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~AnvicwoftirrliUrcrftmondncwPrpcrinrcntclldatcrindiootcthatommoticmdior3curians 
tmtaining kavinggmups mact with nucleophika by a bimokcular displacement procur. 

INTRODUCTION 

Sfnce the initial investllbn of Sunnett and Kim’, the reactions of a wide vartety of aromatic substances containing 

leavfng groups with an extensive number of nucbophiles have heen studbd. These studies have heen revi&. The 

currently accepted mechanism for these reactions invohres the steps l-4. The major side reactbn is reduction of the 

ArX+e + Arx?. 1 

Arxl + & + XF 2 

Ar’+ Nu- + AlNU’ 3 

AlNu’+ Arx + ArNu + Arti 4 

starting material to form arene. The formatiin of the arene is usuatly ascribed to the processes 5-7. Tha sources of the 

electron, step 6, can he from dissolving metal, at an electrode, or from radbal anions. In the early investlgatbn ft was 

Arr+SH --f Ad-l + S’ 5 

Ar’ + e + AF 6 

Ar-+ SH + Adi+S- 7 

noted that arene could arise by electron transfer to the radical anion, equatbn 6’. lt was not clear whether a dlanbn was 

an intermediate or whether expulsion occurs durbg the second electron transfer. There is general agreement that the 

A&+e + AT+ r 6 

reductbn is a two electron process. The open question has bsen the tfmtng of the second electron transfer. Does it occur 

prior to the dfssoclatbn or as in step 2. foffowed by 5-7? 

In the folbwbg discussbn ft will he argued that the exfstii data, and new experfmental data, support the altematlve 

mechanism outri in equatbns g-13. Thfs mechanism pmf~oaes that the nucleophlls reacts dlmctly with the radbal anbn, 

Arc derfved from the starting material. The product radii anbn, Arf& transfers an electron to starting material to 
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Arx + e + Are 9 

Arx’+Nu- -b ArNu-+ x- 10 

Arf&+Arx 4 ArNu + Arti 11 

Ar*+: +Ar+X-t Ar$x- 12 

ArX’+ H+-Z- + Art-l +*$-z-+ X- 13 

contbue the chaii. Irene ts postulated to arise by addition of a second electron to the radical anion to gfve a dtanion, ArX=, 

or the carbanbn, AC and X% a conoerted manner, eq.12. The mechanism introduces a second route to arene, namely 

hydrogen transfer to the radical anbn from anbn, H-$-req.13, or from alcohols’. 

The accepted mechanism, hereinafter referred to as the radbal mechanisms, is a chain process as is the presently 

proposed mechanism. Seth mechanttms are chain reacttons and thus both flt the experimental resubs which require a chain 

process 

How do these mechanisms differ and how can they he dlstinguished? The radical mechanism states that Ak 

dissociates into tiand x;step 2. Evidence should then be sought for the existence of such dlssociatbn reactbns as well 

as their rates. step 3, invotves reaction of the Nlrwfth Gto give ArNu?Once again, evidence for such reactbns should 

he provided. lf Ar radbats are formed as intermediates it is very important to note that their origin should not affect the 

product ratbs when they react competitively with a series of nucleophibs. There should kt no leavbg group effect in the 

folbwing competttbn reactions. 

Ar? -r Ar’+ X- 

Are + Ar’ + Y- 

Ar- + Nu,- + Nu,’ + ArNui + ArNuf 

On the other hand, the radiial anion nucleophile mechanism may show such an effect. The relative amounts of the 

two products can he influenced by the leaving groups X-and YY lt is also important to note that the radii anion 

Art + Nu,‘+ Nu, --t ArNu,&+ Arf4uzA + X- 

Arv+ Nu,‘+ Nu, --f AM,‘+ ArNuzL + Y- 

nucleophile mechanism nevertheless need not show a leaving group effect. For example, very fast displacement reactions 

will he expected to show negligiie leaving group effects. Competing nucleophiles of equal nucleophilb power should react 

with different A&reactants with equal relative reactivii. These kinds of statements relate to “The Reactivity-Selectivity 

Princbled which wi# be discussed at the appropriate time. 

The radical mechanism may show products of the reaction of the aryl radii1 with solvent, substrate and other 

reactants such as products and the intemAiite radical anions. In the absence of such products, in particular such products 

derived from the sokent i.e. arene, then it is necessary to postulate that the reaction of the radical with the nucleophile is 

much faster than it is with the solvent. In some cases it has been necessary to postulate that the reactiins of the radial 

with the anion are diffusion controlled. 

Not much is known about the reactivii of radical anions, Arti which contain leaving groups. In some instances, 

to be discussed later, it appears that they can abstract hydrogen8 from certain afkoxides and enotate ions. In a general way 

it is known that they are much less reactive than aryl radicals. For example. the radical anion from naphthalene is quite 

stable whereas the a-naphthyl radial is very reactive. 

In the case of the radical mechanism, the reactivity of the aryl radii should not be affected very much by a change 
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in structure. Thb is due to the fact that the unpaired eiectron is in an $ orbital which is orthogonal to the z system and 

thus substituent effects can only he transmitted to the orbital by inductiin7. 

In the case of the radical anion nucbophfte reaction the structure of the anion radbai, ArX< may weii influence the 

~eatwhichRk,fonnedandtheratsatwhichtreactswiththenucleophilesandthuschangesbnaetMlywWsubstHuent 

changes may become important. Just how changes in the anbn radical, ArXf will affect the rate of pm&clbn of radiiis 

by the radkai mechanism is not bnmedbteiy obvious. 

Similarproblemsarisewhenthe~redthecou~rkn~ated~hNrrisconddered~~totherate 

of the reactbn of Nu*wfih ArXTn the anbn radical nucieophfie reactbn or converseiy wtth din ths rediea mechanism. 

Counterton effects are expected in the anbn radical nucieophiie reaction. A more boseiy assooiated N$shouid react more 

raptdiy. On the other hand ii the aromatic radbai reacts wtih the nucieophfie under diffusion control then one wouid not 

expect a oounterion effect on the rate of reactton. 

SOME CHEMISTRY OF AROMATIC RADICAL ANIONS CONTAiNlNG LEAVING GROUPS 

Stabie aromatic radical anions comafntng suttabie leaving groups should react with ntx&@&s Ytheradbaianbn 

nudeophiie mechanism is correct. Such ions should show no reaction if dbsocbhi to an atyi radbai b required. 

One of the major proMems assocbted wfth obtaining an undemtandbg of the mecfIanfsm of these substiibn 

reactbns is the fact that they are chain mactbns and thus many of the conventbna imeansofstudybgtheMotbnscannot 

he applied. in fact, the various methods of iniiating the chains, such as by dfssoiving metal, phobohembaiiy and 

eiectrochembatiy, often lead to dinerent ratios of products or in some bstances no reaction at aii is ohserved under some 

initiating condftions. . 
What evidence is there for dissocbtiin of aromatic radical anions, ArX3 The various X groups which have been 

shown to be leaving groups in the substttn process inciude F, Cl, Br, 1. C&i, OP(OR), OP(OA&, C&i& (I&H&S, 

C,H,Se-; N(CH,), and &. Most of the studies have focused on habgens as the ieavtng groups. Pulse radioiysis and 

ebctrochembal techniques have been used to generate halide ion presumably vfa radbai anbn formatbn. The resuits 

obtatned from these studies are often very different. Thb may he due to the very different conditbns that are used. A further 

complication arises in the electrochemical experiments in that two electrons are transferred. Two mechanisms for the two 

electron reductions have been postulated. The first, 14, suggests that the substrate, ArX, accepts an eiectmn to gtve the 

e e 

ArX w Arti - Ar’+X-+ Ar- 14 

radical anion which then dissociates to the radical. The radical etther reacts with a nudeophile, soivent or adds another 

electron to give Afwhich then reacts with sofvent to give ArH. This is a two eiectmn process and when water b present 

the reductions are quantitative’. Thii pathway places signifiint limitations on the varbus rate constants. il has also been 

suggested that ATcan arise by reaction 15. This is a termination react&r. it is aiso interesting to note that oniy electron 

ti + A&r ArNu- + AT+ ArX or ArNu 15 

transfer is aibwed even though it is well known that radicals and radii anions couple. No coupiing produob between Ar 

and AM or ArNu’ have ever been observed. When aikyi halides are aibwsd to reacf with sodium napMhenfde coupling 

products are formed in stgntfiint quantttM. 

