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which in turn is reduced by a second om&ectma process (with immlvemnt of the aohmt, dimetbyl 
SulfOxMe)? 
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Chemical studies of 4; have been made much more convenient by tbc discovery that KG caa be 
dubiIizcd io aprotic media by using crown etb~rs.‘~ However; this approach may yield solutions that 
are contaaiWed with vary& amounts of K&z and.KOH (the best assays for commercisl KG awi 
9696). Another means to achieve a sokbk salt of 02; for aprotk dvents is the syntbesk of 
tetramcthylamm&dum supcroAide ,“*lt but there have been dilEcuSa with this prepan&nU K& is 
soloMe to a limited extent in dimethyl sutfoxidr? sod aceu~niblk,‘~ bat both of tb&st two m~tbodfj ~a0 

wia result in ptmdde aad hydroxide impurities. As ruwfy reqx~rted,~ stable &T solutioas result 
from the ~b~n of H& and ~~~y~~~ hydroxide ia pyridine, but thae may be W&US 

cosHashant8 here as well. 
Altboqh or; is unstable in aquwus solutions, transient amounts caa be produced by pulse radiolysis 

of oxygenated sohltions of forma&! iolP 

In aqueous media (0.1 M’sodium formate, 2 m&4 phosphate buifer at pH 7.2) the redox potential, IT”, 
fortaeod4;~(RCI1CtiOll1)~~--033VVsNHEonthe~ofpuIseradiolysissatdies~~Iftbis 
vahreis~withthatfot~OdH’102~BfpH7~=~nVvsNHE),ZIthenan 
approximate value can be caku@d for the foUowin# reaction (at pH 7)?‘ 

oI;+W++e--*Ha lP’=+W’TV VI NHE 0 

pK, = 4.S (8) 

k,=8.Sx107M-‘s-’ (9 

k,. - 7.6 x ld M-’ s-l (10) 

&;+t&:----, Q+H4- k,r<lOOM-‘s -t (11) 

OF+~H+~+OH- kU=,lxlO%-‘s-’ (12) 

-OH + HA + HO;. + H@ k,, = 3 x 10’ AC’ s-’ (13) 

Reccnte~~sh#liss~thatReactionllbasaratecoas~fg13of61r61s”.” 



o;;+H@+e-+HC&-+OH- E='=tO.i7VvsNHE (141 

with eqn (1) (the ndbx potential of 4147 in water, EP, is -0.33 V vs NH@‘ yields the net expression 

Tbis equilii expnssion (Reaction 15) is also tbe result of comb* Reactions (8) and (9). The value 
of the ~~~ comtaiit in&ate8 that supamide ion ~~ns cam jxomte proton transfer from 
s~(Padsdvcnts)toanexteat~v~nttto~dtew~baseofanacidwithapK, 
vahu! of approximately 23. Reaction (9) is rapid and bi@y exotbermic, wbicb &add cause tbc lifetime 
of HW genera@ u& eqn (8) to he sullickntly short to preckde it as a major reactant with most 
substrates in solution.n 

Obviously, even much weaker acids tban water will pruduce an exothermic reaction with OS; 

z(&:+fIB+&+H4-+B- (16) 

