
TETRAHEDRON REPORT NUMBER 187 

ION-RADICAL ORGANIC REACTIONS 

A.N. Nesmeysnov fnstiturr of~~~l~~t Campotmds. CSSR. Acwkmy ofscieno~ 
Vsvilova 28. Mosww 3-334 117813 GSP-1. U.S.S.R. 

I. 

(Received in UK 12 July 1984) 

comm 

Introduction . . , . I . . . . . . . . I . . . . . . . . . . I tnr 

II. fdentifiEptioa of Ion-radiixi Reachn~ .................. 
l.St~u~~6n~~~s ...................... 
2. Changing the direction of reaction. Violation ofu~~fations whar pthng From standard 

to ton-radical mcchaztism ....................... 
3. Leaving group straqth. ....................... 
4. Kinetic isotopicdkts ........................ 
5. Kinetic approecks ......................... 
6. G~e~~tion at su~tituti~~ and diswibution of spin density in the substrate ion-radiant . 
7. Physical mctbods of rwuhag ion-r&c.& ................. 
8. Chemical probing of ion-mdial reactions ................. 
9. identification of some ion-radicmI rwctiont ................. 

Ill. Initiation 0r ton-radial Convcfsions . I, . . . %. I.. ” . < ” 2803 
I. F&t of functioarl groups . . . . . . I f *. (_ . . . . . . . 2803 
2. Effectofmapnrticfidd. . . . _ . . . . , . . ‘  . . _.. I... 280s 
3. EfkctofEglit . . . . . . . . . . . . . . . ‘ . . . . . * t 2805 
4. ~r~~~~~ . . . . . . . . 1 . . . I. f . . * .I.^ 2uM 
5.chemicaledect . . . . . . . . . a . . . . * . . . . . . ‘ . 2807 
6. Efkl ofsolvents I , . I , * < 8% I f <. , . . . . * ” * 2813 
7.Rrcctcdcffar. . . ~ I . . . . . . . . . _ * . . . . . . . . 2814 

2772 
2772 

2775 
2777 
27% 
2778 
2781 
2784 
2787 
2793 

IV. Condusion. . . . . . . . . . j . . . . . . . . . . . . , . . I 2839 

~~~tern~rary~ay organic chemistry trends arc towards inv~tigations into the structure and 
reactivity of intermediate particles originating on the pathway from the starting compounds to the end 
products. Knowicdgc of properties of the intermediate particks and penetration into the mechanism of 
reactions open up new venues towards increasing the rate offo~atio~ and the yield ofthedesired final 
products. Up to quite recently, chemists focused their attention on radicals or charged particles of the 
carbanion fcarbcnium cation) type. Particles of an intermediate nature ~mbining the ionic and the 
radical properties-the ion-radicals-remained outside the scope of their investigations, Perfected 
instrumental techniques markedly advanced tine experiments. As a ooro!Iary, particles which were 
little, if at ait, known to chemists of previous decades now came to the forefront. 

This review has two sections. The first considers the id~nti~~tion of ion-radical reactions and the 
second treats their optimi~tio~. The aim of the investigation is to determine whether the reaction 
proceeds through the fo~atio~ of ion-radicals and, if so, which radicals originate and at what stages, 
and whether these stages belong to the main or side routes of the reaction. Means of revealing ion- 
radical conversions include physical methods, kinetic data and, finally, purely chemical information on 
the nature of end products. In this review we had to weave together these methods to form a cohesive 
unit, in order to help the reader understand the essence of one or another method we consider them 
~~ratelya~d thenill~strate the~mplcxapproach to thc~l~tionoft~prob~~ by~~eratexarnp~~. 

As is quite evident, ion-radical conversions need special approaches to initiate or inhibit them. This 
follows from the peculiar prop&es of ion-radicals. Ion-radical reactions may be initiated by creating 
conditions promoting the initial stage of the reaction-namely one-electron transfer. Many ion-radical 
syntheses arc highly selective, yielding products unattainable by other methods or under such miid 
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conditions. The aim of the second part of the review is to analyze the phenomena which underlie the 
optimization of ion-radical reactions. 

