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The superoxide-mediated base catalyzed autoxidation of a-0x0 enols is initiated by the dcprotonation of 
the labile hydoxyl group. Thus, the reaction of 0;' (generated from KOJcrown ether in aprotic media) 
with 3-hydroxycoumarin (I) .  followed by a CH,I-workup, generates products 2 4  via a deprotonation- 
oxidation sequencecomplicated by a competing saponification of the lactone linkage. The related coumarin 
reductone (a-oxo enediol) 8 is rapidly oxidized by 0;'. HO- and t-butoxide to the corresponding triketone, 
which in turn undergoes further oxidation and rearrangenlent ultimately yielding (upon methyl iodide 
workup) products 9-14. Whcn the 0;' mediated oxidation is carried out under argon in completely 
degassed solutions, large amounts ( > ZOO/,) of monodeprotonation product (detected as  9) accumulate. 
These results are discussed in light of the differing mechanisms proposed by Sawyer and Afanas'ev for the 
interaction of 0;' with the reductone ascorbic acid. 

KEY WORDS: Superoxide mediated oxidation, ascorbic acid derivatives, 3-hydroxcoumarin, keto 
enols. reductones. 

Over the past decade, the international scientific community has become increasingly 
aware of the crucial role superoxide anion radical (0;') plays in a vast spectrum of 
metabolic processes.' Recent research on the organic chemistry of 0;' has revealed 
that, in aprotic media, this anion radical reacts with organic substrates via deprotona- 
tion, nucleophilic attack, electron transfer, and, in some isolated instances, perhaps 
by hydrogen atom abstraction.* 

The first mode of action tends to predominate whenever mildly acidic protons are 
available. Thus, hydroperoxides, phenols and alcohols induce the disproportionation 
of 0;' to dioxygen and hydrogen peroxide (equations ( I )  and (2)) generating the 
corresponding peroxy anions, phenoxides and alkoxides, respectively.* 

ROH + 0;' + RO- + HO; (1) 

HO; + 0;' -+ HOO- + O2 (2) 
We have observed that enols, too, undergo facile proton removal by 0;' (generated 

from K02/18-crown-6 in inert non-polar aprotic media such as toluene at  room 
temperature).] Unlike alkoxy or peroxy anions, however, the resulting enolate systems 
generally undergo further C-oxygenation generating a variety of interesting oxidation 
products. For example, in the case of the a-keto enol 3-hydroxycoumarin (l), this 
deprotonation-oxygenation sequence is complicated by a competing superoxide- 
mediated saponification of the lactone linkage." As shown in equation 3, the course 
of this reaction could be conveniently followed and various intermediary oxy-anions 
trapped by quenching the reaction mixture with CHJ I at different reaction times. 
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1 

P-Keto enols, too, undergo facile deprotonation with OF'; however, the carbanion 
formed is situated a to two stabilizing carbonyl groups and resists any further 
o ~ y g e n a t i o n , ~ ' . ~ ~ ~ ~ ' ~  

An important group of enols are the aci-reductones (5, equation (4)): of which 
ascorbic acid (Vitamin C) is the most extensively studied example. These a-0x0 
enediols are simultaneously a- and P-keto enols and undergo facile autoxidation to the 
corresponding triketones (6) or the related hydration product (7). 

5 6 7 

Mechanistic studies of this process have been carried out extensively and almost 
exclusively on Vitamin C. These have shown that, in aqueous media, 0;. is generat- 
ed,' indicating that the role of molecular dioxygen is not to oxygenate the active 
imtermediates, but rather to serve as an electron acceptor. Furthermore, the 0;' once 
formed mediates the further autoxidation of ascorbic acid and ascorbate.6 