Another mechanism for the two electron process involves eiectron transfer to ArX, eq.16 to give the radicai anbn 

Arfwhich then accepts another eiectron to give the dianbn ArX-. This dbnbn then dbsocbtes to Aiand <. There 
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8 
ArX+e * Arti* Arx- + Ar+r 16 

iss~ev#enc#that~btheconeclmechPniemkrtheeledrochemicalredudbnofhobnitrPbenzenesinliquid 

ammonia. Teherani and Bdo have prepared the radical anbns from o, m, p-chbmnitmhenzenes, m-h~~monttroher~ene 

and o, m, ~iodonitrokmmrr ln lk+M ammonia. The radbal anbns did not dbsocbte under these condkbns hut rather 

accepted another electron to gfve the dbnbns whbh dfd dissociate. The dianbn from mchbronbohenzene did not 

dbsocfate. Sav6anl and Thbhauft” have studied the ebctmchembal reductbn of habhe~~ophenonee b liquid ammonia. 

They found that the dlanbn of m-guomhenzophenone did not dbsociate. The dlanbns of p-chbro, m-hromo and p-hmmo- 

heruophenones dkf. The reductbn of m-chbmkuophenone gave different products depending on the conditions. There 

wasnodbsoc&bnoftheradbafanbn. 

Recently Sfmonet, Chaquii el Nadre and Ma&‘* have studied the electrochemical mcbotbn of hromohenzene 

and 2chbmpyridine in henzonfttUe. Under these condlbns redudbn of henzonitrile occurs to gfve Is radical 

C&t&N + e * c&l&~ 17 

C&f&~+ ArX * C&l&N + A& 18 

Arti ti Ai + X- 19 

Ar’+ c&l&f6 + Ar- + f&H&N 20 

Arti + C&k 9 AT+ C&l&N + X- 21 

Af + c~H*-cH&(cHJ, + c,n,-C$-(CHJ), 22 

1 2. 

anion, eq.17, whiih transfers an electron to the substrate, ArX, eq.18. lt was suggested that A&dissociates to Ar’and x: 

When the reductbns were conducled in the presence of t&aylphenylnltrone, 1, the product in solution was 2. This is the 

product of the addftbn of an aryl anion to 1. The product of aryl radbal additbn was not detected. The proposed 

mechanism requires that step 20 he faster than trapping by 1 and further that the aryl radical does not react with the 

henzonitrlle. Furthermore step 20 represents comblnatbn of two species whose concentratbns are quite low. These are 

rather remarkable requirements. lf the ArXkcepts another electron, 21, to give the anions ATand Kit can then he trapped 

by 1. This mechanism does not require any special features. Clearly all of the electrochemical data require a two electron 

reduction via the radical anion. These data also support a second electron addition to give a dlanbn which in some cases 

can he ohserved. In other cases a must dissociate rapidly to an aryl anion. Alternatfvely the second electron transfer can 

occur wtth concerted bss of the leaving group. There is no direct evidence that arene radical anbns that have been 

generated electrochembally dissociate into alyl radicals. 

Redbal anions have also been generated by addiibn of electrons primarily through pulse radblysts”. The results 

often diier widely from those obtained by electmchembal generation. Donman” has commented on the difference 

between aromatic radbal bns generated by pulse radiolysis and those produced by reductbn with sodium in THF. There 

are wide differences in various reports on the courses of these reactbns and attempts to compare results from 

electrochemical experiments as mentioned earlier are Often not meaningful. 

Sehar and Neta” formed the radical anions from 4-chb1o. 3_bromo, 4-bdo and P-bdonitrobanxenes. They 

decayed by second order pmcess. They” also prepared the Cbromohromohenzophenone radbal anbn which decayed 
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with a rate constant k < 7s”. 7‘his result Ls to be contrasted to the repoa ot Sabant and Thbbau~” who generated the 

radical anion from p-bromobenzophenone eleclrochemically and reported decay rates of 8 x lti f 2 x 10%’ in DMF, 2400 

f 700 in acetonitrile and 590 f 35 in ammonia. An explanation for this apparently wide diirence in behavior is that the 

4-bromobenzophenone radical anbn is quite stable but it does add a second electron under ele&ochemical WndiiinS and 

the dianbn then dissociates to the anion and bromide ion. 

The pulse radiilyses 01 4-fluorobenzoniirile, fluorobenzene, 4-fluomanisole, 4-fluOmnitrObenZene and 2.4- 

dinitrofluorobenzene in waler have been investigated“. The only radical anion observed was that from 4-fluorobenzonitrile. 

This radical anion had a lifetime ol 1.1 ? 0.3~ at 19pC. In alkaline solutions decay appears as a loss of fluoride bn whereas 

in acid solution protonation omrs at a diffusion controlled rate. These results are to be contrasted to those of Rieger et 

al.” and Houser et al”. They prepared the radical anion electrochemically from 4-fluorobenzonitrile and showed that il 

dimerized and expelled fluoride to give 4.4’dicyanobiphenyl. Very clearly the radical anion prepared under these conditions 

is different from the one prepared by pulse radiilysis. 

In a similar vein San Roman et al.” treated fluorobenzene with solvated electrons generated by photoionization 

of sodium methylate. The radical anion generated under these condiiins did not dissociate. ll was in equilibrium with the 

solvated electron and it reacted with the methanol. This is to be contrasted to the report17 that the radical anion from 

fluorobenzene could not be observed. 

The above discussion serves to illustrate that the chemistry of radical anions is extremely complex and it is generally 

not prudent to consider results from a particular system as being generally applicable. The results certainly show that 

aromatic radical anions can accept a second electron to give a dianion which can then dissociate to the aryl anion and the 

leaving group. Having established this mechanism it is diiiarll to rationalize dissociation rate constants that have been 

repotte& for radical anions of k=lO’k’. All of these rate measurements depend on certain assumptions as to the 

mechanism of the dissociation process, i.e. it is assumed that ii is the radial anion that is dissociating. 

REACTIONS OF RADICAL ANIONS WITH HYDROGEN SOURCES 

Arai and Dorfman’ have shown that aromatic radical anions are reduced by alcohols. The radical anion from 

iluorobenzene reacts with methanol”. H has also been shown that p-bromophenol is reduced in the presence of hydrated 

electrons and isopropanop. This observation was taken as evidence for dissociation of the p-bromophenol radial anion 

lo bromide ion and the p-hydroxyphenyl radical. Alternatively hydrogen transfer can occur from the alpha carbon of the 

alcohol to the radical anion to give the anion which then expels bromide ion. Similar reductions have been obsetved In 

other systems’62’. The reaction of the radical anion from fluorobenzene has been already noted’*. 
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The reactbn of the radbal anbn with certain hydrogen sources such as alkoxide bn expiains some earty 

observation of Rossi and BunnetP. They found that when isopropoxide bn and acetone enoiate bn were aiktwed to react 

with habbenzenes that the isopmpoxids bn was consumed with the prockaxbn of benzene at a rate that competed 

effectively wtth the sum process i.e. ail of the isopropoxkte was consumed. The radical mechantsm requires that the 

phenyi radbai show a speciai reacttvky towards isopropoxkfe bn and that it selectively attacks on the isopropoxtde ign to 

the exciusbn of other hydrogen sources. This is, of course, at variance wtth what is known about the reacttvity of the phenyi 

radical whbh is one of the more reactive radicals knowr?‘. if the radbai anbn attacks on the isopropoxbe bn with. 

hydrogen transfer then a new, more stable, radical anion ts generated. Such reacttons are well known’. 