IL lDEMIFICA-flON OF ION-RADICAL REACflONS 

The interaction of alkyl halides and mercaptans or alkaline mercaptides produces thioalkyl 
derivatives This is a typical nucleopbilic substitution reaction, and one cannot tell by the nature of 
products whether it proceeds through the ion-radical stageor not. However, the version of the reaction 
given in Scheme 1 may be explained only by the intermediate stage involving electron transfer. As has 
been found,’ 5-bromo-5-nitro-l$dioxane reacting with an equimolar amount of sodium 
cthylmcrcaptide in DMSO at 20” under argon yields after 3 hr 5.5’-bis(5-nitro-1,3dioxanyl) (yield 
~~Adiethyldisulphide(yield 95x)and sodium bromidc(q~ntitative yield). W-irradiation markedly 
accelerates the reaction (5bromo-5-nitro-L3dioxane completely converts in 15-20 min), while 
benzene nitro derivatives dcctlerate it. 

The results obtained show that the process begins with the formation of cthylthiyl radicals and 
anion-radius of the substrate, ~thylthiyl radicals dimerize (d~thyl~ulphide is obtained} and anion- 
radicals of the substrate decompose monomol~ularly to give S-nitro-1,3dioxa-5~yclohexyl radicals. 
The latter recombine and form the end dioxanyl. 

The thioa~lation ~9-brom~9-phenyl~uoren~2 proceeds in a similar way. This example clearly 
illustrates what makes the ion-radical mechanism so essential. 

Reaction of 9-bromo-9-phenylfluorene and sodium thiophenolate in DMF under nitrogen (30*, 4 
hr) gives sodium bromide and 9-phenylthi~9-phenylfluore~(~heme 2). Sodium bromide is produced 
in the quantitative yield but the yield of the product of the nucleophilic substitution is only 42%. The 
substrate and the nucleophile also enter into other conversions leading to 9.9diphenylbi~uorenyl 
(yield 33%) and diphenyldisulphidc (yield 30%). The fo~ation of these substances contradicts 
common ideas on nucleophilic substitution. The presence of radical traps (oxygen or 
t~trabromo~~oquinone), and this is especially important, decelerates the formation of both 
unexpected compounds and the product of thioarylation. Thus, the stage of the electron transfer from 
the nucleophile to the substrate lies on the main pathway of the reaction; this stage produces the 
phenylthiyl radical and the anion-radical of the substrate, Roth radical products undergo further 
conversions : the phenylthiyl radical gives diphenyldisulphjde and the anion-radical of the substrate 
produces the 9-fluorenyt radical. The latter reacts in two directions. Dimerizing it forms bifluorenyl and 
reacting with the nucleophile it gives the anion-radical of the nucleophilic substitution product. The 
chain continues because the electron from the anion-radical is transferred to the unreacted molecule of 
the substrate which loses bromine and then reacts with the nucleophile and so on. 

The mechanism of the reaction given in Scheme 2 differs from the SNf or S,2 mechanism in that it 
involves the stage of one-electron oxidation-reduction.t The driving force of this stage may be an easy 
cleavage of the bromine anion followed by the fo~ation of the fiuorenyl radical. The latter is 
unsaturated at position 9 near three benzene nuclei which stabilize the radical centre. 

--.--._-- y---.y,-_II._--- - - 

t The mechanism ti designated ?&,,I. This means substitution radical, nudcophilic. monomolaculer. 
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Even in one series, different derivatives can react dif%rcntIy with one and the same nuclcophile. 