~ove~reactions~~byeqn(16)~ynot&~withwealracids~B),butneither~ 
manYoftbes~reactionswitb4;.~naDtstudiesesCablishthatan~ofwtaldyacidic 
~~~~ ~~~yk~~of~~~*~~y~~ 
organks are solvents or in high c6mcentratioS xus For exampk, u&r rigoromdy aprotk co&ions az 
does d n#rct with beaplldehyde. However, protk components in impwe hen&khyde cause a rapid 
loss of ot; olo Reactkn (la), which is followed by kss of akkhyde, This reaction of benxaldebyde with 
02 di~u~on products is primarily a &m&zaro-type process tbat yields benzyl akohol and an oxidii 
henzaidebyde speci~s.~ 

KOH.- In the presence of K4 an apparent competitive oxidation of ~~HCH~N to 
0 
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Howcver,theob#nceofap~repidfctioabetwatn01;aad~ylperoxidmirthefactthat 
t-butyl bydroperoxh is not decomposed by &T in several solvents other thao acetonitrh, sod the 
observation that tBuOO- attacks acetoahik rapidiy,~ raises doubts about the actual occurrenceofeqn 
(19). A more likely reaction aequcace is the removal of a protoa by 4; followed by 

&;+ROOH+H4’+ROO- 

~srn~n of supemxidc via Reaction (9). Tbc R4_ attacks acetoxdtrik 
produce acetamide (qn 23). 

RO,- + CH.CN ~CHM- 

cl0 R 

/ 

dldnmmtb4l 

‘2 

wlthmotl 

CH&Nth + RO* 

I PmdUct8 (akohol 
mnd acetons) (21) 

As discwxd later under Non-Oxidihg Aopeh~, the reach of superoxide with catecbols’*also 
involves initial proton transfer, this having been shown by, htcr &I, the fact that catechol anions and 
ethers are hert towa& 0.g 

Thus, ia 6 presence of water or other proton sources superoxide ion yiekis strong Bronsted bases 
via Reaction (15) or (16). These prowesses alsoyield02andperoxide,andtbccombinathofbaseand 
dismutathn products (both dltcctive oxidants) can account for many of the reactivity chxteristics that 
have been attrii to c$&z as primary processes.~ 

R$+C&;+R@+X- CW 

R&+QT+R&-+Og W) 

Ror’+RX+ROOR+X- (2% 

The +hddrocw lltoichiometry is in agreement with this pathway:’ In dhethylsldfoxidc, 
however, eqn (22b) may be followed by attack on solvent to yield akohofs~~ aad dimetbylsulfone.” * 

ROO-+(CH&SO+RO-+G%hSC?z 0 
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tawLrdstypicPlSn2subrtratesbcompuabletothatofthe~ypdeat~~amlthiocyanafe, 
amopotbebe~~nnuckbiksLnown.Untortuaately,at~tirnetbaerrmeaotMdacientdataiaanyone 
solvent to actually fit 4; into the ertablished s&es of auckophilicity.” one pnrtid explanation for the 
higJl Wckopbiticity is tbc fact that 02; is an acffect specks, having an ekctro~e atom adjacent to 
the &Backing atom. However, it is apparently sign&a&y more enhaactd in dvity toward sp3 carbon 
thsoisHQO-whkbbastbesamefeature. 

(b) Curbnyl sy&nts. Reaction of OF with esters yields carboxylic acids ad al&olP and with 
acyl halides yields dhcylperoxides.” It has been show8 thnt acyl oxygen scission occurs for rcactioll of 
esters with 4; by not& complete retention of configuration in the alcohol moiety from so optically 
active ester, that the approximate order of reactivity for diiereot n+ctanoate esters follows typical 
acyl-oxygen scission patterns, and that the reaction of diacyl peroxide with KG kads to carboxylic acid. 

As part of a study of carbonyl reactions, we recently have examined several aspects of the ester 
reaction. Fi 3 iUustrates the rate of disappearance of 4; (as dctermhed by cyclic voltammetry) in 
tbc presence of ethyl acetate arMI phenyl8cetate in pyridine as solvent.” lbe rate of react&m with c& 
also hns been &term&d by cyclic voltammetric reduction of 02 to ChT io tbc presence of substrate. As 
illustratedbyFtyn4,thepeatcurrentfortbereoxidationof4;decreruesinthepnsenccoftheester 
andpro~ameasunoftherateandextentofthereecrion. 

Tbesecond-ordcrratecoastantsforthereactionof~~withethylaoetateandwithpbenylacotatein 
pyridinsareo.o11M-‘s-‘and16oM-‘s-’,rtspectively.~~Tbisratioof1o’fortherelativeratesofreactionof 
pheny~adethylacetateswithol;atlht secmssurp~htuponcloserexamhathitisconsisteotwitb 
other data for phenyl vs ethyl esters in reactions with dhctive nuckophika.“# Initial reach is proposed 
to occur via the usual nuckophiiic addithelhiuatioo at the carbonyl carbon (eqns 26 and 27). 

--- EtOAc,3lmM 
, .40_ - +OAc,L6mM 

--- t+O,WimM 
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Rx this situatbn kn will bc highly dcpedeat upon tbc acidity of R’OH (i.e. the stabi@ of R’O-), 
aadtbeovgaflnrte~ndsupontbe~~betwcenL-~andk~.Forpaot~~gsoupsk~~ 
be sbw and rxte timit& but for good k!avirq groups kn will be much more rap&l and make it 
compdive with k_= Hence, the loss of C&O- in Radon (27) can compete much more effectively 
with the loss of OF (&_& than am the corrcspoding bss of C&OM from the ethyl esters. 

Tbc second order constants for 4; hyddysis of C&OCOC& and ~CtC&i&COC!& in 
~~~ are 3 Id-’ s-* and 2.5 M-’ c*, nspectively.= Tbis ten-fold ~~~Of~U 
alsoisinaccofdwitbReac&ns(2Qand(27)fonowingre4uon& similar to that given above. 