The reaction of an aromatic radical anion with hydrogen transfer also accounts for the differWIt pf~cbcts Observed 

the reactbns of and P-chkxoquinoiine and varbus bns containing 

3-hydrogen@. bdobenzene, 2, gave the enoiate bn, B the products 1, S, and benzene, a, in 32,20 and 20% yields 

(CH,),CHCOC(CH,),CH,CH(CH3cocH(CH,), + C,H, 

tf the radiii anion an hydrogen the enoiate ion in 

and the new radical lJ, are formed. The ion, l0. can up electron to give 11 to give ultimately 

s 

;C=C-CH(CH& 

CH, g 

>c-C-CH(CH,), fi 

CH, CH, 

lo 

8. P-Chbroquinoiine and 2-bromopyridine gave the expected produdS unaccompanied by significant amounts 

of dirner, & The radical mechanism requires then that the phenyi radical abstract hydrogen from the enoiate bn whereas 

the pyrbyl and quinoiyl radicals do not. In view of the fact that these are ail sigma radicals such a reaction pattern is not 

expected’. The radiii anion mechanism easily accommodates the results. There are three diierent radical anions 

undergoing competing abstraction and substitution reactions. The heteroaromatic ions are undoubtedly more stable than 

the iodobenaene radical anion and thus they are more selective in the reactions they undergo and thus substitution 

becomes the major reaction path. 

One might argue that hydrogen transfer to the radical anion is a route to arene and that at the same time 

dissociation to the aryl radical followed by attack on the nucleophiie is the path to substitution products. Such a postulate 

is not in keeping with the results. lt requires that the Pchloroquinoline and 2-bromopyrkfine radical anions dissociate more 

rapidly than the bdobenzene radii anion. Although the relative stabilities of these three radial anions is not known, 

increased deiocalttatbn and the presence of the nitrogen in the ring are both stabiiiiing factors” and thus the radical 

anion mechanism is in accordance with the resuits. 
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REACTIONS OF STABLE AROMATIC RADICAL ANIONS WllH NUCLEDPHILES 

There is very posMve evbence for the reactbn with varbus nucbophiles of aromatii radkal anbns that do not 

dissociate. Chambers and Adan+‘ showed that the pdinltro4enxene radkal anbn generated eleum&emkally reacted 

wlth the water in dlmethylfwmamide to gtve p-n&phenol. Sheh has suggested that s&sMutbn reactionSofp- 

dinitrobenzer#, pnitmchbrobeme# and 2,4dtnbochbrohenxe~ involve reactbn of nu&@5es with various 

radicala~.Ithao~n~ratedby~andWcegamoPthatdisplace~otnitritebnbyhydox#ebnfromo- 

orpd~roknuenskkineticellycontroledbytheattackofhydroxiclebnonIhe~robenreneradicalrrbn.Morerecently 

Russell et al?’ have called attentbn to this work and they have issued the tdbwing cautbn ‘It seems approprlate to he 

cautbus In assianina the S,l rnechanlsm to all aromatk pmcesses proceed@ via a radkal chain sequence”. 

InarecenlreporP,a~shom,thatthereactknsdpnllrobemonitrlleand~~tfiePhium 

satts of 2-R-5-nbo-1,3dbxanes led to the expulsbn of the nitrite bn and fonnatbn of a carboncarbon bond. lt was afso 

shormthattheradicalanknsofcnitropMhalonitrik,andp-nitrobenwnRrllewen,kned~the~adbrw.Theseradlcal 

anbns are stabte towards dissocbtbn of nttrite bn. lt was found that oxygen lowered the rates of the reactbns. These 

ohsetvatbns are precisefy those that have been found for suhstltutiins on aromstk radkal aMnS. Since the radkal anbns 

do not dissociate and since the reactions are inhibited by oxygen there is no vlabb aftematlve to direct reaction between 

the radical anbn and the nucleophlle. 

lt has now been found that para suhstftuted habnitmhenxenes, 12a-d. react, ln the dark and under lflumlnatbn, 

pXC&NO, + C,H,SOTNa+ -+ p-OfiC,H,SO,C,H, 

12a X=F B 14 
12b X=CI 
* x=Sr 
12d X=I 

in both DMSO and HMPA, wtth sodium henxenesulfinate, t3_ to give the sulone, 14. Sodium henzenesulfinate was chosen 

as the nucleophile hecause it is one of the most easily handled nucleophiis and thus studies of its reactions are conducted 

without difficulty. 

Both the reactiins in DMSO of m and 12a_d in HMPA showed that the yield of product, t4_ was always greater 

for the illuminated samples. In DMSO. after 24 hr at room temperature. m gave 64% 14 ln the liiht and 54% in the dark. 

The light reaction of 12b gave 16% fi and the daffr yielded 11%. With J& the yields were 29 and 2%. 

The results obtained in HMPA are rwch more signifiint in that the yield differences were greater. After 24 hr the 

illuminated sample of j2~ gave 76% of 14 and the dark reaction yielded 70%. In the case of m the yield? were 67% for 

the illuminated reaction and 4% for the darlc reaction. The illuminated reactbn of sgave 72% of 14 and the darfc reactbn 

50% of u. The pbdonitro compound, 12d, yielded 63% in the light and 36% of 14 in the dark When the dark reactions 

in HMPA were repeated with the addiin of 10 mole% of galvinoxyl, the yields of suNone from tJg dropped from 70 to 53%. 

In the case of the reaction of 12b the ratio of suifone to starting material dropped from 0.69 to 0.56. A yield could not he 

calculated because of contamination . The reactbn of m in the dark and in the presence of 10 mole% galvlnoxyl led to 

a decrease in yield of sutfone from 50 to 4%. Galvinoxyl did not appreciably alter the yield of sulfone from m. 

These results are exactly the same as those that have heen used to estabfbh that radical rwcbophite subsgtutbn 

reaction are chain reactions whkh lnvotve radkal anbns. Ths tmportant dtfferenoe between these obsenmtbns and earfier 

ones is that the radical anions from 12a_d have heen shown to be st&le towants dlssocbtbn’~. They have been 

prepared electmchemkally and by puke radblysls. They react with them&/es b bimofecufar reactbns to give varbus 
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prodwts. They do not expel halogen tn a unimolecular process. Althwgh the eartbr studies dtd not address themselves 

to the mechankm of these reactbns, tt has been more or less assumed that they folbw a welt-recognbed additbn 

elimbatbn sequerx#. Thb reactbn mechanism would not show cataly& hy lfglw nor inhbitbn by galvtnoxyl. The resulls 

demonstrate that an addltbnaBninatbn reactbn is not aMe to account for the findings. Direct reactbn of the rm&ophife 

wiVltheradicelonknrfrwn~accoun$inaWregardswiththeexperknental~. 

groups from pnbobenxaldehyde. methyf-pnbobenzoate, tffffuom ~nzene, pnitroberKo&rue and p- 

db&mber~ene by varbus phenoxide bns. These reactbns yielded suhsbuted dfphenyl ethers. They showed that the 

reactbn of pdinttrobenzene with 2,5diimmo4methyfphenoxbe bn was coqfetety bhiblted by addlng one eqrlvalent 

of 1 ,l diphenyf-2-picrvnydrezyl. They concluded that the reactbn was r&bal in nature. They dkl not elaborate on this 

conch&on. 

As was mentbned earlier, the fluombenzene radkal anbn does not dlssodate to a phenyl radical and fluoride bn. 

in fact, fluombertzene reacts with a variety of nucbophilesz under the conditbns used for radkal anbn nucleophile 

suhstltutbn reactbns. Since dissociatbn does not occur, I seems that dtrect reactbn between the nucleophib and the 

radkal anbn is the process by whkh products are formed. 

All of these results show that observable aromatic radical anbns wtth suttabla leaving groups react with nucbophilss 

in a bimolecular process to give the prcducts of substltutiin. 

REACTIONS OF ARYL RADICALS WlTH NUCLEOPHILES 

lt is now established that aromatic radkal anions containing leaving groups can react with nuclecphtbs to give the 

products of suhstitutbn. lt might he argued that apparently less stable radical anions do dissociate in a unimolecuiar process 

to give aryl radicals whkh then attach on the nucbophiles. lt is important to reiterate that this pathway ilnposes stringent 

requirements on the rates of the reactions of the nucieophile with the aryi radicals. The phenyl radical has heen shown to 

he extremely reactive towards a variety of substrates. It is characteristic of the radkal anion nucieophiie substitutbn 

reactions that they proceed to give, in general. two products, those of substitution and those of reductiin. Other typical 

radical pmducts have never been found. There have been a few tests of the reactions of aryl radicals with nucieophiies. 