Thus, Qnitrobcnzyl bromide and S-nitrofurfuryl bromide subjectad to the action of sodium methylate 
in methyl alcohol produce, respectively: methyl4nitrobenzyl ester and l,Z*bj~S-nitro-2-furyl~th&ne 
converting to the corresponding ethylene under the conditions of the maction. The differcncc is quite 
evident from Scheme 3. The author3 thinks that d&rent electron-acceptor propcrticsofthc substrates 
determine the SW2 or eIec%ron transfer pathways of the reaction. 

It isofintercst that th~su~tr~t~shownin Scheme3 rcactsimilarly with thecy~~dcion~~u~~g 
the corresponding ethanes.’ 

Russell* rcconstructcd the stage of the ~ucl~op~ii~ su~tit~t~o~ of ~~~o~tro~~n~ with the 
cyanide ion. One-clcctron reduction at thecathode in the prcscnoe ofcyanideleads to the anion-radical 
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of ~i~onitro~~ne (Scheme 4). Like other hahde derivatives, Qiodonitrobenzene in the anion- 
radical state easily cleaves the halide anion and converts it into the 4-nitrophenyl radical. The latter 
reacts with the cyanide ion and produces the anion-radical of 4-cyanonitrobcnzent. The ion-radical 
may be obtained by reducing the 4-cyanobenzenediazonium salt with dithionite in the presence of 
nitrite. One-electron oxidation with the initial substrate converts the anion-radical into the neutral 
4cyanonitrobenzene (Scheme 4). 

The acetoxylation of the aromatic compounds, chemical or at the anode, produces similar results, 
Kochi et al,’ found a way of stabilizing the cation-radical in trifluoroacetic acid. The method involves 
rapid mixing of the solutions of the aromatic compound and trifluoroacetates of three valence thallium 
and cobalt, and their freezing. Duringdefreexing the samples give well resotved spectra of the aromatic 
cation-radicals. The latter convert into the arylic esters of trifluoroacetic acid. One molecule of the 
aromatic compound consumes two molecules of the oxidizer ;’ the limiting stage of the reaction is one- 
electron oxidation producing the cation-radical. Scheme 5 visualizes the described conversions for 
benzene. 

The anodic acetoxylation of the aromatic compounds in the solutions of acetic acid carrying alkali 
metal or tetraalkylammonium aoctates takes the same route. As the investigations’*’ have shown, the 
process starts with one-electron oxidation at the anode and then passes through the same stages as in 
Scheme 5. The reaction takes plact at potentials su!Ecient to oxidize the substrate but not sufhcient to 
convert theacetateion into theacetoxyradical.Theacetoxy groupcomes to the product not fromacetic 
acid (solvent) but from the acetate ion (conducting electrolyte):* salts with tosylate or perchlorate 
anions stop the acetoxylation in the solution of acetic acid. 

Radi~lsu~titutionmay~~pr~ through the~tion-radi~lstage.~emonograph8di~u~ 
the introduction of the benxoyloxy group into the aromatic nucleus. Thus, benzoyl peroxide 
interacting with the benzene derivatives bearing electrondonor substituents yields the products of 
hydrogen replacement by the benzoyloxy group. When the nulceus carries the electron-acceptor 
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OCH, 

bCH, &H, 

Scheme 6. 

iKH, 

substituents, diaryls form; in other words, only the phenylation takes place. This may be explained by 
electron transfer from the aromatic substrate to the benzoyloxy radical. As follows from Scheme 6, one- 
electron oxidation of 1,4_dimethoxybenzene produces the cation-radical. The cation-radical, being 
more active than the initial substrate, recombines with the benzoyloxy radical before the latter 
decomposes into the phenyl radical and carbon dioxide. The process ends with the formation ofa stable 
substitution product (Scheme 6). 

In the case of anisole the reaction takes the route shown in Scheme 7. The reaction yields only 
products of the ortho- and para-substitution, the m&a-isomer is lacking. If it were a standard radical 
substitution reaction, the meta-isomer should obviously be formed in a certain amount. 

Schemes 6 and 7 show that the introduction of the electron-acceptor substituents enhances the 
stability of the substrate to oxidation and prevents electron transfer to the benzoyloxy radical. As a 
result, the phenylation takes place instead of the benzoyloxylation, and the phenyl radical enters into 
any free position. 

