mu-
conic acid monomethyl ester 1 (~15%) and unreacted catechol. Other 
similar experiments are either summarized in Table 1 or reported 
below. 

Reaction of 4-ferf-Butyl-l,2-benzoquinone with Cupric Methox
ide/Water in Pyridine in the Presence of Cupric Chloride (Table I, 
Entry 7). A solution of 0.16 g (1 mmol) of 4-?m-butyl-l,2-benzo-
quinone in pyridine (5 mL) was added over 15 min to the stirred sus
pension of cupric methoxide (0.250 g, 2 mmol), cupric chloride (0.268 
g, 2 mmol), methanol (0.064 g, 2 mmol), and water (0.036 g, 2 mmol) 
in pyridine (40 mL) under nitrogen. After stirring for 90 min at room 
temperature the mixture was evaporated and hydrolyzed in the 
standard manner to give 0.16 g of amber oil shown by NMR to be a 
mixture of 3- and 4-fert-butylmuconic acid esters 2 and 3 in the usual 
5/4.5 ratio. 

Essentially the same result was obtained with the reduced amount 
of cupric chloride (entry 8). However, the reduced amount of cupric 
methoxide (Table I, entry 9) gave only 35% yield of 2 and 3 together 
with a polymeric material which was not characterized. 

Reaction of 4-ferf-Butyl-l,2-benzoquinone with a Mixture of Cupric 
Methoxide/Cuprous ferf-Butoxide/Water in Pyridine. A solution of 
4-rerf-butyl-1,2-benzoquinone (0.16 g, 1 mmol) in 5 mL of pyridine 
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was added to a mixture of cupric methoxide (0.75 g, 6 mmol), cuprous 
fe/7-butoxide (0.272 g, 2 mmol), and water (0.09 g, 5 mmol) in pyri
dine (60 mL) and the resulting reaction mixture stirred for 30 min at 
room temperature. Workup as before, followed by GLC and NMR 
analyses, indicated about 35% of 2 and 3 and about 65% of 4-tert-
butylcatechol. However, when 4-fe/-r-butyl-l,2-benzoquinone was 
added to the suspension of cuprous fe/t-butoxide/water, and then 
cupric methoxide was introduced, workup as above showed only 4-
(ert-butylcatechol (95% yield). On the other hand, addition of cupric 
chloride (0.27 g, 2 mmol) to the reaction mixture obtained by the 
reaction of cuprous fe-rf-butoxide and the o-benzoquinone, followed 
by stirring (overnight) and usual workup, led to the formation of a 
polymer whose IR spectrum was identical with that of the polymer 
mentioned above. 

Reaction of 4-ferf-Butyl-l,2-benzoquinone with a Mixture of Cu
prous ferf-Butoxide and Cupric Chloride in Pyridine. A mixture of 
cuprous rm-butoxide (0.544 g, 4 mmol), cupric chloride (0.540 g, 4 
mmol), methanol (0.13 g, 4 mmol), and water (0.072 g, 4 mmol) in 
40 mL of pyridine was stirred at room temperature for ca. 30 min; then 
a solution of 4-?erf-butyl-l,2-benzoquinone (0.16 g, 1 mmol) was 
added. After stirring for an additional 30 min, the reaction mixture 
was worked up as above. The combined GLC and NMR analyses 
indicated a 95% yield of the isomeric acid esters 2 and 3. 

Reaction of 4-fert-Butyl-l,2-benzoquinone with Cuprous Chloride 
in Pyridine, (a) Kinetic Conditions. A solution of 4-fe/-f-butyl-1,2-
benzoquinone (0.16 g, 1 mmol) in 5 mL of pyridine was added over 
5 min under argon to a solution of cuprous chloride (0.40 g, 4 mmol) 
in 40 mL of degassed pyridine containing methanol (0.065 g, 2 mmol) 
and water (0.036 g, 2 mmol). After stirring for 10 min the reaction 
solution was cooled to 0 0C and hydrolyzed with 10 mL of 20% hy
drochloric acid in the presence of methylene chloride (100 mL). After 
washing with excess dilute hydrochloric acid the organic layer was 
dried and evaporated to give 0.36 g of red-brown solid shown by NMR 
to contain 4-fez-f-butylcatechol as the major component (~50-60%) 
and unidentified, presumably polymeric, materials. 