Bartak, Danen and Hawlep have decomposed phenylaxotriphenylmethane (PAT) in DMSO in the presence of O.lM 

sodium nitrite. The products were shown to he ca. 5% of nitrohenzene and 75% benzene. This result is tc be contrasted 

to the finding that electrolysis of pbdonitrohenzene in DMSO in the presence of nitrite bn “nearly eliminates hydrogen 

abstraction as a reactbn pathway, as evidenced by the absence of a nitrohenzene wave&. The product was p- 

dinitrohenzene. Clearly these resulls are at variance with each other. The radical mechanism is hard pressed to explain 

the great differences in yiefds of suhstitutbn products. If one considers that the PAT decomposition involves phenyi radicals 

and the electrochemkal experiment involves attach hy nitrite bn on the p-bdonittohenzene radical anion then there is no 

problem in understanding the large yield changes. 

In another series of experiments Hetgee and Parke?’ measured absolute rate constants for the reactions of the 

redudbn pro&c& of a-naphthybiionium salts wtth DMSO and DMSO containing thbphenoxide ion. They assumed that 
they were observing the reactions of a-naphthyl radkak. They find ‘the rate constant that we observe for the reaction 
between a-naphthyl radical and C&&S, 1.7x10°M~‘s” suggests that the data reported by Pinson and Saveantr for the 

reduction of 1-hnxnonaphthalene in the presence of C,H,S are inconsistent wtth the involvement of the S,l mechanism 

in the reactbn which resulted in 100% yield of a-naphthylthbphenyl ether. The results of Helgee and Patie?’ show that 
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atbxk on the solvent co- with substttutbn whereas Pinson and Savsad’ onty found substktlon. Once again it is 

ditkult to ratbnalk the results on the basis ot a conmon intemmdlate, Le. the a-mphthyl radkal. 

REACTlONS OF PHENOXlDE lONS AND ANILIDE IONS WllIi AROMATlC SUBSTRATES 

When potassium anflfde bn, J& was allowed to react wlth bdohenxene, in the presence of potassium, the 

suhsttutbn prc&cts Is, 1L. and J&were formed in 19,11 and 11% yields respectively’. The production of these products 

C,H,I + C,H,NH + K I(. 

15 

o-C,H,C,H,NH, + 

11 

wfthout the fonnatbn of any meta suhstttuted product is not In accord v&h other phenylatbn reactbns by phenyl radbals3e. 

lnvartahly phenyl radkafs react to glve all three suhstiibn products, onho, meta and para. Direct displacement hy the 

aniliie bn on the radical anbn accounts for the regbchemistry. There are partfal negative Chafgt3S on nitrogen and the 

ortho and para carbons. These observations will he dtscussed in more detail in the summary. 

Recent& Alam et al.“’ have studied the electmchemkally stirrblated reactbns of various phenoxide bns with p 

hromobenzophenone, p-chbrohetuonitrtle and 2chbmquinoline. The results of these expertments were quite 

remartrahfe”. pBrornohenxophenone coupled only at the ortho and para positions of the phenoxfde bn in the ratb 2:l. 

A similar resuli was ohtafnsd with p-chbmhenzonitrife. P-Chbrcquinoline gave only the product of ortho couplbgl 

Beugelmans and Bois-Chousse~ have studied the photostimulated reactions of a variety of aromatic compounds 

containing bromine, which lunctbns as the leaving group, with phenoxides and naphthoxides. Once again remarkable 

regiospecifiiity was found. For example, 8-naphthoxide reacted with p-hrornohenzonitrlle to give an 85% yield of the 
a-substituted pro&t. When the two ortho positiins of the phenoxide were blocked. coupling occurred exclusively at the 
para position. 

These reactions show the characteristics of bnk processes rather than free radial substitutions. A mechanism 

analogous to that for substitution by aniliie bn is entirely compatible with the experimental observations. The coupling of 

the 2-chbroquinoline can he understood in terms of an intermediate complex, 19. 

In no case has such regbspecifiiity been found for free radical arylatbn reactionsa. 

LEAVING GROUP, SOLVENT AND COUNTER ION EFFECTS IN ELECTROCHEMICALLY STIMULATED RADICAL ANION 

SUBSTITUTION REACTIONS 

Eiectrochemicaf stimulation of these substitution reactions is remarkably effiiient and subject to quantitative control. 

Most of the substrates that have been used are those that form radkal anbns readily. They include chbroquinolines, 

habhenzonltdles, habheruopftenones. halonlfrohenzenes and in at least one instance iodohenzene. There have been no 

reports of reactions of the other habhenzenes. 
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the chemistry of ths henzonitrtles is of particular interest to our urxlerstanding of the mechanism of these 

substiiutlln reactions. In early work’” a variety ol aromatk nitriles were reduced to stable anion radicals which were 

observed by EPR. p-Aminobenxonltrile and p-fluorobenzonitrile gave p,p’dkyanobiphenyl. The formatbn of thii material 

was attributed to bss of amide bn and fluoride bn from the radical anion to give p-cyanophenyl radkals which were thought 

to dimerke. Very clearly the high reactivity of the phenyl radiis precludes such a mechanism. Dimertzatbn of the radical 

anions followed by expuklon of either amide bn or fluoride bn accounts for the results. 

More recently Bartak et al.” and Buick et al.’ studied the electrochemistry of a number of habbetuonitriles in 

DMF. 01 particular interest was the study of p-chbmbenzonitrtle. lt was concluded that the radical anion from this substance 

dissociated to the p-cyanophenyl radkal whkh then was further reduced to the anbn which reacted with the solvent or with 

adventitbus water to give benzonitrile. An attempt was made to trap the p-cyanophenyl radical with cyanlde ion. Very little 

terephthalonitrile was formed. This result was compared to earlier wart? in which p-chbronitrobenzene was reduced In 

the presence of nitrite and cyanide bn to give the substitutbn products in quantitative yields. 

These obsewatbns were explained by postulating that the pcyanophenyl radkal was formed very rapidly and thus 

cbse to the electrode surface which led to its rapid reductbn. The authors further postulated that the loss of halogen from 

the chbro, bmmo, and bdohenzonttrile anions must have rate constants of at least 10’Os”. 

An alternate and more viable explanatiin is that the reaction of the p-chbmbenxonitrile anion with cyanide bn is 

relatively slow and that the radikal anion is thus reduced. lhii explanation is in accord with other reactbns of p- 

chbmbenxonitrlle under ebctrochemkal stimulatiin in the presence of nucleophiles. Reductbn of p-+bmbenzonitrile in 

the presence of diithyl phosphte anion in ammonia gave 100% yield of the substiibn produe. Similarly” it was found 

that reductbn of p-chbmhenxonitrile in the presence of the anion of ethyl cyanoacetate in ammonia yielded 48% of the 

substitution product. The reactiin of p-chbmbenzonitrile with phenoxide bn in ammonia under electmchemical stimulation 

yielded ca. 10% of the ortho and para substiied coupling products? 

In another w p-chbmhenzonitrile and various styrenes were reduced in ammonia in the presence and 

absence of isopropanol. The reactions were also conducted in the presence and absence of redox catalysts. In DMF only 

a redox catalyst was used. The DMF served as a hydrogen source. In ammonia the addition-reduction product, 4-(2- 

phenylethyl)beruonitrila was formed in 90% yield under the best conditions. In DMF an 80% yield of the same product was 

obtained. 