Two groups have explored the autoxidation of ascorbic acid (H?A) to dehydroas- 
corbic acid (A) in aprotic media mediated by electrogenerated superoxide. Sawyer and 
coworkers' find that the stoichiometry of this reaction when carried out in DMF 
requires three molecules of ascorbic acid and two molecules of superoxide. In ad- 
dition, 0;' mediates this process with the formation of ascorbate anion radical (A- ' )  
and without the generation of molecular oxygen. As a result of these and related 
observations, Sawyer has suggested that the initial rate determining step is a concerted 
(equation ( 5 ) )  or rapid sequential (equation (6)) transfer of a proton and a hydrogen 
atom to superoxide generating ascorbate anion radical (Av ' )  and H202 .  Subsequent 
reactions involve the proton-induced disproportionation of A-' (equation (7)) and 
oxidation of the resulting H A -  by H 2 0 2  to A (equation (8)). The sum total of these 
processes (equation (9)) indeed has the proper stoichiometry. 
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2A-' + H2A + A + 2HA- (7) 

HA- + HZ02 + A + H202 -* A + HZ02 + HO- (8) 

3HzA + 20;' -+ 3A + 3 H 2 0  + 2HO- (9) 
Afanas'ev and colleagues6 have taken issue with Sawyer's mechanism. They observe 
only the formation of a 50-70% yield of ascorbate anion when the same reaction is 
carried out in acetonitrile. The Russian group posits that such a high yield of 
ascorbate can only be explained by a simple deprotonation of H,A by O;*. They 
believe, therefore, that deprotonation (equation (10)) is the main if not sole pathway 
of interaction between ascorbic acid and superoxide. Any oxygen generated from the 
disproportionation of superoxide (equation ( 1  I))  is presumably rapidly converted 
back to 0;' upon interaction with ascorbate (equation (12)). However, dispropor- 
tionation is prevented by a series of rapid competing processes (equations (13-16)). 

0;' + AH, -+ HO; + AH- (10) 

HO; + 0;' + HO; + 0, (1 1) 

AH- + 0, + AH' + 0;' (12) 

HOi + AH2 -+ H,02 + AH' (13) 

HO; + AH- -+ H,O, + A-'  (14) 

HO; + AH' + H,O, + A (15) 

HO; + A-' -+ HOT + A (16) 
This discrepancy may perhaps be resolved by invoking three separate solvent- 

dependent considerations. Firstly, the conflicting data may result from the substantial 
viscosity difference between the two solvents, DMF ( 0 . 8 0 2 ~ ~  at  25" C)8a and acetoni- 
trile ( 0 . 3 4 5 ~ p ) . ' ~ ~  As the viscosity increases, so does the likelihood of solvent cage 
reactions, such as equation (6). With less viscous solvents, such as acetonitrile, HA- 
may well escape the cage before being oxidized by HOO'. Alternatively, the p K ,  of the 
substrate is expected to differ in these two solvents, and this may well have an affect 
on the mode of action of 0; ' .  Finally, Sawyer and coworkers9 have found that, 
because CH,CN is difficult to dry, all their attempts to electrochemically prepare 
superoxide in this solvent generally result in the generation of high yields of hydroxide 
in addition to the described superoxide; hence, HO-, no: O;', may be active species 
in Afanas'ev's system. 

In our own laboratories, we have explored the reactions of various aci-reductones 
and ascorbic acid derivatives with superoxide (generated from KO,/18-crown-6 in 
aprotic non-polar media at room temperature; for general experimental procedures 
see reference 3). For example, as outlined in Scheme I,  coumarin reductone 8 reacts 
rapidly (c 10 minutes) with a mole-equivalent of 0;' in P,O,-dried T H F  ( 0 . 4 6 ~ ~ ) ~  
generating products 9-14 upon CH) I workup.2d Essentially the same product distribu- 
tion is obtained when the oxidation is mediated by other bases (hydroxide and 
t-butoxide). Interestingly, when the reaction is carried out under argon (after tho- 
roughly degassing the reaction mixture by 6 freeze-thaw cycles), there is an accumula- 
tion of substantial amounts (> 20%) of the monoanion, trapped by CH, I as the 
corresponding enol ether 9, even after reaction times of I hour. Assuming that the 
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SCHEME I :  Mechanism of product formation in the superoxide mediated oxidation of coumarin reduc- 
tone 8. 

active species in this KOJcrownlTHF system is indeed O r ' ,  these results correspond 
to Afanas'ev's suggestion that 0;' reacts with reductones primarily, if not solely, as 
a base. 

