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~Ekctmncgativcly substituted quinoaer UC shown lo oxidize electron-rich aromatic 
mokcuks to the corrrrpondinp r8diafatMa in acid medium via 1 rcvcnibk two step me&a&m. 
Tbc inlIucnac of acid strength on the nrc of tbc fucth suggests that l pnxonrted quinonc molccuk 
acts u tbc priawy electron acceptor. Tbc rate of formation of the radial ationr dcpendr on the one 
ekctron oxidation potential of the p8rcnr annnrtic mokcnla in a wry typical for endorhcrmic 
outcr4pke clcctron-transfer. 

Aromatic radical cations are obtained from one- 
electron oxidation of the parent aromatic mokcuks 
(ArH+ArH”+e). Thin oxidation can be accom- 
plkhcd by many methods including electron im- 
pact,’ radiolyGs, photo-ioniz8tion.‘~ anodic oxida- 
tion’ and cbcmical oxidation.‘.’ 

E&&t dumial oxidants invariably contain 
strong Brbtutedt or Lewis acida which either have 
oxidizing propertier (e.g. H&O.,. AK&. SbCl,) or 
derive tbae from added oxidants. The effickncy of 
such oxidizing mixtrPts has generally baen mea+ 
un?d from their ability to produoc radical-cation 
solutions ruitabk for rpactnncopif (BSR, UV) in- 
vestigation. In most case8 the oxidation mechanh 
and even tbc prod l&+bcsifks the radical cation- 
formed are unknown. 

In the ooursc of a stir on the (photo) cbcmi- 
cal reactivity of char@-tranufer annpkxea between 
aromatic molecules rod ekctroocgativcly subti- 
tuted quinoner we oburved the formation of radi- 
cal cations upon addition of small l moun6 of tri- 
fluoroaatk acid (TFA) to several such compkxca 
in organic solvent systems. 

Earlkr’o tbc formation of aromatic radical ca- 
tion, by the combined action of quinona and 
strong acids (e.g. Hm., HSO,F/SbF,) on aromatic 
by&ocubons had been obaervcd. Furthermore 
radical cations have been postulated” as intcr- 
mcdAates in HCl or HBr induced rca&mn of corn- 
plexcs between o-chloranil and several polynudeu 
aromatic hydrou&ons. lbc present paper de- 
auiiartudyonthescopcandthcmc&aniunof 
this radical cation formation. 

Bkctronegativcly ulbtitutcd quinona suc!l al 
2.3.5,~tctrachkro-1.4-bcnaoquinonc (chloranif) 
and 2.3-dkhIoro-5,6&zyano-1,4-kaxoqui~onc 
(DDQ) form annpkxes of tk charge-transfer 
type” with electron rich aromatic mom. Addi- 
tion of a rtrong add such u TFA to solutions of 
tbaeauupkxeskads inanumkrofasutothe 

formation of the corresponding aromatic radical 
catio~.InFielandFig.ZtbeESRandWMS 
spectra of the 9,lO-dipbcnylanthracene @PA) and 
pcryknc radical cations, thus prepared in 
CH&lJITA solution, arc shown. 

Tbmc spectra oorrupood very well with ti 
reported in literature’>” for these radical cations. 

Other radical cations identifkd include those de- 
rived from: 3.4~bcnxpyrcoe.” 9,1O-di(o-naphthyl)- 
anthraanc (DNA);” anthraccne;” 1,2,4-t& 
methoxybcnzcnc and 
bcnxclu.” 

1.2.4,5-tctramethoxy- 

The ease of formation of the radical caGons in 
CH#IlmA quinonc medium dcucasa rapidly 
for Ia easily oxidi2mMe aromatic molecules. 

However for many aromatic molecules which do 
not give detectable amounts of radical cations (such 
as a&k rod methyiatcd bcnxcncs). reactions 
occuf+’ wbkb can be formulated as promding 
throw radical cation intermedia-. These reac- 
tion8 will be the subject of future pubGcations. 

Rcd~x ea&Mum between DPA and DDQ in 
acid sohfkm Because of the high stability of its 
radical atin the oxidation of 9,10- 
diphcnylanthraane (DPA) by DDQ in acid 
mcdirrm was studied more quantitatively. 

Figure 3 shows the effect of TFA concentration 
on the conversion of DPA into its radical cation as 
morlitorrd rpcctropbotometricauy (595nm; c = 
10.000) at constant DPA and DDQ conccntntions. 

