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A&&u&T?x rppflcatron of the Dewar-Zimmerman ruks to the interaction between radical cations. derived from 
In + 2 systems. shows that a nuckophile orbital intcractmg supfacially cvlth rhc ion should conerpond to an 
a&aromatic transition state and hence to a less favored pathway relative to compctmg ones. e.& ekctron transfer 
An antarafacial interaction would on the otbcr hand conespond to an uomatr trmsitmn stoic and k cncr~traJly 
favor&k. Both types of interaction are generally poss~bk for the same rcagtat. but WCC the ruprafrcial on for 
geometric reasons ensues and thus predominates rn the early stage of the reaction. the I-W result should bc an 
anomalourl~ low reactivity of radral cations VI attack by nuckophik\ 

By caltbrrtma rplnst known, qualitative reactivity data for peryknc radwzl cation II K strongly indicated that 
halide ionr belong to a class of rewnts whKh do not react nuckophtlically wrth radwal cattonr hut instead 
undergo ckctroo transfer oxidation or do not react at all Thts type of reaction ir discussed in \omc dctad. 
and several mcckanismr involving tad&J cation/halide ion combination as a critical ~rcp can either be rukd WI or 
considered open for rcinvestlgptioo. 

Tbc same idea CM be applied to rbc reaction bttwtcn radical anions and ckctrophiks. Accordingly. the 
protomtion of radical anions derived from &I+ 2 aromatic systems II remarkably slow. as compared to that of 
analogous carbankns 

Radical ions are important intermediates in many redox 
process4!s.‘~ They ~SKJS a rich and varied chemistry 
due to their ability to react as radicals. ions and/or 
ekctron transfer reagents. and the structural factors 
controlling their reactivity with respect to different 
pathways are largely unknown. Hence the detaikd study 
of these specks represents a major challenge 10 both 
theoretical and experimental chemists and should 
constitute a research area with considerable growth 
potential, well comparable to that of conventional 
carbocation and carbanion chemistry. It is indeed a 
puzzJinf problem to ponder why organic chemists have 
not been more active in exploring the potentialities of 
such a virgin fkld. 

We and others have earlier noted that oromaric radical 
cations’ (anions)‘.’ are not always as reactive toward 
nuckophiks (tkctrophiks) as one would expect from a 
comparison with evenckctron species of like charge. It 
was also pointed out recently”’ that the largcs~ single 
body of consistent experimental work on the reactivity 
of aromatic radical cations in homogeneous solution. that 
of shine and coworkers.” presents a rather perpkxing 
reactivity pattern toward nuckophiks with respect to the 
two main reaction types, electron transfer oxidation of 
the nuckophik (0~ ET reaction. cqn 1) or nuckophilic 
attack upon the radical cation (the N reaction, eqn 2). 

ArH“+Nu--ArH+Nu 

/H ArH” t Nu- -Ar 

‘Nu 

(If 

(2) 

It was suggested and to some extent substantiated that 
the Lkwar-Zimmerman (ILZ) rules” might be applicable 

to these processes, thus providing a simple tool for at 
kast qualitative predictions about the reactivity of 
aromatic radical cations toward nuckophiks with 
respect to competition between the ET and N reaction. 

This paper is an elaboration and discussion of this 
idea. modified in the light of subsequent critical com- 
ments.“.” Whik the preliminary account‘ rather cate- 
gorically stated that there should be a pron~nc~ qua% 
tative difference between halide ions and other types of 
nuckophiles-the reaction between halide ions and 
radical cations derived from 4n + 2 aromatic systems 
should be “forbidden”-it is now realized that a sharp 
qualitative distinction in terms of “forbidden” and “al- 
lowed” reactions cannot be made. On the other hand. the 
mere assumption that the halide ions do not interact 
nucleophilicaliy with 4n + 1 radical cations brings up a 
host of interesting mechanistic probkms that otherwise 
mi&t not have surfaced. We think that a critical 
examination of these probkms is important and hope 
that the discussion to follow will sttmulate further 
experimental work in this area. 

Application of rhe D-Z rules. To start with a familiar 
example. let us look at rhc reaction between a carbine 
and a C-C doubk bond.” Here it is assumed that the 
carbcnc approaches the I system with its empty p 
orbital interacting suprafacially with the two 0 lobes. 
producing a two-electron Hlckel transition state which is 
aroma& and corresponds to an allowed reaction (Fig. 
la). At ~hc samt time the filled carbcne sp’ orbital 
interacts antamfacially with tJtc u system, corresponding 
to a fou.r+kctron M6bius system which again is aroma. 
tic. Thus both carknc orbit& can interact favorably 
with the 9 orbitals of the double bond. On the other 
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Fig. 1. Interaction bctwcen an r~hylene r orbital attd a carbcae 
approaching with (al the empty p orbital or (b) the filled rp’ 

orbita&. 