(b) Thermodynamic Conditions. In a similar experiment, the reaction 
mixture was stirred overnight at room temperature and then worked 
up as above. Evaporation of the methylene chloride solution gave a 
crude product whose IR and NMR spectra were identical with those 
of the polymeric material isolated earlier. 

Reaction of 4-fert-Butyl-l,2-benzoquinone with Cuprous ChIo-
ride/Cupric Chloride Mixture. Reaction of o-benzoquinone (0.16 g, 
1 mmol) with a mixture of cuprous chloride (0.396 g, 4 mmol), cupric 
chloride (0.540 g, 4 mmol), methanol (0.130 g, 4 mmol), and water 
(0.072 g, 4 mmol) in 40 mL of pyridine under thermodynamic con
ditions again gave the same polymer as above. 

Reaction of 4-ferf-ButyI-l,2-benzoquinone with a Mixture of Cupric 
Methoxide/Cuprous Chloride/Water in Pyridine. Addition of a so
lution of o-benzoquinone (0.16 g, 1 mmol) to a mixture of cupric 
methoxide (0.75 g, 6 mmol), cuprous chloride (0.198 g, 2 mmol), and 
water (0.042 g, 3 mmol) in 40 mL of pyridine, followed by stirring for 
30 min at room temperature, and the usual workup gave a mixture 
of the muconic acid esters 2 and 3 (57%) and 4-fe/-f-butylcatechol 
(43%) by NMR analysis. 

Reaction of 4-ferf-Butyl-l,2-benzoquinone with 1 Equiv of Cupric 
Methoxide/Water in Pyridine. Using the standard procedure, the 
reaction of o-benzoquinone (0.16 g, 1 mmol) with cupric methoxide 
(0.125 g, 1 mmol) in pyridine (30 mL) containing water (0.018 g, 1 
mmol), followed by the usual workup, gave 54% of the isomeric mu
conic acid esters 2 and 3 and 46% of the 4-rm-butylcatechol by NMR 
analysis. 

4-ferf-Butylcatecholato-2,2'-dipyridylcopper(II). 4-/erf-Butylca-
techolato-2,2'-dipyridylcopper(II) was prepared in 93% yield by the 
procedure of Brown et al.84 The dark brick red solid had the following 
combustion analysis. 

Anal. Calcd for C20H20N2O2Cu: C, 62.57; H, N, Cu, 16.55. Found: 
C, 61.65; H, N, Cu, 17.25. 

Catechoiato-2,2'-dipyridylcopper(II). Catecholato-2,2'-dipyridyl-
copper(II) was prepared as a brown solid in 67% yield by the procedure 
of Walker etal.110 

Anal. Calcd for Ci6Hi2N2O2Cu: C, 58.62; H, N, Cu, 19.38. Found: 
C, 57.08; H, N, Cu, 18.49. 

4-ferf-Butylcatecholatopyridinecopper(II). Addition of 4-tert-
butylcatechol (2.49 g, 15 mmol) in 75 mL of dry pyridine to the sus
pension of cupric methoxide (1.88 g, 15 mmol) in 75 mL of pyridine, 
followed by stirring for 2 h and evaporation of the solvent, afforded 

4.26 g (93% yield) of 4-rerf-butylcatecholatopyridinecopper(II) 
complex as a reddish-black solid: IR (Nujol) 1615, 1265, 940, 810, 
and 695 cm"1; UV (MeOH) 244, 250 («4500), 256, 358 (e 8.3), and 
490 nm (e 4.5); (Et2O) 235, 240 (« 3700) 246, 252, 284 (« 2800), 371 
(( 434), 470, and 676 nm; mol wt (osmometry in benzene) 918. 

Anal. (Ci5Hi7NO2Cu) C, H, N, Cu. 
Reaction of 4-ferf-Butylcatecholato-2,2'-dipyridylcopper(H) 

Complex with Cupric Methoxide/Water. A solution of the copper(II) 
catecholate complex (0.383 g, 1 mmol) in 5 mL of pyridine was added 
to a suspension of cupric methoxide (0.75 g, 6 mmol) and water (0.054 
g, 3 mmol) in 40 mL of pyridine at room temperature with stirring. 
After 1 h the reaction mixture was evaporated to dryness, hydrolyzed, 
and analyzed as above to give 4-ferf-butylcatechol in ca. 90% yield 
by NMR analysis. 