The overall pxtbway for ester hydrolysis, then, is given in cqns (28x32) (with cqn (28) being the net 
~s~~~~~(~)‘ 

0 0 RLoER+2chwR!*-+zQl (32) 
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Une-dectmm mfktant. A third coa8rmed reuctioa characteristic of superoxide ion is its ability to act 
as a moderate one-electron reduciag agent. The redox potential for Reaction (1) indicates that OF has 

reduces sulfur dioxide to dithionite ia dimethylfomuuaide.~ 

2?3&4!&0:- (35) 

Not only is this a convenient means to produce standard solutioas of dithioaite ion ia aprotic media, 
but it also infers that 02; may be as effective as dithioaite for biochemical reductions.~ Should this 
reaction c-tic of 0x7 hold for in uiuo combtioas, it may represent a serious biological haxmd of 
uadismutated superoxide. 

Superoxideioanactsrapidlyhaproticmediawith~~toformtheaaionrsdicals,with 
p-beaxoquiaoae to form the semiquittoae~ and it also is aa e&&e reducing agent for copper 
and. atagaaaese(In>“b” systems. Ia aqueous medts both iron EDNA aad cytochrome c are reduced 
by 4T.w 

Interest ia the reaction of 4; with traasitioa metal ions is the result of the observation that a group 
of metalloeaxyams which contain copper sad zinc?” iroan aad v* efficiently catalyze the 
dismutatioa of a: to 05 aad Ha.* Oae step of the catalytic cycle is believed to involve tlur reduction 
of the oxidixed enzyme by 02;. 

Although the reaction of OS; with alkyl hydroperoxides has been cited as aa example of a reductive 
ckavage of the o-o botQSMn we believe that ROOH serves primarily as a proton source to briag 
ubout the rapid dismutation of 4; vie Reactions (8) and (9). The reasons for this coateatioo were 
discussed ia the section on Effectiue basicity, and are supported by the fact that alkyl hydroperoxides are 
ia general more acidic than alcohols; the latter rapidly react with a; to give oxygen and dkoxide i0ns.w 

Another proposed reduction by 4; is the “quenching” of siaglet oxygen (‘&),= 

Q+oz;+@;+Q AG=-91W k= 1.6x l#M-‘s-’ (36) 

which ia tura briags us to the question of whether singlet state (‘As) or triplet state (%#-) molecular 
oxygen results from oxidation arul dkuautatioo of 02:. WavefutMkms for the ground state of 4; have 
basncalc~by.ueeofu~~tedopeasbdlLCAOSCFfrmctionsthatruebascdootheINDO 
formalislltnnThecalculationsiadicatethatremovaloftbe~tenaeydectnmfromq;~prodwx 
atripktstde.In~ular,tbeverticaltransferofan~ntofonntbe~-stateof4isfavoredby 
-48 W relative to the ttansfer of aa electron to fowa the ‘4 state. The culculatioos also show thut a 
tripkttransitioastatckacEstotriplet4,whileasiDglettrrrnsitionstatekadsto’d,q. 

Photoacountiplhasbeeaasedtodetcrmhretberelativeyieldsofdimeric’d,~that~fromthe 
oxidaGoa aad disnuttatioa of ol;.” The results it&ate thatthe l’em(CIO&-Q~, the HClOr4;, and 
the superoxide dismutase -Ox; systems involve either udiab& electron-trsasfer or a triplet transition 
state, because they produce directly the %,- state of 02. Oa the other hand, a siaglet truasition state 
which leads to the ‘A, state of 9 apparently is favored for the ferriceniwn ior.&: system If’ the 
protobiruluced dismututioo of 02; occurs via a step-wise mechanirm. calculations for the transition 
state of &I+ plus OsT (eqns 8 end 9) give either singlet or triplet, depending upon the trajectory chosen 
&cause ery&rocyctic superoxide dismutase (Cu-Za SOD) catalyzes the dismutatioo of ot; to grouad 
state QF the eaxymutic mechunism may involve a triplet transition state. 

Complexat& &and (d&m-pair dorwr]. C& in tbe anha of aa acid (II%. PK. = 4.88). Some of 
the earliest electrochemical studies of 4; ia aprotic media demoastruted that 02; acts as aa electron- 
pair donor (Lewis base) to protons, ulkali metal ions and alkalbm earth ions.)S*B In the case of protons, 
Reactions (8) and (9) provide a e representation of the donor reaction sequence. Lithium ion 
appears to fowa a stable LX:*) complex.’ When zinc ioa aad 4; are combii ia aprotic solvents a 
two-step reaction occurs with a bis-coordnmtion complex formed inSally.” 

za2+ + 2op 4 za(:o2+ (n) 

This is only transiently stable sad decomposes to give oxygea aad the peroxide. 



znco2%+4+znot (W 

w++~~qbP+‘*(~2-)] (41) 
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