hand. if the approach of the carbene occurs with &t 
filled sp2 orbital pointing toward tht P system (Fig. lb) 
the corresponding fransilion stalts will k of the 4t 
Hilckel and 2t Miibius lypt. respectively. both anti- 
aromatic and knee representing tnergttically kss 
favorable pathways. In this cast a ckarcut distinction 
klwten tk two possible pathways of Fm l(a) and I(b) 
can be made. 

in extending this type of trealmtnl lo Ik inttraclion 
ktwten an aromatic radical cation and nuckophiks, we 
assume ihat the approach lo the transition state for the 
ET and N proctsscs. rtspcctivtly (qnr I and 2). in- 
volves attack by the nuckophik ptrpendicular 10 tht u 
sysltm at Iht midpoint txlwten two centers. We also 
assumt that nuckophilic attack occurs via a ~nsition 
state in which there must k a strong interaction between 
tk rtaclants (sinct a ntw bond is formed). On tht other 
hand. the ~si?~n state of the competing ET reaction 
nted not rtquire any such inttraction if tk reaction is 
non-adiabatic.” nKn ckctron tunneling can lake place 
with tss&ally no orhid coupling klwttn tk rtac- 
Ian&. Thus. if unfavorabk inreractions between the 
orbitals involved ensue in tht curly sragcs of tk 
nuckophik approach 10 tht radical cation, tk ET reac- 
tion will k favored. 

To illustrate tk rtasoning. ItI us consider (he benzene 
radical cation (1). a simple case of a radical cation 
derived from a 4n + 2 system. The transition slate of rk 
rtaction between this species and a nuclcophile inrerac- 
ting suprafacially or anrarafacially with one of its p 
orbitals is shown in Figs. 2(a) and 2(b). respcctivtly. For 
an odd-tltc@on species tk B2 treatment first stipula@s 
the addition of an tltctron to compkte ?k half vacant 
orbital.” Then tk transition stilt of Fig. 2(a) cor- 
rtsponds to a Hacktl system containing 8 electrons, 
whcrtas that of Fig. 2(b) depicrs a Mbius system 
containing 8 electrons. Thtst transition ttalts are anti- 
aromatic and aromatic. respectively, and hence one 
would predict that the former cast would not lead lo any 
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Fii. 2. Orbital reprrscntation of the transition stmte bctwtcn 
benzene radical cation and a nuckophik p orbital interactirtg (a) 

~uprafacially and (b) antaraiacialiy. 

reaction. With the N process “forbidden”. ET woukl 
sttm to be the only feasible reaction to takt place in the 
system. 

Tht transition states depicted in Fig. 2 do howtver not 
represent real systems. If tk nuckophilt for example is 
a halide ion, say F-, the pttlintnt basis orbitals are three 
p orbitals and one s orbital, all filkd.“~” As the F- 
orbitis interact with (knzent)’ , as shown in Fig. 3. we 
find IWO unfavorablt suprafacial interactions (the p, 
orbiti and tk s orbital) and ont favorable antarafacial 
one (the pl orbital). The pr orbital is placed orthogonal 
to tk P sysltm and hence dots not overlap with ir. This 
situation is then not as clearcut as in the carknt cast 
initially discusstd. Following our preliminary com- 
munication Rozhkov et of.” evaluated tk overlap in- 
tegrals (S, and S,. respectivtlyt for Ihe p. and p. orbital 
interacGons with tk carbon p orbiuls as a function of 
rk halide ion/C atom distanct (I~.,& For 
fluoride ion and with t~‘_~ equal to 2.00 A S, turned out 
to k more than twice S. (0.118 and 0.053) whtrtas a( 
shontr rc.x Il.49 A) tky were of comparabk magnitude. 
yet with S, tk grtater ont (0.232 and 0.169). Thus. in Ihe 
early stages of tk approach of F 10 (htnztrtt)” the 
unfavorable p, orb&l interaction predominates and 
henct one would predict a low reactivity of F in this 
particular reaction. It should k kept in mind that tk 
unfavorable s orbital inferacGon was no? included in the 
calculation; of course this would k noticeable at short 
distances only whereas our main attention is lo Ihe 
situation prevailing in tht initial stage of the process. 

Thus WC preliminarily conclude that tk N reaction 
ktween radical cations derived from 4n + 2 sysrems and 
certain nuckophiles might k anomalously slow and that 
in such cases the ET reaction should predominate lgiven 
that tht nuckophik is not too difficult to oxidize in 
which case no reaction al all would take place). The 
controlling factor would k tntrgttically unfavorabk. 
suprafacial orbital inttractions txptritnced by tk system 
in tht initial stages of the reaction (i.e. at large rc.& 
Before wt embark on any further discussion of in- 
dividual reactions. we must however find a way of dis- 
criminating between nuckophilcs in the two categories. 
This can k done by calibration against known facts 
about radical cation reactivity in homogeneous solution.. 