Fii 4 shows the effect of tbe DDQ conantra- 
tion at amstant DPA(lO-‘M) and TFA(lO%) 
conantratiom on the amvcnion of DPA into its 
radical cation. 

From these data it can be oondudcd that an 
equilibrium ex&s in which one mokcuk of the 
quino0e (0) Oxidizea tw0 mokcuks of the aromatic 
rgacier (ArH) and that at “hiti’ acid conantration 
(e.g. at 10% TFA for the DPA/DDQ system) this 
e+ilii lks almost completely to the right. (At 
10% TFA the protonation of DPA is still negligible 
rod Q)nvcrsion to DPA’ by atmospheric oxyen’” 
amount8 to no more than 2.0%.) 
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2 OIMS 
- 

From tbac fInding and from tbc fact that IK) 
othclpar8magnctkspcckthMArH- canbedc- 
teaed by ESR rpectroropy tbc equilibrium (1) iB 
Pm-d: 

ZArH+Q+2H%=ZArH++QH, (1) 

In (1) conversion of the quinonc (Q) to the 
corresponding hydroquinone (QHJ ir assumed to 
be invdvcd. 

The rtoichiometry of (1) is cquivaknt to th8t (18) 
suggertcd by Buck c.I.” for tbc oxidation of 
aromatic mokculcs by dipbenoquinoiw or 
3.3.‘,S.S-tetrabfomodipbcnoquimne in strong 
acids (e.g. H2SCL H!GQ,F. HSQ,F/SbF,). 

2ArH; +Q=2ArH’,+QH, (la) 

In (la) however the protonated form of the 
aromatic molecuk was assumed to be reactive, 

king (fondly) a hydrogen atom to tbc quinone 
during formation of the radical cathn. An apparent 
cquiliium comtant for (1) at a given 8cidity is 
dcfhcd by (2): 

K JkH’ *QH21 
[,irHJ'fQl (2) 

InFIg.3tbe&pende~ofKontbeTFAconant- 
ration has been plotted. 

Tbc cquil~hium was studied in more detail in a 
mixture of TFA. acetic acid and ‘benzene 
(3:3: 2 v/v) which constitutea a reproducible 
medium of intermediate acidity. 

From (2) relation (3) can be derived for 2(Qb> 
rAM0: 

[ArH”Y 

([ArHb-[ArH”D’ 
= NQb (3) 

Fii 2. Electron spfn wsonxna sp@nim ud ckctrunic rbofption xpwtrum of the pcrykne radial 
cation obuincd by oxidation d pcryknc with excess DDQ in rupcctivcly 9 : 1 l nd 20 : 1 CH,Cl,mA 

media. 
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Fi6.3. coanrrba d DPA @rH& - 0.93 x lo-’ M) into DPA*’ by DDQ (IO& - 4.02 x lo+ M) &I 
various CH,ClJEA mixtwa (dram atm) at 2OT. lbc valor of the rpputot cquEibrhn Q)1ptlot 

forthtprocerr2ArH+O=ZArH”+~-~k+ninthtsdby(ht~crPve. 

InFig.5itirabownthatundcrtbesccvonditionar 
plot of 2(C& against [ArH”J’/aArHb-(ArH”D’ 
ykkla l perfectly straight line with K - 1.27 x lo-‘. 
Thir amapomb with tbc values found in 
TFA/CH,Cl, at a TFA concentration of about 2% 
(cf. Fu. 3). 

For ofbcr arcnnrtk specka evaluation of K wan 
hmmpcrcdbytber8thcrnpiddcaydulcirmdial 
atiotta througit subwqwnt cbcmial rcactbnr. 

KindaofrhcoxfdathofDPAbyDDQand 
chbmnu in add m&a. During the mwurcment 
0fthenxloxeqrrIlibtum bctwoeo DDQ and DPA 
(o&k rupro) it WU oburval that at Low rca coo- 
ccotrrtiom tbc utabWment of thb cquilikxium 
requiru amddcrde time (cf. Pig. 6). 

With chkmnil u ao ekctroo auxptor the 
cquiliitioo take8 even bopr. 

Itwalfouodthattbcinithlr8tcofrppcuamof 
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Fk 4. cawedon at DPA &trHb - 1.0x lo-* Ml into DPA” llpoa adddon d w v 
of DDQ (1.69 x lo-‘- 4.32 x lo-’ M) in l 10% TFA in CH,Q, (V/V) mknt - l t me 
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DPA*’ obeya first order kin&a both in DPA ad 
in tbc quinont (4): 

AIH” c 3 dt t-o 
=&c~Hb[Ob (4) 

TlmcN?sulbckutytDdiatcth8tthcproa?wde- 
suibcd by (1) mut involve a me cdting 
bimolc4allu step, which cul be aaxxmted for by (5) 
and (6) with k, a kl. 