The authors suggested the folbwing mechanism for the overall reaction. This reaction sequence and the others 

which invoke the p-cyanophenyl radical as a key intermediate are hard pressed to explain the very low yield in the presence 

ArX + e * Arti 

Ark + Ai + X- 

Ai + Ar’CH=CH, + ArCH,-CH-Ar’ 

Ar-Cl-$-&H- Ar’ 
DMF 

(CH&H-0; 
Ar-Cl-i&H,-At’ 

of cyanide bn to the varying yields of other substitutiin products up to 100% with diethyl phosphite anion. If the radii1 

anion is formed and decomposes so rapidly why is it trapped so readily by the phosphite bn out not by cyanide? The 

alternate mechanism is much more able to explain the results. The radiial anion is formed and there is corrgetitbn 
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Ar*+e 4 Arx- -9 Ar-+x- 

Ar?+Nu-+ Ad&+X- 

between reduo8on and nucleophilic substitutbn. The yields of the substitutbn pmduct will vary with the nucleophilicily of 

a particular nucleophile and the solvent. Thus the formatkn of no product to 100% yield is accounted for. 

The reactbns of the varfous styrenes is also explained in terms of addiion of the radii anion onto the styrene 

to give the benzylk radical which abstracts an hydrogen from DMF or isopmpanol. Thii latter mechanism does not require 

that the very reaclive phenyl radical seek ouf the styrene and react with ll to the exclusion of all other hydrogen sources. 

Thii requirement is partia~larly telling when the mechanism also requires that the intermediate benzylic radical reacts readily 

with DMF or isopmpanol. 

There are other experiments in which the radii1 anion mechanism explains the results without any assumptiins. 

Pinson and Saveant‘@ studied ths ebctrochemkally stirmlated reactbn of p-bmmobenzophenone with thiophenoxkle ion 

in acetonitrlle. When the counter ion was tetrabutylammonium the substiibn product was formed in 95% yield with 3% 

of benzophenone. When the counter ion was sodium conplexed with 18crowrt8-ether the yield of substitutbn product 

dropped to 38% and 17% of benzophenone was produced. Any mechanism requires then that the nature of the counter 

bn must play an important role in determining the product ratios. There does not appear to be any evidence for inpliiting 

the counter ion 1 the reactbn involes attack by an aryl radical on the nudeophile. On the other hand, if the mechanism 

invotves nucleophilic attack on the radical anion then the nature of tie counter ion can play an important role in modifying 

the nudeophiliiity of the nudeophile. Thus one can understand the change in the product ratbs. 

In another series of experiments, the tetrabutylammonium salt of thiiphenol was allowed to react with p- 

bromobenzophenone in DMSO. The yield of substitutiin product was 80% and no benzophenone was produced. When 

sodium ion complexed with 18-crown-8-ether was the counter ion 40% of the substitution product was obtained along with 

29% of benzophsnone. Competiibn between substitution and reduction of the intermediate radical anion provides an 

explanation for these results. 

In the same paper it is repotted that p-bromobenzonilrile and p-kxlobenzonitrile were aHowed to react with 

benzenethiilate ion in acetonitrile under electrochemical stimulation. p-Bromobenzonitrile yielded 80% of the substitution 

product, 4% recovered stalting material and 10% of benronitrile. p-lodobenmnitrile yielded 20% of the substitution product 

and 80% of benzonitrile. Very clearly, the same radical cannot be an intermediate. The authors suggest that the radical is 

formed in both cases but with the iocfo compound it is formed very near to the electrode and it is thus rapidly reduced. This 

is the same argument that was used in the case of the p-chlombenzonitrile. lf is not reasonable to conclude that reduction 

of a particular substrate is fast in one case and slow in another. The alternate explanation is that the p-iodobenzonitrile 

radical anion accepts an electron more readily than does the pbromobenzonitrfle radical anion. 

It was also reported that when l-bmmonaphthalene was albwed to react with benzenethiolate ion in DMSO under 

electrochemical stimulation, there was obtained an 100% yield of the substiitiin product. Under identical condiiins in 

acetonitrile, 32% of the substitutbn product and 40% of naphthalene are formed. Clearly there is a solvent effect on the 

ratio of products. The authors explained this solvent effect on the basis that the naphthyl radical reacted more rapidly with 

acetonitrfle than with DMSO. This argument is not supported by the finding that p-bromobenzonilrile reacted in acetonilrfle 

with benzenethiolate ion to give 80% of the substitution product and 10% of benzonitrile. The radical mechanism requires 

that the 1 -naphthyl radical and the p-cyanophenyl radical show signtlii differences in their reactivities towards these two 

solvents. Such a diierence is not supported by what is known about the reactivities of aryl sigma radicals’. 
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The various results burtd in electmchemkally stimulated reactbm are all in accord with ampeting substilutbn on 

the anion radical by the nucbophtb and mductbn of the intermediate radical anion. 

MAJOR LEAVING GROUP EFFECTS ON PRODUCT BATlCS IN METAL STIMULATED REACTlCNS 

Many of the kmrtlg%bne of these substttutbn reactbns have involved stimulation by dissolving metal. usuatfy 

potassium. lt was noted euly that when VarkUs monosubstituted bsnxenes were allowed to react wfth acetone enolate bn, 

K 
C&K + -CH, C,H,C&CCCH, + C&f,CH&H(CH)CH, 

20 2r 

two major products phenylacetone, a and phenylkropropanol,& were formebo. The yields of a and 21 were strongly 

dependent on the nature of K, the suhetttuent on the benzene rfng. lf the redkal mechanism prevalts then the radical anbn, 

C,H; +-CH, x (r 
CH, -r C&t&H&-CH, 

22, shoukl behave in the same way irrespective of its source and there should he no leaving group effect. lf the mechanism 

lnvotves attach by the enolate bn on the radical anbn to give 22 then the further redudbn of a can proceed. The ratb 

C,H,* +-CH*-’ -CH, + g g- C,,H,CH,- . -CH, 

12 
C- 

CIH,CH&H, + K --f C,H,CH&H, 

23 

of final products will depend on the rates of formatbn and destruction of C&f&. Slow formation and destructbn allows the 

potassium to react with 22 to give &j. So for example, fluorobenzene gave 3% of 20 and 46% of 21_ Bromobenxene gave 

67% of 20 and 10% of 21. 

An alternate explanation involving the aryl radials as intermediites was provided, ref. 2 pp. 166170. lt Is quite 

unconventbnal in that it proposes that rates of mixing are responsible for the product ratio varfatbns. 

In another series of experlmer#s6’, compounds 24a_d were albwed to react with potasstum in 67% ammonia/X+% 

t-tzutyl alcohol and the yields of products, a, S and a, were determined. Compound m was treated with potassium 

under a wide variety of amditbns and yields of the products were determined. The ratii of products, a:z was 1.5 for&Q 

4.4 br m. 7.5 for & and 7.7 form. Very &arty there is a structural effect on these ratios. When a was treated in 

dilute solution the ratb reached a maximum of 2O:l. There is also a concentration effect on these ratios. The radical anion 

nucleophile mechanism neatly accounts for these observations. Radical anions, 28a_d, are formed. The electrons of the 

double bond interact with the debcalbed radical anbn pi-system with formation of a new carbon-carbon bond and 

simultaneous expulsbn of X. During this transformatibn the debcalized ammatk system is regenerated. The results show 

that the ease of bss is IrBr>ClrF which is exactly what would bs predicted on the basis of bond strengths. As the 

displacement process becomes slower 2& for example, the radical anion accepts another electmn to give uitimately 30 

which becomes pmtonated. 
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The variation of product ratios on dilution of&are also understandable in terms of this mechanism. Ring closure 

is a unimolecular reaction WhereaS formatbn of 30 k bimolecular and therefore the overall production of 30 k affected more 

by dilution than is the formation of a. 

More recently Meijs and BunneF allowed the four phenyl halides to react with 1-alkenes and potassium metal, 

in an amrfWnia&bLQl alcohol solvent system, to form the corresponding l-phenylalkanes in yields up to 45%. The other 

major product was benzene. The relative amounts of benzene to 1 -phenylalkane varied with the nature of the initial halogen. 

These findings are fn aW?pkte accord with competing reductiin of the radical anion with competiiin by attack of the radiil 

anion on the alkene to gfve a radical and halide ion. 