The reactions undtrgonc by tk radical cations of 
ptrykne. thianthrtm, pknoth~int, and dikn~ioxin 
with a stries of nuckophiles”’ are summarized in Table 
1. Star&g from lptryknt)” which is tquivaknt lo I 
(following Dewar’s procedurt. ont electron is addtd to 
(peryknel” and !he two uniquely singlt bonds art dis- 
solved lo give IWO naphthalene entities, one of which is 
considered for interaction with rhc nuckophik) we find 
that the ha& ions either do not react (F) or undergo 

Fig. 3. Possibk orbttal interaction5 between a halide ion and 
benzene radical cation @, orbital not shown). 
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Tab& I. Reactivity pawns of r&A cahas or. urbophircl in bomapnawu solution” 
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b fluotfde ion uts 8s 4 base touard fphenoth~azh)+', ultlwtely gfvin9 

3~10'-bfPfWOthfeZfne+ The mm rtbction actun with ubter and pertly 
wfth pyridfne. 

ET. wbuus Ike rcaroinillg tuackrrpkiks undergo Ike N 
rwtioa. if we usume tkat tkt k&de ion reactions of 
(pcry&ac)” indeed conespond to the situation depicted 
inF~~a~mdtberr~o~totb:situuioniaF~. 
Ubt, we bavt obtaimtd tbt dtsirtd discriminatory tool 
~~~O~~~f~~~~~~~~ 
cyclic radical cptions iisti in Table I. WIten one ek- 
tronisaddcd,tkisocoajuaDtesp&softheseionsis 
anthraceme dianioa, a C system. Heje t&e middk rip;~ is 
a 4a species, for which the situation in Fw 2(a) does not 
sulk any restriction. Tbus a radical cation derived from 
such a systtm sb~&d tmkqp nu&aph&c astack by any 
~Of~~~*~~~~*~~~ 
iodkated by the reactivity of, e.g. tphotbhdae)” 
toward bromide aud chloride ion. WC aho note that ET, 
for which W nWictions aft pwdictcd, my bt lbc 
pralominrat reaction mode for nuckophiks of low oxi- 
dation poterttial (i.e. iodide and cyaaide ion). 

Apart from the exgmimenlally consistent set of reac- 
tioos af T&k t, a hrgc number of ru!ic& Utiott- 
tuhcko* eombiuatjon reacths have been post&ted 
in tbe lkrature.’ Many of tbesc relate to anodk ax& 
tion processes iwdving somatic or bcterocyclic 
compounds.‘C’B wberea.5 others involvt conveational 
one-ebctren oxidants of different typcs.“m In these 
cases we are deai& with ekctrocbetnicPf or b 
geneous varieties of tbc socplkd ECE ttteebonism (E - 
&c&on transfer step. C = chemical step), sbown in cqns 
0-S). We now proceed to examine some representative 
cases of such reactions in order to see if application of 
tbe ideu above might lead to any Ynchnistie revisions 
OT better understandir& of tbc more i%pivoul sacs. 
Natudfy, thou bdogelrrtion metions w&ch ate 
asstmed to take plaa vk radM c&W ion 

cotnm will be ia t&u focut of intcmt. AC_ to 
the reason&j above, many of them mi&t actually pro- 
ceed via couveotioaal baiogeaatkm mcdtaisms or other 
mectmaislns Ilot requiring tbe c step of eqa (1). 

C: h--H+ + Nu-- M /H 

‘Nu 
(4 

RuutifiaN. Aromrtic compounds call be nuorinrted 
dirtctly by ia) xeactn di#tmi&,” W hi& vaJency t.rm 
&on ttteul duoridtr= (HVMFs. e-g CoF,) or fcf via 
anodic oxidath~Lu Recent& a common mec~ 
was invoked for these reactions, in that Burdoa CI ai.= 
s~~~~~~v~~i~~ox~~n~ 
the substrate (eqa 6) to give a radical cation which is 
trapped in P seand step by an F atom donor teqn 61. T& 

latter csn be a species like XtFor Co& in reactions Ir) and 
0% respectively, and itigh-v&ncy ok&et fluoride formed 
at the Ni anode in the tkctrocbtmicrl prm (c), taking 
place in E&id hydrogen &m&k ekctroiytes. This trapping 
reaction would not be subject to restrictions imposed by 
the D-Z treatment ad hence is P feasibk elementary step. 
A later. very tboughdul and det&d study” of the 
consequences of the radical cxltion fltiMtion tbbory 
provided dditioad arguments that the sequtoce in cqtt (6) 
is L teamwbk eK%w tvcr) thwgh tbt &qdiiity 
inbtmtt in e-q! (6) is deaptivt. The ctuci8l tnppitJ# step, 
which iietmmcs the product distribution. is not simply 
dcpcndentupotttbc8pindcinityofthcra&aicationktt 
instead nppam to be governed by whknd inky 