ArH+Q+p&ArH*‘+QH’ (5) 
k.1 

~A~H+O+~H-G=~A~H”+QH, (1) 

When k, a k, (which explains why the scmiquinonc 
radical QH’ h not obund)tbeiniti8lntcof 
radical cation formrthn ia given by (7): 

_ 
(7) 
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dercd to be a mud, better ekxtron acceptor than 
0, wbidl corrupondr with tbc explrnMion given 
for the ekctnxbe miatl bchvictur of quinona in 
&dmedi8byPcovc?Oandrcuntlydi8cus&by 
Murray c.s.l’ 

In order to revc8l more explicitly the role of tbc 
8&i, tentative Ho vabIcs” for the cH,clJrFA 
medium were derived by mcuuring tbc degree of 
protonation of the indiator b8scs 03) 2-nitro 
aniline (PK. = -0.29j” and 2-nitro4cbloro aniline 
(PK, = -1.03)“’ in various CH#&RFA mixtures. 
Rather surpr&gIy the difference in tbc PK. values 
(ApK, = 0.74) reported” for tbesc bases in aqueous 
solution was nfxoduced by the difference in tie 
log[BH*MB] values measured rpectropbotometri- 
tally in CHJTlJlFA mixtures (cf. cap.1 t.b\rr allow- 
ing the construction of a tenmtive & sak between 
0.25 and -40~01. % WA. 

As shown in Fq. 7 linear plots arc obtained for 
tbe&pcndenceoflogk,upontbcreH,valuuin 

t 
log 

-1 -1 
k~(l.mol . s 1 

the oxidation of DPA by DW an well II in ib 
oxidation by cWranil. It ia gencr8Uy agreeda that 
rucblincuplotaindiatcrprotoaatcdspcCiutobc 
invofvcdintbcr8tciimitingstcpoftberc8ction. 
~~n-~~of~~~~~~7~~ 
once 8gain the stMementu th8t “ucb indiGd& 
baW &fIncs its own acidity fundioa” altbnugb 
tbcae dit?ereot acidity functiom are generally 
linearly rclatcdU owf quite a wide range of Widity. 

The d&rent slopes obervod (cf. Fw 7) for 
DW and cbkvanil oddrtion of DPA exdudc 
DPA as being tbc sp&a proton&& ‘II& tbcn 
kadJ to the logk8l condurion th8t tbc proton8tcd 
quinone (QHT ti u tbe primuy electron aaxp- 
tor in (S). this in spite of the low bWidV3’ of 
ekctronqptivcly u~btituted quinnncs such u 
DDQ and cbloruril. It sbouki be realized bowever 
that tbc linearity of plots like tbmc &own in Fw 7 
is axtain& no rbaolute pmof for tbc intczmediacy 
of 8 protonated specks. Bcause of their doubk 

I 8lope = 1.99 
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Fw. 7. lnicirl rate comtant Ck,,_, for oxidation of DPA by DDQ UKI by chkwanil in vu&u 
CH,ClJlFA mixtures a( 2O’C as a funrrbn 04 H,? 
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I hl kl( = 109 Lob,/2 ) 
(l.mol~‘Ii’) It obs E(Artl/irH*‘) 

(Lmor’i’) (VI 

1 p+tylm* 6900.0 1.06 

2 3.4-knxpyrww 66.6 1.16 

6.01 

4.0* 

2.0. 

0.0. 

10.0 1.20 

0.2 1.30 

-2.0 1 
1.0 1.1 1.2 *1.3 1.4 

_ E( ArH/ArH*‘) V 

f% 8. Drpcndem of brithl oxidation rate by DO0 b TFA/AcOH/C,,H, (3 : 3 : 2 v/v) at ZOT upon 
cht oxidatioa potential for lcvcnl uomadc Itwhlks. 