Analyzing the structure of the end products, we can tell whether the reaction had the ion-radical 
mechanism or not. To this end, not only the main but also the side or secondary reaction products 
should be subjected to analysis. The reaction, however, may yield only a sole product. And though the 
reaction took the ion-radical pathway, the end product may not differ from the product anticipated 
from the ordinary reaction. 

2. Changing the direction of reaction. Violation of upcorrelations when passing from standard 
to ion-radical mechanism 

a,p-Analysis of a broad range of organic reactions has demonstrated that within the framework of 
one mechanism a definite characteristic of a reaction centre linearly depends on the constants of 
substituents acting on the centre. When the linear correlation is disturbed, or the slope ofthe a-p curve 
changes, or the reaction takes another route, this means that compounds participating in the reaction 
react by another mechanism. 

We shall illustrate this on several examples. While interacting with the anion of 2nitropropane, 
benzyl chloride and its derivatives bearing groups CN, CF,, (CH&N’, CH3 and Br in the para- 
position yield products of 0-alkylation.’ However, when the nitro group takes the place of the above 

OCH, 'OCH, 

A .-. 
’ : - K I I 8 ; U ‘._I -C, HJOO- 

H 
Y 

OCH, 

&OC, H5 

l OCH, 

Scheme 7. 
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Scheme 8. 

substituents, the reaction gives the products of C-alkylation’ (Scheme 8). When the substituent is the 
nitro group, the anion-radicals are more easily produced, they are more stable, and the reaction takes 
the ion-radical pathway. 

Kimand Bunnett” havedemonstratedinasimilarway that thesubstitution oftheaminogroupfor 
iodine in iodotrimethylbenzene proceeds by the ion-radical mechanism as a contrast to the bromo- and 
chloro-analogues. The reaction of 5- and 6-pseudocumenes with potassium amide in liquid ammonia 
gives 5- and 6-pseudocumidines ; this is the tine-substitution reaction (Scheme 9). As the scheme shows, 
thereactionyieldsbothisomericaminesirrespectiveofthe halideposition(5or6)in theinitialmolecule. 
In the caSe of chloro- and bromo-analogues the ratio of 5- and 6-aminoderivatives is independent of 
halide and is always close to one and a half. The reactions proceed according to the same mechanism. 
For analogues bearing iodine the ratio changes. It decreases to 0.63 in the case of 54odopseudocumene 
and rises to 5.86 in thecase of6-iodopseudocumene. This means that iodo-derivatives react not only by 
the mechanism ofcine-substitution but also by another mechanism, the contribution of which differs 
for the 5- and 64somers. 

Iodo-derivatives, however, produce amino-derivatives in the ratio one and a half if the reaction is 
conducted in the presence of tertbutylnitroxide or tetraphenylhydrazine.‘” Because these agents 
absorb radicals authors conclude that iodo-derivatives may react by the mechanism of cine- 
substitution and at the same time by the ion-radical mechanism shown in Scheme 10. 

Ion-radicals of iodopseudocumene cleave the halide-anion more easily than bromo- and chloro- 
analogues. This makes pathway 10 involving electron transfer essential. 

The ion-radical pathway of the reaction sometimes reflects in changes of the coefficient p in the 
relationship connecting the substituent constants and the reaction rates. This may sometimes be used 
when determining the mechanism of the reaction. Now we shall illustrate this. The rate of formation of 

Scheme 9. 
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aryi iodides from aryf diazonium salts and potassium iodide in methyl alcohol depends on the nature of 
the su~tituent~o~jugat~ with thediazogroup. ’ i Electron-donor substituents decelerate the process 
as compared with benzene diazonium (the substituent is hydrogen), whereas electron-acceptor 
su~tituGn~ aceeleratc it. Oxygen inhibits the reaction and photoi~dia~on speeds it up. As has been 
reported,’ * in the case of 4-nitrobenzene diazonium, the reaction produces not only 4 
iodonitrobenzene but also nitrobenzene, elemental iodine and fo~aldchyde. All this supports the 
mechanism presented in Scheme I 1. 