stability. Hence such a step is best fmltktcd u a ligand 
tmttsfcz oli&rtiw utp witb the trmition state cto3&y 
ttKrnMial the wbehnd ia-e. 
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T&k 2. homer distribution of XCFI”’ mod rnodic ~~t~n.lr =c~mpa& to an&c rcetoxylatin~ 
Hiuororccfoxylrfin~ of uomrfic c~mp~undc 

). _ :be test (Ive entries rCfC.Y tCi trirlUOrOeCetQMyl4rtOn. b XQt~~lited after correction far 

the percentage of w gJtSbrlJt~0~. C ~Ylm~lire4 ef:er correction for fne Qercentar;e uf 

It is, however, the proposed ECE mechanism of a 
fourth type of fluorination reaction, anodic oxidation of 
WOldC compounds at platinum ’ 
acetonitrik/&NHP1 “J or Mc.NH~F,,~ that directf; 
conBicts with predictions based on the D-Z ruks. Here 
the ECE mechanism (cqns 3-f. Nu = F-1 contains a 
step that is forbidden for radical cations derived from 
4n + 2 aromatic systems, and yet a fair number of such 
Buorinations. seemin& displaying the characteristics of 
anodlc radrcal catton mediated processes. have been 
repor%cd,“-- For the two bomogencous cases given in 
Tabk i it is seen thxt fpcryknc)” indeed does not react 
with iluoridc ion in agreement with predictions, whereas 
(pbcnothiazinc)“‘, for which nuckoph~i~ auack by 
ftuoridc ion is feasibk. actually loses a proton with 
eventual format& of a dchydrodimcr, 3,IIY-biphcnothi* 
azinc. This is not surprising in view of the acidic ftatUn 
of @btnothiaSne)” and the strongly basic propcrtks of 
&&de ion in acctonitrik. 

tl$omcr dbtributioos for an&c rcyloxyhfion hPvt been 
Q&aid at bw coavmion in order to avoid further oxidrfion of 
the monosutnfifufkn products with concamifanf uncenrinfy in 

Ihe aomer dbtributiotts. aa Experiments to dcfcnninc more ac- 
cute isomer diMbutions for the static diuotioation rcactioo. 
rttetripted in &is hborato?y durim aa extended perk4 of time, 
have c~~~tty f&d:* 1)o fltidn whatsoever hu ken 
otMr-4 for 1 Ruinher of sobsurittr. Tk ame vu reported for 
1hr attempted napiffh~knc luofinafion in xccfonifrik 

/McSJH~F,.* 
t‘T%e nature of fir 1111 employed in f&e flucutnafian~. 

Et,NH,F, or Mt,NHtF,, is o nutfer of considcnbk uncertainty. 
u con be seen from fbe mctbads d preparation. l%c fctncft~yl- 
ammonium salt is prepucd by pumping on x dufion Ol 
fC~f~Y~~ Chhnidt in ti HF. f&lowed by hufiq 
fbc trk 81 WY for &br.‘* on ttK o&es hand, IJBC 1e1ramefbyl. 
ammonium sdt is impprtd by cueftiy convolkd pumping on a 
sot&a of ~~y~~~u~ chbde in liquid HF. a 
procwr tbt cm~~t be a&wed to proceed tao long without risk 
d IWS~ HF to pivr rbt tkripcly insohtbkf bydrogcn difhtkk 
s&.‘~ We can con&m that the ~~y~m~iurn system 
be&es in the rrmr way of fbe f~r~f~y~~~urn system: 
Jfer @~apd pumping the s&f rdyze, for E&NF. t.t RF.” 

Table 2 cornparts isomer distributions of the anodic 
fluorination process with tbosc of another anodic subs& 
tution reaction, ac~loxylation, known to proceed via the 
ECE mechanism. s For comparison, availabk d&ta for 
fluorination by XeF2 are also inch&l. The data for Ibe 
anodic &orination process, based on large& synthetic 
experiments. are probabty not entirely comparabk with 
those for the acyloxybtion reaction, but are the only 
ones avaiM4c.t Excluding the case of bromobenzene, 
where the result is fur&r complicated by the fact that 
1.~~0~~~~~~ is partly converted to 1,C 
difluorobntene under the conditions employed, 
~~#~n appeass to be more Otkctive than acetoxyi- 
ation, as would indeed be txpected if a radiial cation is 
trapped by thtoridt ion, a weaker and hence more s&c- 
tive nuckophik than acetate ion. 

And yet we wish to propose that trapping of a &I+ 1 
radical cation by fluoride ion is an cncrgctically UP 
favorsMe process in order to have a consisteat view of 
all types of oxidative aromatic halogenations. The anodic 
fluorination reaction would then have to proceed via a 
diScrent reaction sequence. We have cartkrgJ’ argued in 
favor of an EEC mechanism. invdving trapping of a 
dication by F (eqn 7), but in view of the fact that most 