IogMhmic n8ture such plots tend to be r8thcr the feduction potentbl of A 8nd a (small) mulomb 
insensitive as a dhgno& tool. Thus a cod 
add atalysic in w&i& proton 84 ekdfon tfwsfcf 

rtabihtksn (C) of the fut&ing ion-p8if. 
Furthermore the expressions (IO) 8nd (11) have 

occuf itnuluneo~ 8lso pfopod in the eke been found” to desuibc the kinetics of outcr- 
tfo&emical fcduction of quinotw Inacidmedi8- rpberc one-electron transfer (rate constant kJ over 
cannot be exduded complctety, a w&k nngc of positive 8nd ne@vc AG valuer. 

h@uenccofe~ndonorrrmr~onaxIdodon 
betics. Tbc initial rate of radhl cation form&ion 
by oxidation with DDQ was found to be mcuur- 
rbk for a few otbcf uomrtic mokah than DPA. 

Tbe log k, values (k, -lbJ2 cf. eqn (7) mw- 
h in TFNAcGH/C&, (3 : 3 : 2 v/v) at 2OT for 
pcrykne; 3,4-bcnzpyrenc; DPA sod 9,1Odi-(a- 
Mphthyi)8Mltf8cwM 8fe pbtcd in Fig. 8 rpinrt 
tbc onctkctfon oxicktion potentials of tbcse 
mokcuks mcasured”~ Mdef rrtynfMc cobditiom, 

in rcetonitfiIet relative to the utuntcd crlomel 
ckctrode. 
A linear corrclrtion (8) is found: 

i; B 10”t-*RT (1 . mot-’ . *-‘f (10) 

AG- = A612 + [(AG/2)‘+ (AG’(o))~]‘” (11) 

In (11) AG*(o) representa the free enthalpy of 
activadon for 8 prooerr with AG - 0 e.g. for dcgcn- 
er8tc ekctron ex 

dunge* 
For endothermic electron 

traosfer (i.e. AG > AG (0)) (11) simplii to AG’ = 
AG, from wbicb though rdatiomr (9) and (10) the 
exprchon (12) is derived for the rel8tion between 
the nte of oncekctron transfer from various 
donors @) to a sin* electron aoceptof 8t 2OT: 

Nk,= - 17.39E(ArH/ArH+)+21.74 (8) 

The free enthalpy dmngc (AG) involved ia outer- 
spbcfc oncckctron tfunfef between 8n electron 
donor tnokatk (D) urd electroa aaxptor mokcuk 
(A)inrpolumediumanbeexptu~d”by(9)ia 
terms of tbc oxidation potential of D, 

AG(kcal/mol) - 23.06@JD/D’)- E(A-/A))-C 
(9) 

lon4= - 17.06 E(D/D’)+conHant (12) 

Ibe slope of thie relation corresponds rcmuk- 
l bfy weli with that (8) obemd in Eg. 8. In OUT 
opinion this obetvrtion proves tbrt the oxidation 
mcchaian invdvca UI endotbefmic one ekctfcm 
tr8def fmfn th: 8fomrtic tnokcuk to the @x0- 
nated) quitwe 88 the fate limitia6 step. Thtn com- 
pktc pfoton8tion of tbc 8fO~38tic mokadcs h ex- 
~_~n~.~x oxid+on. This exphim tbc 

w m&at& r8dial cation fof- 
tll;~dtHCfyStfOft68dt!88SOb@CfVCdbyBUdt 

1tlamdtdon,hnaalatbrttbc~pto- 
pod 8bow for oxichthn of aromatic mohulc8 by 
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DPA 
DPA 
DPA 
DPA 
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DPA 
DPA 
DPA 

Psryhw! 
3*4-Bmtrwren 

9*l~a-~p~~~ 
Mtbtmcen 

4.41 3.67 8.9 
8.81 8.33 10.1 

17.62 
26.43 
26.40 

iz.2 
26:4O 

0.22 
2.20 

IOSO.0 

16.67 10.1 
23.33 9.4 

2.33 9.4 
5.33 10.7 

11.60 10.4 
24.w 10.8 
10.00 6900.0 
23.10 68.5 

3.42 0.2 
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-hbk2.hithlntcdDPAoxidatioabyDWand&onttUin 
TFA/CH& miltme@ at 2tx (cf. Pi& 7). 

1.16 1.13 
1.16 1.13 
1.16 1.13 

X:Z ::ii 

28.0 

ii*! 
22:r 

12.2 1.17 x lo-’ 
12.2 8.78 x lo-’ 
11.6 25.82~ lo-’ 
9.8 173.0x lo-’ 
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thiar8npwhmK’afbfwdywa8foundtok~ 
rllkllaBovmdorpkamvwlkm frcno vol.% to mdu 
ommatndan (cf. Tab& 3). 
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