The nitrophenyl radical may react with the iodo-ion and the solvent, methyl alcohol. The 
transfcrenceofthe hydrogen radical from methyl alcohol to the nitrophenyl radical yields nitrobenzene 
and fo~aIdehydc(~H~OH + CH20). Though~refully sought among the productsofthe reaction, 3- 
iodonitrobenx.ne and Qnitroanisole were lacking. This completely rejects another possible 
mechanism of the reaction, that is ~~-su~titution~ which involves the fo~ation of dehydro~nz~ne 
(Scheme 9). 

Standard nuclcophilic su~titutio~ show a clear-cut dependence between the raft of the process 
and the strength of the leaving group. The residue of piperidinc replaces a substituent in a series of4- 
substituted nitrobenztnes with thefollowingrel~tive rates(DMSO,5@‘): 1 (CI),412(F), 1.17(Br),0.26 
(J),O.OI (SC,H,). * 2 Similar r~ctionsof~ina~on proceed in liquid ammonia at photostimulation but 
the above sequence is disturbed. Bunnett ts supports the ion-radic;i m~hanism of the reaction and 
shows that similar doses of i~a~a~ou make iodides more active than bromides, while chlorides and 
fluorides react with great d~culty, ifat all. The photost~ulat~ reaction of aryl halides with sodium 
thiophenolate (liquid ammonia, - 45“) shows that aryl iodides undergo substitution, styI chlorides 
probabiydonotr~~t,andana~l bromide wasobtainedonlyin asinglecase(the yieldofPh,Sisabout 
2VA).‘* It is of interest that tricthylamine and tetrabutyl~monium hydroxide facilitate su~titution 
and PhSNa produces diphenyl sulphide when acting both on bromobenxene (yield G-700/,) and on 
chlorobenzene {yield 30-33%).rs The catalysts probably act as additional electron donors and initiate 
the formation of the primary anion-radical of the substrate. The anion-radical may originate in the 
donor-acceptor complex, the su~tratc-nitrous base. This should also promote the decomposition of 
the anion-radical under photoirradiation. 

Thus, the violation of the correlation between the ease of the reaction and the strength of leaving 
groups definitely supports the ion-radical mechanism of the reaction. This, however, cannot be 
s&Went proof because, as discussed in Section 11-2, tine-substitution producing arynes also disturbs a 
common correlation Besides, it should be noted that thef& 1 meehanismdoesnot assign the main part 
in the reaction to the leaving group X- in ArX -. The nature of X affects only the rate of fragmentation 
ArX “.. -+ Ar’ + X-‘. And indeed, the rate of fragmentation of the anion-radicals increases in the series, 
F, Cl, Br, J.‘* If we provide a strong energy pumping, say. increase the dose of irradiation, the rates of 
fra~enta~on will equalize. The capture of Ar’ by a nucleophile will become a limiting stage and it 
cannot depend on the nature of a leaving group. In fact, the reactivities of phenyl iodide, phenyl 
bromide, phenyl chloride, phenyl fluoride, phenyltrimcthyl~monium iodide and diphenyl sulphide 
towards a pair of nucleophiles fEtO),PO K ‘(P) and t-Bu~O~~~ K * (C) under conditions of 

A;---N; + I’ - ArN; + I’; J’ - t/2Jz; 

ArN; sx=Nk. At’; Al’ + J- - Ar-J’ 

A#-J; + Af?+z* - 5YJ-l -1 l AIN%’ etc. 

SEban! 11% 



sufficient irradiation are very close. For ah substrates k,/k, (liquid ammonia, N, atmosphere, - 40”) 
is equal on average to 1.4; the deviation does not exceed &loO/,;” k, is the rate constant for the 
reaction with P [(EtO),POK) and k, is the same constant with C [tBuC{O)CH,Kf. 