preparative ekctrolyscs have been carried out at potm- 
tials close to that required for radical cation fo~atio~ 
#Tabk 31, this route seems kss tikety. 

ArH 2 ArH” 2 ArH” 
F * lH 

- Ar 

‘F 

(7) 

Looking for other possibk mechanisms we can also 
dismiss the one invdving fh~&netbn vip ektrocire- 
midy generated duorim species. Tbc ekcnocbemical 
eharactcristics of tk anodic thmrination process in 
acetonit~te~~t.~H,F‘ or Mc~NHIF,S show that the 
so!vent-supporting ekctrolyte i!+ very d&cult to OXidW; 
Only at potenti& above co 2.8 V vs see does oxidation 
take plac~.~ Hence ~u~~t~n via rnodicnify pncrottd 
nuorinc atoms or clcmental luoriffC Gaff be CXClffded iff 
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T&k 3. MC& parrnfiafr empbycd in fhe preparative rndc 

lhrtinrfion d aramr~ic componnds in aceloniuik/fhidc in 
nkfion to E$,na 

ecnrcnc 2.4 2.34 
TOliMW 2.4 2.26 

Irqiropylbentene 2.1 2.18 

+Jty1bcnzmr 2,O 2.l? 

Wsolt 3.6 3.70 

~tUWOlWf2ZtfX 2.4 z.vJ 

Chloivbmrme 2.4 2.3V 

Bra!abenlcnC 2.4 2*28 

WIphVrrlcnr 1.B 1.64 

&thy1 b?nrCIat 2.7 

k*tOphtWl~ 2.7 2.d 

&nzoni trl tt 3‘0 2.9& 

Bcnrotr~fluoridc 3.2 2.d 

rfi trobenzcne 3.5 3.d 

4-~-&tylWlutnc 2.0 2.02 

4-Ftuorololucne 2.3 2.1 

4-F~uQ~i~8ny~ 8.8 1.95 

I-Fluorolntrotr 3.7 1.7V 

Q-Phcnylrnthrrcmr 1.3s 1.28 

9,?~-~~ny~~ntbr4~~e 1 A5 1.27 

those WCS which have been performed at considerably 
lower potentials. Only for deactivated benzene dtriva- 
rives (see Tabk 3) do preparadve anode potentials fall 
above 2.7 V vs see. The sclecfivify far monoiYuorinafion 
speaks however strongly against the involvement of 
lluorim atoms or elemental fluorine. 

A mechanism cquivaknt to that depicted by the 
sequence in eqn (6) is also possibk for the anodic 
fluorination carried out at Pt ekctrodes. It has been 
shown” that in liquid HFIF’ ckctrolyfes platinum 
becomes covered by a layer of platinum ddluo4de al- 
ready at around I.0 V vs the hydrogen ekctrodc which at 
hi&r potentials ko 2Vf is transformed to platinum 
tctrafhtoridc. This iayer is probably several hundred 
angstroms thick. In acetonitrik clonic anions of the 
ilype H,F;. I conditions exist for the formation of such a 
layer, which can act as an F atom donor to a radical 
cation lanalogously to eqn 6). This trapping reaction 
would serve to bring in ali types of oxidative fluorina- 
(ions under a common mechanism, JO the f~asib~ity of 
this pathway should be explored. 

A fourth mechanism for an&k fluorination is 
equivalent to that proposed for the arylation of radical 

fTbc fontarion of this cwpwad is cat&&y msonabk on the 

basis of an aftact of Cl upon s&fur in Ibc r&cd c~ion, !k 
mi&k riq bting fk In-l pur of the ion urd rhur fbe s&w 
*LWI tht k+cJ point d attack. TfK rcsutt~ did ftauki tbea 
undergo l onc-tkcfron ox&ion by a sccoad (fhia~~thrcact” 

vhrrcafrer wafer. the prcscnce of which was not ruled auf under 
the experimcnfd conditions ~rnptoycd.‘~ compktcs fbe scqucncc 

by attr&g the posifive sulfur aiom (-$-Cl 2 -&I s 
II -H‘ HO 

IS(OH?KI - -SQHlCI - +@. 

cations in bomopcuus soiufion.Y Kinetic evidcncc 
here favors a mechanism in which initially a compkx 
between the radical cation and the nuckophile is formed 
kqn (8). Nu- = M-H). followed by one-ekctron oxida- 
tion of the cmpiex by a second radical cation (tqn (9). 

Ar-H”‘+ Nu --^(ArH“....Nu ) (8) 

ii 
L&-H” . . ..Nu )+ArH”-..‘A;’ 

‘NU 

+Ar--H (9) 

Nu = M-W. At the clectdr, this mechanism would 
translate info a sequence involving formation of an ad- 
sorbed radical cation which has 10 form an ekctrodc 
complex with the nuckophik before the second electron 
transfer can occur (cqn IO. Nu s F’ ). Conceptually, this 
mechanism is identical to the nu~leophik assisted 
(“concerted”) two-ckctron transfer proposed earlier for 
anodir acetoxyiafion and cyanafion.“.n.*’ 

4 

* I.... A&.: . .._... Nu’ &> $,‘r/ 
H 

(101 
+ 'Nti 

C~~o~nutjon. The perykne radical cation is reduced to 
the parent compound by chloride ion with formation of 