Galli and Bunnettk have attempted to distinguish between the radical attacking on the nucleophile mechanism 

and the nuckophile attacking on the radical anion mechanism. They dii so by conducting competitive experiments between 

substrates and pairs of nucleophiles. Their reasoning was that in the radical nucleophile reaction there should be no effect 

of the leaving group on the ratio of products obtained from the pairs of nuckophiles. The results of their work and liierature 

results fed them to conclude “These and literature data show that, except for the obviius special case of PhS, nucleophile 

reactfviiies differ in aromatic B,l reactions by not more than a factor of ten. The reason k possibly that the combination 

of aryl radical with nucleophile occurs virtually at encounter-controlled rate.” They argued that if the two competing reactions 

in the radical anion nuckophile reaction occurred at encounter controlled rates, some selection between nucleophiles of 

diierenf steric charaueristii should occur as the size of the leaving group varied. 



6590 D. B. DENNEY and D. 2. DENNEY 

The major thrust of their wok involved competitiie photostimulated reaubns competing dlethyl phosphite anbn 

and pinacabne enolate bn with varbus substrates. These were fluorobenzene, chbnbenzene, bromobenzene, 

bdobenzene, diphenyl sulfide and phenyitrfmethylammonium ion. The relative rate ratb for the two nucleophiles was found 

to be 1.37kO.11 with the phosphite anbn being the more reactive. These results kIdbate that there is a constant diierence 

in leaving group abifity in these competitive experiments. They do not, of course provide any information in the variation 

in absolute rates. It was noted that fluoroberuene reacted more sbwiy than the other substrates. These experiments take 

as their central assump(bn that there should be reactivify-selectivity observations if the radical anion and nucbophile react@. 

This assumption has been shown not to apply in many bimolecular substitution processes’“. The absence of reactivii- 

seledivity effects cannot be used to rule out the radical anion nucleophile mechanism. 

When thiophenoxide ion was albwed to compete with pinacobne enolate bn with bdobenzene as the substrate, 

the rate ratb was 0.079iO.006 with the enolate bn being the more reactive. When the diethyl phosphite anbn was used 

the rate ratb was 0.061kO.007 with the phosphite an&n being the more reactive. These results are clearly explained by 

the anion radical nucleophile mechanism where the enolate bn and phosphiie anion are more nucleophilb than the 

thiiphenoxide ion. The results are in agreement with those of Halgee and Parked which were discussed earlier. Galll and 

Bunnett in the same pape? reported so called “deviant results”. They found that when chbrobenzene was allowed to react 

with diphenylphosphide bn and pinacobne enolate ion in competition the ratio of products was lO.lfl.3 with the phosphide 

bn being the more reactive. This result is to be compared to the same two reactants reacting with bdobenzene in the da& 

Under these conditions the ratio of products was 5.2. p-bdotoluene was allowed to react with these reagents in the dark 

and under illumination. The ratios of products was found to be 6.0 and 5.7 respecthrely. Clearly the radical nucleophile 

mechanism cannot account for these results. There shoukf be no change in the ratio of products with a change in leaving 

group. The radical anion nucleophile mechanism prOVidSS an easy understanding of these results in that it allows for a 

leaving group effect. 

In another series of experiments diihenylphosphiie bn and diethyl phosphfte anion were allowed to react with 

bromobenzene under illumination. The ratio of products was found to be 15.8fo.4 with the phosphiie being the more 

reactive. When the same reactants were allowed to react with p-toiylbdii in the dark the product ratio was 4.39f0.18. 

Once again a leaving group effect is evident. In both cases the poorer leaving group, chlorine in the first and bromine in 

the second, kd to lalger competitive rate ratios. This behavior is precisely that predicted if a leaving group effect is 

operating. 

In another series of experiments Bunnett and co-workers50~56 studied the reactions of acetone enolate bn with 

habbenzenes, phenyttrimethylammonium iodide, diihenyl ether, diphenyl sulfide and diphenyl selenide under potassium 

stimulation. They measured the yields of benzene, phenylacetone and 1-phenyL2pmpanol. They found them to be 

substrate dependent. The yields of benzene increased from 4% with bdoberuene as the reactant to 29% with 

fluorobenzene as the reactant. Diphenyl ether yielded 41% benzene. These results are not in accord with the radical 

nucleophile mechanism. They are in accord with competing substitution and reduction. A poor leaving group such as 

phenoxide bn slows the substitution process and allows reduction to ampete more effectively. 

A similar behavior was reported by Tremelling and Bunne~. They studied the competitive reactions of potassium 

acetone enolate ion and potassium amide with mesityl iodide, bromide, chloride and fluoride under potassium stimulation. 

The products were mesitylene, mesitylamine, mesityl acetone and its reduction product, 1-mesityl-P-propanol. Once again 

the amount of arene produced varied as a function of the leaving group. The maximum was 80% from the fluoro compound 

and the smallest amount was 17% from the bdo c0mpoUnd. The ratio of enolate products to amide product was relatively 

constant. The ratio was 0.46 for fluoromesitylene and 0.57 for bromomesitylene. The wide variatbn in arene yield is once 
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again easily understood in terms of reduction in competitbn with substitution. 

ARYL GROUP SCRAMBLING REACTIONS 

When the arsenic containing nucleophiles, Arrps’, the antimony containing nucleophiles, A$%, and tellurium 

containing nudeophifes, ArTe’, were allowed to react with various substrates pmducts of aryl group scrambling were 

obtain&. 

C,H,Te- + pC&OC,H,l --f (C,H&Te + p-CH,OC$+,TeQ,Hs + @-%OC,H&Te 

r 2 33 34 35 

So for example, reactbn of C,H,Te’, 3 with anisyl iodide, g yielded atl three tellurkfes, a 34 and 35. The radical 

mechanism requires that the initially formed radii anion, 3 dissc&tes into a phenyl radical, z and the tellurkfe, a. 

p-CH,0C,H,TeC,H5~ + C,H; + p-CH,OC,H,Te’ 

3s 37 38 

The anisyl radii would then read with 38 to give ultimately 35 and the phenyl radii would react with 1 to give 33. The 

scrambling of the aryl radicals has to take place without any cornpet&n from other known reactions of these radicals. The 

radii1 anion nucleophile mechanism postulates that S once formed can react with 31 to generate 39 and jQ whiih 

ultimately lead to 33 and 35. 

p-CH,OC,H,TeC,H( + C,H,Te- + (C,H,),Tez + p-CH,OC,H,TC 

s 1 39 so 

Rossi and Bunnetf treated Ph$s and Ph.$b in liquid ammonia in the presence of acetone enolate ion with 

potassium. The thrust of thii study was to trap phenyl radicals with the acetone enolate bn. The idea was that intermediate 

aromatic radiial anions could dissociate and add to the enolate ions. Those substances which only gave benzene were 

postulated to be cleaved by addition of a second electron with expulsion of the phenyl anion which reacted with the solvent 

to give benzene. The compounds Phps and Ph$b gave only benzene. No phenyl acetone was obtained and thus it was 

concluded that the two radii1 anions did not dissociate. If this is the case then the observed aryl group scrambling cannot 

involve dissociation. Scrambling via attack of the nucleophile on the radical anion is of course a viable alternative. 

STEREOCHEMICAL STUDIES 

Aguiar and his co-workers” have studied the reactions of lithium diphenylarsenide ion with cis and trans-1 2- - -1 

dichloroethylene andc&and~+-brornostyrene. The reactions of lithiumdiihenylphosphiie anionwere also investigated. 