Reaction of 4-fert-Butylcatecholatopyridinecopper(II) Complex with 
Cupric Methoxide/Water. A similar reaction with the 4-ferf-butyl-
catecholatopyridinecopper(II) complex (0.306 g, 1 mmol) gave only 
4-fert-butylcatechol in essentially the same yield as above. 

Reaction of 4-ferf-Butylcatecholato-2,2'-dipyridyl- and 4-ferf-
Butylcatecholatopyridinecopper(II) complexes with Cupric Chloride. 
The reaction of either copper(II) complex (1 mmol) with cupric 
chloride (0.804 g, 6 mmol), methanol (0.087 g, 3 mmol), and water 
(0.054 g, 3 mmol) in pyridine (40 mL) gave after 1 h the same polymer 
isolated in the earlier experiments. 

Reaction of 4-fert-Butylcatecholatopyridinecopper(II) Complex with 
"Reagent C". "Reagent C", prepared from the complex I (1.28 g, 6 
mmol), water (0.054 g, 3 mmol), and pyridine (40 mL), was reacted 
with a solution of the copper(II) catecholate (0.306 g, 1 mmol) in 5 
mL of pyridine with stirring under nitrogen. After 60 min the reaction 
mixture was worked up as usual and GLC and NMR analyses again 
showed the presence of the isomeric acid esters 2 and 3 in greater than 
90% yield. 

Reduction of 4-ferf-Butyl-l,2-benzoquinone with Copper(O). To a 
solution of the o-benzoquinone (0.33 g, 2 mmol) in 40 mL of pyridine 
in excess 99.9999% pure copper powder (0.25 g, 4 mmol) was added 
under argon. After stirring overnight at room temperature the excess 
of unreacted copper metal (0.09 g) was filtered off and the pyridine 
solution evaporated to dryness. There was obtained 0.70 g of red-black 
solid shown by IR comparisons to contain 4-ferf-butylcatecholato-
pyridinecopper(II) as the major component. Hydrolysis gave an amber 
oil containing at least 60-65% 4-fert-butylcatechol by NMR analysis. 
GC analysis revealed 4-ferf-butylcatechol (~90%) and four other 
minor unidentified compounds. 

Reaction of Bispyridine Cupric Chloride with Copper(O) in Pyridine. 
A mixture of bispyridine cupric chloride (0.292 g, 1 mmol) and copper 
metal (0.635 g, 10 mmol) was placed together with a magnetic stirring 
bar in a glass ampule. Pyridine (25 mL) was added under nitrogen, 
the ampule sealed, and the contents stirred overnight. The bright 
yellow solution was filtered and the unreacted copper metal recovered 
(0.572 g) indicating complete reduction of cupric chloride to cuprous 
chloride. Evaporation of the pyridine solution afforded 0.355 g (100% 
yield) of cuprous chloride identified by x-ray diffraction. 

Attempted Reactions between Cupric Methoxide and Cupric ferf-
Butoxide with Copper(O) in Pyridine. A mixture of cupric methoxide 
(0.125 g, 1 mmol) or cupric rez-r-butoxide (0.21 g, 1 mmol) and an 
excess of copper metal (0.635 g, 10 mmol) was stirred in pyridine (25 
mL) overnight. No color change was observed and the unreacted 
copper metal was recovered essentially quantitatively, indicating that 
no reaction had occurred. 

Stability of Cuprous ferf-Butoxide in Pyridine. Cuprous tert-bu-
toxide in pyridine does not appear to disproportionate over a period 
of several hours. Addition of water to a suspension of cuprous terl-
butoxide in pyridine gives a bright orange precipitate (cuprous hy
droxide?) which does not deposit copper metal after 16 h at room 
temperature. 

Reaction of 4-ferf-Butylcatechol with Cuprous ferf-Butoxide. 
Stirring of 4-ferf-butylcatechol (0.166 g, 1 mmol) under argon with 
a solution of cuprous ferf-butoxide (0.273 g, 2 mmol) in pyridine (20 
mL) produced a copper mirror after 30 min. After stirring overnight 
the dark red solution was filtered and the solvent evaporated to give 
0.43 g of red-black solid identified as being predominantly the 4-
rerf-butylcatecholatopyridinecopper(II) complex by a comparison 
of the IR with that of an authentic sample. 
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