A possible mechanism for the production of 9-14 is outlined in Scheme I. For 
reasons cited above, this mechanism invokes the initial formation of reductone 
monoanion 15 which undergoes further oxidation to coumarin triketone 16. The 
latter is converted to carboxylate 17 (trapped by CH, I as ester 10) either via a benzylic 
acid rearrangement'" and/or a saponification-recyclization sequence (as observed with 
coumarin lk). As an a-keto ester, 17 is expected to undergo facile decarboxylation to 
enolate 18 (isolated after CH31 treatment as lactol I I ) ,  which upon oxygenation 
generates lactolate 19 (methylated in its open form [path b] yielding a-keto ester 12). 
Oxidative cleavage (path a) of a-keto hydroperoxide 19,'d followed by decarboxyla- 
tion and methylation lead to the observed products 13 and 14. 

I t  should be noted that in the corresponding ascorbic acid reaction, Sawyer has 
argued that the triketone (diketo ester) dehydroascorbic acid (2la, equation (17)) 
reacts further with 0;' via oxidative cleavage between the C3 and C, carbonyls 
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presumably producing k'eto ester 22a which undergoes saponification yielding the 
observed oxalate and (by inference) threonate 23a. This suggestion has been verified 
by us in the case of the superoxide reaction of ascorbic acid derivatives 20b and 2Oc, 
in which we have actually succeeded in isolating methyl esters 24 and 25 of the 
proposed keto ester and threonate respectively, with the aid of a CH,I workup of the 
reaction (equation (17)). 

a: R =CH(OH)CH,OH 
b: R =acetonide of 20a 
C: R = C H ,  

n'co~x~H' 0 24 

no x:*' 25 

However, in the above case of coumarin reductone 8, the isolation of compounds 
10-12 indicates that such an oxidative cleavage of the diketo ester intermediate does 
not occur and that the latter proceeds by other mechanisms (see Scheme I). 

Further work on related aci-reductones and ascorbic acid derivatives is presently 
in progress. 

References 

I .  See the collection of articles in Sicperoxide Dismitinse (ed. L.W. Oberley). Chemical Rubber Co.. Boca 
Raton. Florida, vols. I and I1  (1982); vol. 111 (1985). 

2. For extensive reviews of the organic chemistry of 0;' see: a )  A.A. Frimer (1982) The organic 
chemistry of superoxide anion radical. In ref. I .  Vol. 11, pp. 83-125. b) A.A. Frimer (1983) Organic 
reactions involving superoxide anion. In The Clremisfry of Perosides (ed. S .  Patai). Wiley, Chichester, 
pp. 429-461. c) J.L. Roberts. Jr. and D.T. Sawyer (1983) Activation of superoxide ion. Isruel Journal 
of Chemistry, 23, 430438.  d)  A.A. Frimer (1989) The oxygenation of enones. In The Chemktry of 
Enones (ed. S. Patai and 2. Rappoport). Wiley. New York. part 2. chapter 17. pp.781-921. Please 
note that the structure assignments of compounds 607 and 608 of Scheme 26 of this review as  well 
as the absence of catechol have been corrected in Scheme I of the present communication. 