Asiswell known, therateco~st~~t ofa~~tio~chang~wh~ theatomparti~~tingin thereaction 
is replaced by an isotope. Deuterium and tritium are the most commonly used isotopes. The 
quantitativemeasureofthe kineticisotopiceffect istheratioofthcreactionrateconstants,forexamplc 
kn/kn. The greatest isotopic etfect is observed in the case of a hydrogen isotope.‘e This effect proves 
con~I~ively that a particular atom is subject to attack and that a labelled bond participates in the 
limiting stage of a comptex chemical reaction. The kinetic isotopic effects as applied to the ion-radical 
reactions have the following peculiarities. The ion-radical reactions presuppose electron transfer from 
donor to acceptor. An electron leaves the upper occupied orbital belonging to the whole donor 
molecufe and populates the lower vacant orbital of the whole acceptor molecule. This processcertainty 
differs from the substitution ofatoms and groups. Thus, thedirect connection between the”heavity”of 
leaving group and the rate of its deavage cannot be the primary cause of the effect, 

Dimethytsulphide accelerates the decomposition of tert-butylperoxybenate.ig Dimethyl- 
sulphide acts as a donor, whereas the peroxide is the electron acceptor. The rate of reaction drops one 
and a half times when the deuteroanalogue (CD&S is used instead of (CHJIS. The deuterated 
compound has a higher ionization potential (I); Al for (CD,),S and (CH,),S is about 230 cal/mol.‘9 
If we assume that the diffcrencc comes out in full in the transition state, the isotopic effect kdk, of 
the reaction of the electron transfer from dimethyIsulphide to tert-butyl~roxy~~oate should be 
1.4 at 80”. This is close to the reported value.” 

From a theoretical standpoint,electron transfer is the resonance transition between the vibrational 
levels of a system comprising reagents and a solvent, *‘The reagents and products have approximately 
the singIt frequency of intramolecular vibration and the single ionization potential Their interaction 
with a solvent (polar medium) is characterized by the frequency of the reagent or product moiecule 
vibrations inside the ionic shell and the pofar medium itseff is characterized by energy (Es) showing a 
change in its polarization at electron transfer. At a constant Es the probability of electron transfer is 
greater when Al < Es and lower when Al > Es. It is quite clear that a pronounced isotopic effect is 
observed only when Al > Es_ This is true only when AI > 0. 

Because the reactions of electron transfer proceed through a polar transition state, kiJk,depends 
above at1 on the dielectric constant of a solvent. This peculiarity of the kinetic isotopice~~t is used to 
establish the ion-radical stage in reactions of phe~ylhydr~on~ with quinones (solvents dimcthyl- 
sulphoxide, acetonitrile, tetrahydrofuran, dioxane).” 

5. Kinetic approaches 
A thorough investigation into the kinetics of a chemical reaction usually, ahhough not always, 

establishes its m~hanism. However, it should be borne in mind that the same initial compounds may 
produce the same end products by different mechanisms. Thus, the ion-radical scheme of aromatic 
nucleophilic su~titutions may cover a whole range of pathways (Scheme 12).22 As the scheme shows, 
the conversion of the anion-radical of the substrate may proceed through the radical, through the 
anionic u-complex, or through the anion-radical of this o-complex. The contribution of each 
mechanism depends on the m-action conditions, the effect of the compound structure and medium 
included. 

As a result, the researchers fact the probtem of estimating the ~ont~butio~ of one or another 
mechanism ofthc reaction and determining the type ofintermediate particle. According to Schein” the 
commonly accepted ciassification of the mechanisms of aromatic nuclcophilic substitutions by the 
reactionorderisincomplete. Hissuggestionis toclassify themechanisms by thetypeoftheintermediate 
particle: the ion-radical, free radical, ~rbanion~, etc. Above all, several inte~~i~te particles may 
participate in the reactions. 