In all cases the substitution products were obtained with complete retention of configuration. Although these reactions were 

not studied mechanistically, it is known that vinyl halides undergo nucleophilic substitution with acetone enolate ion under 

illumination and with potassium stimulation. lf the reactions studied by Aguiar and his co-workers involved vinylic radicals, 

they would have to be captured before they lost their stereochemistry. The barrier for loss of stereochemistry is ca. 2 

k.caVmole which leads to a life time of indiiidual isomers of 10’lo”” se?. This rate requires that combination of the 

radical and anion be diffusion controlled if the radical mechanism is operating. Reaction of the radical anion with the 

nudeophile imposes no such restrictions. 
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SOLVENT EFFECTS, FRAGMENTATION PATTERNS AND COUNTER IONS AS EVIDENCE FOR MECHANISM 

One of the major difficulties with accepting the idea that aryl radicals are formed In these reactbns and that they 

then attack the nucbophites is the lack of attadc by these radicals on other substrates present in the mactbn media. The 

photochemkal initiated reactbns are quite remarkable in that they often yleid substttbn products to the exciuslon of 

reductbn pmducts, I.e. ansnes. For exampie Moon and WoWem have studied the ptbtochemkally stimulated reactbns of 

a number of enotate bns wtth Pchbmquinoiine in a variety of soivents. In ammonia they ohtatned a 99% yield of the 

substitution product when the potssium sail of acetone was allowed to react wtth the substrate. The same reactants in THF 

gave 81% of the substitution product and 13% recovered starting material. l,P-Dimethoxyethane yielded 28% of the 

suhstitutbn product and 59% of recovered startbg material. DMF as solvent resulted in 74% of the substitutlon product and 

3% recovered starting material. The poorer material balance than was obtained in the other &vents was attrfhuted to bsses 

during isolatbn. 

In another series of expedments DMSO was found to yield vary@ amounts of substttutbn pm&cts with the highest 

yield being 89% h a dark reaubn. The formation of quinoline was not noted. Other workers have found DMSO to he an 

excellent solvent for these substitution reactbns’. 

Bunnett, Scamehom and Trahep studied ths photochemkal stimulated reaction of potassium dbthyl phosphite 

with bdobenzene in a variety of solvents. They found that bdlde bn release was in excess of 90% in ammonia, DMSO, 

DMF and acetonitrtle. The yieids of the suhstitutbn product in DMSO and DMF were 88 and 88%. The authors suggested 

that the yields were actually much higher and that bsses ocuned during the isolatbn of the products. The yields ln ammonia 

and acetonltrile were 98 and 94%. The formation of benzene was not reported. Arene is often found when the reactbns 

are stimulated by metal or electrochemkally. Rossi and de Ross?’ state that the photostimuiated reactions of the 

potassium bn of acetone bad to bw yields of benzene. 

The lack of attach on solvent has been questioned by Helgee and Parke?‘. They calculated that, from their results, 

to achieve a 99.9% yield of substiibn product the rate of capture of the aryl radical in DMSO would have b be 4.5~10”’ 

M’s”, in acetonitrlte 4.8~10” and in DMF 1x10’*. lt ls known that hydrogen abstraction by a phenyl radical from THF Is 

three times faster than from DMP and 81~s in order b obtain high degrees of substitution reactbns the phenyl radical 

would have to capture the nucbophile extremely rapidly. In fact the rates in DMF and THF exceed the diffusion ratea. 

The reactions in DMF, THF etc. which bad to high yields of products of substitution are not In accord with the radical 

mechanism. This mechanism requires that the aryl radicals react with the solvents rather than the nucleophiles. Since this 

does not occur the conclusion must be that aryl radicals were not present during the reactions. 

In another series of experiments Bunnett et al.” studied the reactions of p-bdophenyltrimethylammontum ion, fi, 

wlth thiiphenoxide ion, 42. In ammonia the product, 44, was formed in 95% yield. In water iodide bn was released 

p-I-C,H,-;(CHJ, + C,H,-S- 2 p-C,HrS-C,H,-N;CH,), I- + p,p’-C,H,-S-C,H,-S-C,H, 

quantltatlvely. The product, 9, was formed in only 5% yield abng wlth 88% of &3. Much tar was formed, ca. 20% of the 

mass of 41 used. 
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The radbal mechanbm does not predict such a solvent effect. In water ths thbphenoxlde bn ls more hiihly 

~~dthanilisRamnonia.ItIswelCkwmnrt~strorrghydrogenbondingb~to~ased~il~ 

andt~krt~~d~bytheanknbskwerinwater~k,ammoniaandotherreadbnscanocarr.There 

mayk,~df~onchrngingthesohrentthatannotyetreoognhed. 

lt has been shown by Bunnett and Creary” that diaryl sulffdes, 3 react wlth acetone enolate bn to give the 

appropriate aryboetones. ln the case of S, when Ar is p-methoxyphenyf, the yletds of 3 and S were 19% and So%, 

8 ArSC,H, + CHp -CH, -+ C,H&H,COCH, + ArCH,COCH, 
45 20 6 

ArIm-orptolyl 
mofpmethoxy 

mmethoxyphenyl29% and 49%, ptolyl29% and 99% and mtolyl39% and 49%. The radical mechanism then requires 

that the intermediate radii anions fragment to give both phenyl and aryl radicals. Truce, Tate and BurdgeM have studied 

the deavegs of these aryl sulfiis by lithiim in methylamine. They find both benzene, henzenethlol. substltuted arene and 

aryfthbls as products. In no case were the ratbs of their products the sams as found by Bunnett and Cre@. They were 

qualiiatiiely similar. Although it is possible to argue that the aryl radicals that are formed are partiiined differently, under 

the two reactbn conditions, it is particularly diiilt to ratbnaliie the finding that cleavage ol pmethoxyphenyl phenyl sulfii 

yields 100% benzenethbl. The suhstitutbn process leads to 19% of the opposite cleavage product. The radiil anion 

nudeophile mechanism in competitbn with a two electron reductbn process accommodates the results without diiiulty. 

Both stoichiimet$@ and p~larograph~~ indiie the cleavage reactions are two electron processes. 

Bunnett and Crea@ also observed that there were no cross over products formed when p-methoxybdobenzene 

and thiiphenoxide bn were allowed to react. The sole product was pmethoxyphenyl phenyl sulfide. The same result was 

obtained when iodobenzene and p-methoxythiophenoxide bn were allowed to react. They conduded “that in these reactions 

the intermediate radical anion, p-CH,OC,H,SC,H~ transfers an electron to p-iodoanisole or iodobenzene faster than L 

fragments.. This rapid electron transfer is to be contrasted to the observation that diphenyl sulfide reacts with acetone 

enolate bn in ammonia under potassium stlmulatbn to give an 99% yield of the substitution product phenylacetone= Under 

these conditions fragmentation must be rapid enough to continue the chain. Aithough these two requirements are not 

mutually exclusive, they do impose some unusual requirements on the rates of the reactions. No such requirements are 
. 

imposed by the radical anion nucleophile mechanism. The radical anion, ArSC,,H;; g, reacts with the acetone enolate ion 

-CH,COCH, 

ArSC,H, M ArCH.JOCH, + C,H,CH$OCH, 

to give the artyacetones. Reaction of the thiophenoxide bn with the radical anion is signifiiantly slower than is the reactlon 

of the enolate bn as was demonstrated by Galli and Bunnep. They found that the relative reactivities of the pinacalone 

enolate bn and the thiiphenoxide ion was 1.0:0.08. These ohsewatbns lead to the conclusion that the reaction of 47 with 

thiiphenoxide bn is relatively slow and that it does not compete with electron transfer. 
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Komfn and Woffe” have studied the reactions of ths potassbm, sodium and Wum salts of acetone wrth 2- 

bromopyfidine in ammonia and under photostifdatbn. They found thet the potassium satt yielded 05% of the substitutbn 

product, the sodium sak gave 74% and the lithium salt gave only 6% with 58% of recovered starting mater&f. These results 

clearly indicate that the nature of the cation can play an inportati role in goveming the rate of the substitution process. 

These results are certatnfy in agreement wfth a change in nuckphii with chenges in the counter bn and they thus 

support the mdfcal anbn nucbophib mechanism.nbnotquiteclearhowachangeincounterbnmxrldaffecttherateof 

attach of ths aryl radbaf on the nudeophfb. One might think that 3 the reactbn is sbwed the radii would react in some 

other fashbn. 

SELECTIVTI-Y IN THE REACTIONS OF ENOLATE IONS 

Hay and Woffe- studbd the competitive reactions of the potassium saft of acetone and the potassium salt of 

2,4dimethyt-&pentanone, s with 2-chbmquinoline, 49. The products were the ketones, a and $Q, in the ratio of 3.2:1. 

CQ 0 OCI 
+ CH&OCH, + (CH&CCOCH(CH,), 

Ptv 

48 

49 
ArCH&OCH, + ArC(CH&COCH(CH,), 

so sr 

Clearly attach on the tertiary carbon is favored. 