chlorine (Table I), in agreement with the predictions 
based on the D-4 rules. Likewise obeying these ruks, 
the 4n-I specks, fhianthrenc and phenofhiazinc radical 
cation, enter inta nuckophific reaction with chloride ion 
with formation of thianthrenc oxidet and 3thloro- 
phenothine, nspcctively. fn the thianthrcnc case, 
electron transfer also occurs as a side-reaction (cu 
10%). Kinetic studies are however necessary to establish 
the direct nucleo~~k infe~t~n in the last-unfed 
case. before the mechanism can he cstablishcd with 
&ainty. 

The ch~~f~sf~r lCTf complexes befween tctra- 
~hloro-o~~~ui~~ [Qj and polysyctic aromatic 
hydrocarbons (PAH) have been showny to react with 
hydrogen chloride to give rnon~~ro derivatives of the 
PAH. II was suggested that protanation of one of the 
quinonc carbonyls would result in oneelectron transfer 
within the CT compkx, followed by reaction between 
the radical cation and chloride ion ieqn t f, X = Cl). 

ArH+Qe(ArH.....Q-ArH:Q:) 

n H’ 
U 

(11) 

A# 
/H x- 

‘X 
- ArH’(1H. 

Since the latter reaction is a “forbidden” process, WE 
have sought an alternative me&Mm based upon the 
strongly oxidizing nature of fefrachloro-o-bcnzoquinonc 
(F in efhandic hydrogen chloride being 0.88 VI toward 
chloride ion. The Cl ICIZ redox coupk has an E” of 
13 V in water but this v&e is known to be lower in 
nonaqWous dvtnts.” 

hkcd, treatment of t~~hlor~p~~~~~no~ with 
hydrogen chloride under fbe conditions employed for the 
chlorination of PAH’s, liberates chkrinc” in spite of the 
fact that the oxidizing power of the paru compound is 
iovtr than that of the oftho (F = 0.70 vs 0.88 V). If was 
also shown a long time a@- that tetrachloro-p-bcn- 



zoquinonc is reduced to tbc bydmquinonc by boiliq 
concentrated hydrochloric acid, presumably with forma. 
tion of &brine, since there is not otbm rcductant 
present but chkxidc ion under *se conditions. 3%~ 
orrho q&one wouM certai&y be a snonp;ec oxidant 
toward hydrogen chhxide and thu3 then: is no need to 
invoke the radical cation mechanism of cqn (11). 

A third type of reaction. chlorination of aromatic 
hydrocarbons in aqueous acctonitrik by the 
CI-tSrOl”-ICucl~ system, initially suggcstcd~ to pro- 
ceed via radicaf cation-chkride ion c~~~~n has 
conclusively been sbown to be a convenes chloriaa- 
t&l process.“” C&o&e is formed by ~ox~~~a~ 
oxidation of chloride ion, aud the cupric chloride 
presumably acts as 8 weak catalyst for the chbrination 
Mction. 

Most anodk coin processes appear to be of the 
indirect W&y,‘* e.g. anodically formed chkninc (oi 

s CT123 is tbc attack& specks. A kinetic study of 
the reaction between UPA? and chforidt ion showed it to 
be second order in [DPA”‘) and Rnt order in [Cl-], with 
no Qpcndence upon [DPAf. A mechanism a&ogous to 
that proposed foi the aryiation of radical cations (eqns 
(8) and (9). Nu- = CI-1 fits well with this rate equation 
and was indeed pr~posed.~ 

Brominorion. The reaction between bromide ion and 
peryknc and ~~~~~~ radii cttloa follows the 
pattern piedicfed by the D-Z Nks iTabk it. although 
a&n kinetic studies are required in order to check the 
mechanism proposed for the fatter mu&n. 

On the basis of product studies at different anode 
potentials Millin@or? has pioposcd that the anodic 
~~i~~on of anthracene and naphtbaknt in acetoni- 
~~tet~~y~~rnonium bromide should occur via 
formation of the radical cation w&h would react with 
bromide ion. Additional studks” on the ano& 
bromination of tolucnc and p-xykne in acetic 
~~~~i~rn ~i~~~t~~jurn bromide have, however, 
shown the reaction to be of considerabk compfaxity. 
With a ratio of fsubsoate~l&-I of about 300 fMi&ngton 
used a do af Q.0015) two v~~~~~ waves were 
observed, tbc first one at E,n = 0.7% V corresponding IO 
the usual bromide ion oxidation step and the second one 
at 1. I5 and 1.25 V for p-xykne and toiuenc, respectively. 
Neither of these can be due to the oxidation of the 
substrates alone, known to have E,n vplucs in the region 
of 1.ez.t v. 