To ilfustrate what has been s&aid above it seems useful to consider any ion-radical reaction 
thoroughly studied kinetically, Let this reaction IX the su~tjtution of the nitro group in Q- 
dinitrobenzene (o-DNB) by the hydroxy group. The researchers have established that: 

(i) o-DNB reacting with OH - in aqueous dimethyisulphoxide produces only o-nitrophenolate and 
nitrite it3 (ii) mixing of reagents quantitatively yields long-tived anion-radi~Isof~DNB, -23.24 (iii) ion 
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Scheme 12. 

OH - is indeed the donor of electrons within the system, and it converts into a short-lived radical 
OH’;24 (iv) the pathway to o-nitrophenolate proceeds through a a-complex carrying the OH group at a 
tetrahedral carbon;23*2s (v) the initial o-DNB and the a-complex’do not exchange an electron;23 (vi) 
the first stage of electron transfer, yielding the anion-radical, in the interaction of o-DNB with OH - 
proceeds with the participation of the uncharged o-DNB;~~ (vii) the kinetic curve of the accumulation 
and consumption of the o-DNB anion-radicals is S-shaped and that of the accumulation of 
nitrophenolate is parabolic. The curve of the anion-radical starts to dip at the knee of the curve of the 
endproduct;23( “‘)k’ t’cc I I vu1 me 1 a cu ations accord well with the experimental data when the anion-radical 
of o-DNB is considered as the starting compound in the substitution of OH- for the nitro group.23 

The results given above unambiguously support the ion-radical mechanism of the reaction. The 
anion-radical of o-DNB is long-lived and does not decompose into the nitrophenyl radical and nitrite 
ion. Therefore we may conclude that the radical pathway (Scheme 12a) is not essential. The kinetics of 
the accumulation and consumption of anion-radicals of the substrate as compared with the kinetics of 
the product (o-nitrophenol) accumulation shows that the anion-radicals leave the cage, pass into the 
solvent pool, and form the anion-radical of the negatively charged a-complex (Scheme 12b). The 
“hidden-radical” pathway producing the anionic a-complex by the mechanism of bimolecular 
nucleation (Scheme 12~) coexists with the main route, if at all. 

Thus, despite the complexity of the problem, the kinetic approaches make its solution quite 
possible. 

We now turn to the stages of the ion-radical conversion and try to estimate the activation barriers 
for each of the stages. 

The initiation ofthe ion-radical conversion. In the general case this is the interaction of a donor(D) and 
an acceptor (A) involving transfer of one electron. The probability of one-electron transfer is 
determined by thermodynamics, namely the positive difference between the acceptor electron affinity 
and the donor ionization potential. The electron transfer is accompanied by a change in the solvate 
surroundings : charged particles form and the solvent molecules (the solvent is usually polar) create a 
sphere around the particles thereby promoting their formation. Elevated temperatures destroy the 
solvate shell and hinder the conversion. Besides, electron transfer is often preceded by the formation of 
the charge transfer complexes by the scheme : 

D+A +D...A + [Dd+,Ad-] + [D+‘,A- ‘I-+ D+‘+A-‘. 
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(Ph,C=CPh,)-‘K+ l THF + (Ph2C=CPh2)-‘K+ l THF - * 

e PhlC=CPhz + (Ph,C=CPh2)‘-2K+ l THF 

Scheme 13. 

As is quite evident, the formation of the charge transfer complexes presupposes that molecules of 
donor and acceptor are held in place by some forces. Here too an increase in temperature hinders the 
production ofcomplexes because it increases the disorder ofmolecules in the solution. To summarize, 
the stage of origin of the ion-radical conversion has, as a rule, a negative temperature coefficient or, in 
any event, does not increase the total activation energy of the ion-radical reaction. 