In another series of experiments P-chbmquinoline was albwed to rea with the mtxture of enolates, 52 and 53. 

P 0- 

49 + C+C-CH(CH& LI CH,-C=C(CH,), -+ ArCH,COCH(CH,) + ArC(CH&OCH, 

52 53 54 ss 

After lhr the crude reaction mixture was found to contain 6% of 64_ 13% of 65_ 5% of quinoline and 6% of starting 

material. ft was noted that the product ratio, 4.75:1, of 54 to 55 was significantty different from the reported 9:l ratio 

obtained on phenyktiin of the same mixture of enolate bnsm. 

The authors concluded that there was a high selectiitty towards the tertiary enoiate ion. 53. The equMxium mixture 

of2 *~containsca.96%of~. 

More recentfy Komin and Woffe’ have studied competitffe reactions of P-bromopyridine with acetone enolate bn 

+ CH.&CH, + 3 
6r 

+ ArCH.&OCH, + ArC(CHJ,COCH(CH,), 

56 57 

and 48. The yiefds of products were 21% of Ss and 77% of 57. The product ratb, 57:s was found to oe 3.7:1 which is very 

nearly the same 3.2:l as was found for the Pchbroguinoline reaction. They also albwed P-hromopyridine to react with the 

enOlateS z and E. The products, B and 59 were formed in the ratio 7:l. 
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The results bdbate that the nature of the substrate has a large influence on the ratio of products obtained. The 

radial machantsm canfw3 acccutU for this variation. The aryl radiils are produced prbr to their interaction wtth the 

nucleophiles and thus the only discrlmlnatbn that could arise would he if they were themselves capable of sebctMty. This 

concept has no experimental support. 

The interactbns of the radical anion with the nucleophile provides an explanation for the observed selecttvii. The 

order of stabiltty of the radical anbns is 2-chbmquinoltne most stable folbwed by the P-bromopyridine bn and least stable 

bromobenxene. The rate of attack on the radical anbn will be controlled by their reactfvii and the slower the reaction the 

more selective it will he. The reason for favoring the tertiary site will be discussed in the summary. 

SUMMARY 

Although the various experimental results that have been discussed in this paper are not exhaustive, the discussion 

has touched upon essentially every area of mechanistii investigation. The results are all explained by the radical anion 

nucbophile mechanism competing with two electron reduction. 

The reduclbn sequence involves initial addition of an electron to the x system. tf bss of the leaving group is going 
to occur at this stage then the electron must leave the K’ orbital and enter the d orbital of the carbon leaving group bond. 

Subsequent to this electron shift, dlssociatbn to the atyl radical and the anbn X can occur, eg. 23”. 

Some calculations” have indicated that in polychbro aromatic systems, the electron adds directly to the d orbital. 

These calculations do not include the role of the solvent or the presence of and the nature of the counter ion. 

Alternatively the eledron adds to the n system, sq. 24, to give the radiil anion which in some cases accepts 
another electron to give the dianbn which then dissociates. This reaction undoubtedly involves one of the electrons of the 

dianbn entering the d orbital of the C-X bond. 
0 , -X ** T+ Q-x+ Q-X 

t 4 

2r 

0 
o-.x 0-e X- 0 

When the x system does not possess a group that can substantially debcaliie the electron, the nitro group is an 
example, then direct addiiin of the second electron to the u’ orb&l with expulsion of X can occur. 

l-bw does the nucleophile interact with the radlbal anion and why is the displacement process so facile? The Pross- 

Shaik%odel for the Sk2 readbn provides an understanding of the factors whbh control the radical anion nucleophile 

reaction. They consider the contributors to the transition state for the Sk2 reaction to be @-a. The importance of their 

approach is that it emphasizes that the initial interaction invofves a single electron shirt. 

NT R’ .X t) N’.R :X- c1 N:- R’ :X- tt N’ R-.X 
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The same concept applied to the systems under bvestlgatbn here bad to WJ. Appmach of the nudeophils to 

ArXwillocarrwithanearlyelectronshntWthenudeophibissoftandpdarlrable.TheeasewiUlwhichAr~cana~ 

Nu:’ A&X c) NJ l A+:X- e, Nu-: Ar’ X- f) Nu’ ij .X 

the electron will bs a f&or ln the detsnninatbn of the rate of the reaction Le. contributor a can stabiliie the system. So 

for exaqle, a nltm substttuent can debcallze ths electron in the inltbl radbai anbn and ln essence bwer the energy of 

the transition state by a greater contrihutbn of 73 than when it is not present. Clearly, the bond strength, C-X, will also he 

reflectedintheoveraYrate.Itmaynotbeasinpo~tbaaconventional~readbn.Thereasonfor~kthat 

btrcductbn of the ebctron bto the z system raisea the energy of the HOMO of the u bond, i.e. weakens 1, and bwers the 
energy of the a*. A valence bond approach Slustrates this via contrlhutom a-n. 

Are these concepts horn out hy the experimental results? A review of those nucleophiles that partblpate in the 

reactbns where substiMbn is occurring on simple aryl haiiis and sulMances such as dtphenyl sulfiie, 

phenyltrlmethylammonlum salts and dlphenyl ether reveals that the nucleophiles are soft, i.e. htghly polarlzahle”. They 

dc not have to approach cbsely to the C-X bond tc hegin to transfer the electron and thus Coubmhb and sterb interactiins 

are minimized. This concept is further supported by the observations that tertiary enolate ions are signifbantly more reactive 

than primary ones. Loss of an electron from fl gives the tertiary radii, 2, whereas loss from B yields 74 a primary 

72 73 

radical. The order of radical stahilii is 30>20>l”~. The primary C-H bond is ca. 7 kcabncte stronger than the tertiary C-H 

bond which is a refbctbn of radical stahilii. 

This analysis provides an explanation for substitution on carbon when phenoxkfe bn and aniiide bn participate in 

these reactions. The more polarixahle carbon sites react with the radical anbn. 

Another feature of thfs overall mechanistic scheme is that it explains the hiih reactivity towards transfer of a- 
hydrogens of alkoxides relatiie tc other hydrogen sources. The important contrbutors to the transition state, using the 

Press-Shaik model, are E-E. Electron transfer from 3 gives the contributor z which is stabilized by the negative charge 

‘O+H%r:X i+ -O-C.‘H-Ar -X: tt -0 -+’ H :Ar X:’ tt O-0 Ii-Ar3(: 

9 n 78 
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on oxygen. Contrbutor 2 llbstrates this stabilizatbn. lnltbl electron transfer ls thus more facile than when the negathre 

charge is not preseti. Polar conbWto rs to the tmnsltbn state for hydrogen abstmctbn by ebctronegattve atoms and 

radiis have been weY mcognized for many years”. The overali process illustrated by a-2 leads from one radical anion 

to another one with regsnemtbn ol the IC system of the aromatic moiety. 
In conclusbn Y is Important to reiterate that these substitutbn reactbns are chain reactbns and in order for them 

to proceed efficient inltlatbn is mquired. From a practical point ol view lack of reactbn should be viewed in the context of 

the chain mechanism. In some cases akemative modes of initiatbn, solvent and counter bn sbucture may be altered to 

achieve reaction. 

EXPERIMENTAL 

The reactants were mked in 0.01 mole quantitiis and then dissolved in 20 ml ol solvent. In the reactions conducted 

in the presence ol Galvinoxyl 10 mols percent ol this material was added. The HMPA reactbn mixtures were irradiated for 

24 hr with two 40 watt fburescent lights. The DMSO reaction mbdures were irradiated for 48 hr with a 20 watt fluorescent 

light. After the appmpiate times, 10 ml of the reaction mbcture was added to 75 ml of water. The mixtures wem filtered and 

the pmducts were air d&d to constant weight. The prcduct from p-fluoronitrobenzene was shown to be the wlfone by 13C 

NMR spectroscopy. AU of the other products consisted of sulfone and statting material. Carbon-13 NMR spectroscopy was 

used to determine the relative amounts of these materials and the yield of sulfone was then calculated. 
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