3. a) A.A. Frimer, G. Aljadeff and P. Gilinsky-Sharon (1986) Reaction of coumarins with superoxide 
anion radical [O;']: facile entry to o-coumannic acid systems. Israel Journul qfChemistry. 27, 3 9 4 .  
b) A.A. Frimer. P. Gilinsky-Sharon, G. Aljadeff. V. Marks and Z. Rosental (1989) The superoxide 
anion radical (0;') mediated base catalyzed autoxidation of a-keto enols. Journal of Organic 
Chemistry. 54, 4866-4872. 

4. a) K. Schank (1972) Reductones. Synthesis. 176-190. b) G .  Hess (1978) Methoden zur herstellung und 
umwandlung von reduktonen. In Houben- Weyl: Methoden der organischcn chenrie. vol. VI/ld (ed. H. 
Kropf and G. Hesse), Verlag. Stuttgart, pp. 217-298. 

5 .  A. Rigo. M. Scarpa, E. Argese. P. Ugo and P. Viglino (1984) Generation of superoxide in the 
autoxidation of ascorbate and glutathione. In Oxygen rodiculs in chemistry and biology (ed. W. Bors, 
M. Saran and D. Tait) Walter de Gruyter, Berlin, pp. 171-176 and references cited therein. 

6. a)  I.B. Afanas'ev. V.V. Grabovetskii and N.S. Kuprianova (1987). Kinetics and mechanism of the 
reactions of superoxide in solution. Part 5 .  Kinetics and mechanism of the interaction of superoxide 
ion with Vitamin E and ascorbic acid. Journal of rlre Chemistry Society ferkin Trunsuctionr If, 
28 1-285 and references cited therein. b) I.B. Afanas'cv, V.V. Grabovetskii, N.S. Kuprianova and V.I. 
Gunar (1986) Kinetics and mechanism of the interaction of 0;' with ascorbic acid and a-tocopherol. 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/0
8/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



98 

1. 

8. 

9. 

A.A. FRIMER, V. MARKS AND P. GILINSKY-SHARON 

In Supernside und superoxide dirtnutuse in chemirtry. biology and medicine (ed. G. Rotilio). Elsevier. 
Amsterdam, pp. 50-52. 
a) D.T. Sawyer, T.S. Calderwood, C.L. Johlman and C.L. Wilkins (1985) Oxidation by superoxide 
ion of catechols, ascorbic acid, dihydrophenazine. and reduced flavins to their respective anion 
radicals. A common mechanism via a sequential proton-hydrogen atom transfer. Jourrial of Organic 
Chemistry. 50, 1409-1412. b) D.T. Sawyer, G. Chiericato, Jr. and T. Tsuchiya (1982) Oxidation of 
ascorbic acid and dehydroascorbic acid by superoxide ion in aprotic media. Journal of the American 
Chemistry Society. 104,6273-6278. C )  E.J. Nanni, Jr.. M.D. Stidlings and D.T. Sawyer (1980) Does 
superoxide ion oxidize catechol, m-tocopherol and ascorbic acid by direct electron transfer? Journal 
of Anrerican Chenristry Society. 102, 4481 -4485. 
a) Du Pont Dinrethyl/ormamide. E.I. du Pont de Ncmours, Wilmington, p. 3. b) R.C. Weast. 4. (1971) 
Handbook of Chemistry and Physics. Chemical Rubber Company, Boca Raton. Florida, p. F-37. c) 
Y. Matsuda (1988) Organic electrolytes of lithium batteries. In Practical lithium bniteries (ed. Y. 
Matsuda and C.R. Schlaikjer) JEC Press. Cleveland, pp. 13-23. 
a) K. Yamagichi, T.S. Calderwood and D.T. Sawyer (1986) Corrections and additional insights to the 
synthesis and characterization of tetramathylarnrnonium superoxide [(Me,N) 0,) Inorganic Chemis- 
/ry. 25, 1289-1290. b) Professor Sawyer has communicated to us (1989) that the yields of HO- in the 
attempted electrogeneration of 0;’ can reach as high as 50%. 

Accepted by Prof. G. Czapski 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/0
8/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.