Cpe at a potential on the plateau of the fint wave 
csWished that bromine is formed and subsequently 
reacts with the substrate or the solvent, but only when 
the system is iIhuninated. Preparative cpe at a potential 
above that of the second wave gave nuckar and o 
bromination products, moie of the latter being formed 
under illumination than in the dark. It is di&utt to 
suggest a consistent mechanism for an&c aromatic 
bromination at high potenti& but ckarly the process is 
considerably more compkx than the simpk radical 
~t~n-brorn~~ ion combination 
Hiifington.” 

suggested by 

The CT compkxcs between tetrachloro-o-ben- 
~u~~~ and PAHs upon treatment with by~~n 
bramide in benzene sotution give brominatcd derivatives 
of PAH.“ A~~ously to the reaction with hydrogen 

chloride. the para quinone liberates bromine upon 
treatment with hydrogen bromide in b~nz.ene.~ Boilii it 
with co~entmcd ~y&o~~~~ acid has e4ulicr bCCn 

3hown to produce bromine and the corresponding 
hy~~~~~.~ In view of these findings then is no 
need to discws the radii cation mechanism tcqn 111 
until the proper kinetic studies have been made. 

The fcocfion brfwern mien rudic& orrd proa &non 

The interaction between a proton donor and a radical 
anion derived from a pcricyclic In + 2 system involves 

suprafad u3t of the proton fs orbital and kads to a 
situation analbgous tfl that depicted in Fig. 113. ‘Acre- 
fore it is predict& that protonation of a in + 3 radical 
anion should correspond to an unfavorabk pathway and 
either be unexpectedly slow compared to, e.g. protona. 
tion of ordinary lions, or proceed via indiicct 
mechanisms, as for exampk disproportionation and pro- 
to~t~n of the dianim formed. ft iss, however, to be 

not& that aho the corrc3pondiitg dimions are pdicted 

to obey the 3amc iulr aMi hence sbouki undergo proton 
attack at a relatively slow rate. 

Radicat anion chemistry is presently under very active 
study” and many probkms arc not resolved yet. 
Neverthekss, a teasonabiy ckpI picture of the protona- 
tion process has emcigcd in icccnt ytars, and one fairty 
pcneral conclusion is that tbc proto~t~n of anion radi- 
cals is indeed unusuaUy slow. Before we proceed to 
consider the facts. it is of interest to quote the opinion on 
radical anion basieity of some of the most experienced 
investigators in the area. Bank and Bockrath in a study” 
of the piotonation af @apbthaknc): commented that 
“the radical anion is an c~imousiy weak base” and tater 
in a study’ of fanthraccftc~~ stated: “The striki~ 

conclusion of this study i3 the low ob3dute tnqnitudc 

for the rate constant of sodium anthracenide. This 
kinetic basicity is surprisingly low for a conjuple carbon 
base, and has impli~t~ns for both the study of fcboa 
~c~n~~s of radical anions and for synthetic cxploita- 
tion”. At the same time, Smart et a/.’ found that the 
~oto~t~n of tpcrykmf-’ (Pe-‘1 proceeds via a dianion 
mechanism (disproportion&n of two radical anions) 
and raised the same probkm: ‘The question arises why 
the fmai products are not formed directly, e.g. throw 
the scqucncc~ 

PC-‘, Ns” + ROW - P&I. + RO-Na’ 4121 

PeH. + Pe ‘I, Na*- PeH-, Na’ + Pe (13) 
PeH' , Na‘ + ROM- PC& + RO-, Na’. (14 

The protonation of a radical anion. a iektivrfy weak 
base. by a we& acid seems to require a pr~bitiv~ly 
hii activation energy while the ploIo~t~n of a dianiou, 
a powerful base. is relatively facik.” 

The ex~i~en~ background is summ~ in Tabk 
1. Reported second order fate cowants foi tbc proton* 
tion ot a number of radical anions and two dianions in a 
number of solvents are listed, together with tbc enthalpy 
of activatioa, when known. It is immediately ~efn that 
the solven!- and the count&on in a compkx interplay 
with the s&vent-plays an Ernest rok in ~~~jni~ 
the rate of protonat&. In going from THF (Iist of 
ab~~~ns, see Tabk 4 via DME to DMF. the rate of 
proton&on by water decreases more than rn~~~~fo~ 
for (naphthakne)-‘ and (anthraceuc)-‘, as the state of 
aggregation changes from P contact ion pair in THF, via 
a sol~e~~-~~t~ (“tcese’“) ion pair in WE. and the 
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T&k 4. Rate cu~tm~t (4) br proumsioe of radical dam ad one diaion io &i&mot solven~~‘“~~‘@ 

E t‘N* 
N8’ 

2 
Nb+ 

I‘HF 

20.0 

20.0 

20.0 

20.0 

20.0 

25.0 

20+0 

20.0 
zo*o 
25.0 

20.0 

20.0 

25.0 

25.0 

25.0 

25.0 

25.0 

25.0 

25.0 

20.0 

25.0 

25.0 

25.0 

25.0 

10.0 

2s.u 8.4.106 

25.0 1.2.106 

to.0 7.5*10* 

25.0 0.8d 

25.6 0.52'106 

25.0 l.l.105 

6.6%2 

13 

17 

1C 

5.6 

2.O'tO-l 

l9& 

8.ld 

75f 

2.3d 

115 

3.6.td 

1.25 

1.8'10-2 

6.9td 

2.6.10' 

6.5-103 

) o.ot 

to 
ta 
13 

If 

12 

18 

If 

I6 

2,l 

2.6 

6.7 

2.7 

3.1 

5.8 

” flit = tetrshydmfurrn. CM5 . 1,2-dfasthonycthm. W * N M-dtruthylfr)Nll~dt. a htts rrdtotystr _*_ 

txptrfmt, 5 trlculrttd for fH201 s 0.1 w. 

esstntially free ion in DMF b rn~~~ of hi& di&Xric 

constmt ad good sofvatiiq properties), In tbc prcscat 

context we arc piimady intmstcd in the cbcmhl pro- 

p#tks cd tbc free fadid mioas, and conciudc thf 
pfcM&cm rates for a few rcpfcscnuivcs of such spc- 
cks frlf in the regbn IO-‘-10-‘M-‘s-’ in E3MF.t In 
THF~~~yrn, where the counter-bn is tetqlymated, 
rates are approximately la’ times greater, and there are 
yet two powers of ten before the rote of ptotonatien of 
the contact ion pair is epproeched. fn TIiFftetragIym the 
cntbdpy ol activation for the protonation of (napb- 

tbknG)-‘ by water is 17 kal mol-‘. 
The pfotonetion rates in pure akohok, 8s determiaed 

by the poke radblysis method** are hi&X &en expec- 

b?d when smt compares with fhc o&tr s&tnfs* At kast 
in methand md et&and would the rues be expected to 
pertain to the reactivity of free radicpl enbns, and hence 
be relatively slow. Ncverthekss, rate constants in the 
regbn lo”-lo” are reported, and found to correspond to 
very bw cntbolpics of octivatbn. 

En o&r to be abk to compare with proton&oo rates 
of ordinary car&anions, Table 5 lists I number of such 
&?a Rebtively few rate constants have beea determiaed 
for thii type of reaction. but the rtsults in T&k 5 
nevertbekss Bow that similar niatbnships aa for radical 
~~*e~~~~~~r~~~s 
uwtthedepmideaceupdnptotoodonorr~ysbowsthe 
SameoKkr. 



2. ErlJw d ef. 

Tabk 5. Rata colulaals (y for’pfolaartion or c?afrmh iit di&fc~ SoiV~tp-” 

Prvton donor 

PhD12- (fma) 

PhC$Ra+ k 

wm*' (fin) 

PimZW L? 

Pm$- (free) 

Phcn,wa 

Pmp- (fin) 

PhC$l‘ 2 

lrlphcnylnrthrnldc, K* !! 

TriphPnylaWAm~dc, K*/dl- 

~yclobcxyI-l&3-cm-6 

Triphcnylmethrnlde (free) 

Triph~~~~t~~~~d~ 

PhH/pual (1:l) 

i&tar 

uater 
&cm 

ho44 

Em 

Etou 

t_*uou 
pDH 

24 

24 

2d 

24 

2d 

24 

24 

24 

30 

106 

6*104 
108 g 

of critical importance. lhis comparison shows that 
cahaion protooation is -5 x lo* (ion pair) and -2 x lo” 
(free ion in THF vs ion in THF/tetragiym~ faster than 
that of the anion radical. Comparing ~~ny~rne~~ 
ion with fanthra?xlIc)~ give5 corresponding ratios or to; 
Id and Id, respectively. Finally, the rate of protoMtion 
of ~ny~rne~ ion in DMSO can be compared to 
tbas of a ciosety reiated aoion radii, DPA7, using ar8 
ekctrochemicaily determined k, in DMSO with 2,4$- 
trimethytphenol as proton donor.” Assuming that D 
Briinsted nlotion between protonation rpte constant aad 
pK of the proton &nor with tk same o for diiuent 
radical anions is valid, it can be estimated from these 
data that the proto~n rate constant for DPA: by 
ethanol in DHSO is 241Q*“M-'3-'. to be c0mparCd to 
that of tripknyimethanide ion by 2-propanal, 6x 
10’M*‘s-‘. The ratio is here 310’. 

Cotxtuding, the protonation of radical anions is lo’- 
to’ times slower than that of carbaniins of simifpr strut- 
ture. Looking at one of the dianions in Table 4. Fe’-, we 
find that the protonation rate, aibeit high, sti# is lower 
than that of benryl anion and ~~~y~~ ion, in 
spite of the double negative charge of Pe’-. Thus the 
nmahs made by urtiet investigators and quoted above 
are entheiy borne out by comparison with more CX- 
tended 3dic3 on cahanions. We suootft that this un- 
usually slow proto~~n process is due to rertrictioas 
impo3A by the S-2 rukr upon the rrausitioa state 
between a proton and a 4a +3 radical anho. Radical 
anion3oftheIn+ttypeskwklnotbehveaoomalotiy 
in this respect. and indeed it ha3 been sbowr? that 
(cycfooctatetraene~-‘ is protonated much faster by 2.4.S 
trimetbyfpbeaat in diitbyt stioxide tltarl such typical 
In t 3 systems a3 (fntbncene)‘-‘, @henantbrene)~’ and 
fpyM#- qxofOMt$on rate constant -MM VI 75, -?A-@ 
and MM- s-*1. it was also commented by the autbon 
of this paper that (cyciooctatetracne)-’ wns protomwi at 
0 rate “cons~~tiy higher tlwn would have been antic- 
ipated from ekctron densities". 
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