The development of the ion-radical reaction. The possible mechanisms of the ion-radical conversions 
are shown in Scheme 12; although the scheme represents the anion-radical reactions it can well 
illustrate the cation-radical conversions proceeding by a similar pattern. So far, the researchers have 
failed to separate all the directions shown in Scheme 12 and study them kinetically. It is clear, however, 
that a deep reconstruction of a molecule associated with the bond cleavage cannot take place at a 
negative or zero activation energy. Thus, the decomposition of 4-iodo- and Cbromonitrobenzenes in 
acetonitrile and dimethylformamide 

ArX-‘+Ar’+X- 

has a positive activation energy (17-20 kcal/mol). 26 However, the reaction of the phenyl radical with 
the iodide ion 

Ph’+I- -+ Phi-’ 

depends only on the number of collisions of the particles and has a zero activation energy.27 The 
nonempirical calculation of the total potential profile of the reaction of radicals ‘CH2N02 with anions 
- CH,NO, also gives zero activation energy, and this accords well with the results of experiment.28 
The interaction of the ion-radicals with the initial neutral molecules2’ or radicals2g*30 also proceeds 
with zero activation energy. 

Therefore it may be concluded that ion-radical reactions have, in general, only a moderately great 
activation energy and, if permitted thermodynamically, proceed under sufficiently mild conditions. 

Now we must focus our attention on a practically important group of ion-radical reactions, i.e. 
recombinations. They may proceed either as disproportionation or as dimerization. It is of interest to 
compare this type of recombination with the recombination of radicals. As is known, the radicals 
interact at zero activation energy. Ion-radicals have a dual nature : as radicals they are highly reactive 
and as ions they attract particles of an opposite charge and repel those of the same charge. A 
disproportionation is the interaction of ion-radicals of equal signs. As a rule, the driving force of the 
ion-radical disproportionation consists of resolvation producing more stable aggregates. For example, 
the potassium salt of the anion-radical of tetraphenylethylene in THF does not exist, whereas the 
dipotassium salt of the dianion is stable because it is better solvated. Therefore immediately after its 
formation the anion-radical of tetraphenylethylenedisproportionates by the route shown in Scheme 13 
which demonstrates the formation of stable ionic pairs.3’ 

The decomposition ofionic pairs hinders the disproportionation, and in HMPA the anion-radical 
oftetraphenylethylene acquires the ability to exist for a long time3’ (Scheme 14). This is essential when 
choosing solvents for the ion-radical polymerization. 

Another important direction of synthesis is the ion-radical dimerization. The investigation of 
a-nitroolefins dimerization under the action of the cyclooctatetraene dianion or at an electrode has 
demonstrated32 that it proceeds not as the dimerization of two anion-radicals but rather as the 
interaction ofthe a-nitroolefin dianion with the neutral molecule. At first, however, the former direction 

(Ph,C=CPhl)-‘K’ + HMPA - (Ph&=CPhJ’/HMPA/K+ 

tPh2C=CPh2)-*/HMPA/K+ + (PhlC=CPhl)-*/HMPA/K+ w - 

Ph,C=CPh, + (PhlC=CPh2)‘-/HMPA/2K+ 

Scheme 14. 
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seemed to be more probable (Scheme IS) because the nitro group converting into the nitronatc group 
(-NO2 I) =NOO-) following electron transfer makes the carbon adjacent to the otefin bond 
radicahy nonsaturated. This dimerization, however, requires a high activation energy because it 
presupposes that two negatively charged particles are brought closer together and the bond forms 
between them. The dianiun interacting with the neutral molecule requires fess energy (Scheme lb). 
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Scheme 16. 

The same holds true for ~tion-radials. For example, two ~tion-~di~Is of ~~tho~ybi~heny~ 
dimerilrt in acetonitrile at an activation energy of not below 10 kal/mol, whereas the interaction of the 
~tion-radios with the neutral molecule requires no activation energy and the rate of the process is 
independent of temperaturc.33 

The ESR spectrum of ion-radicals gives the quantitative distribution of the spin density. The ESR 
spectrum determines the super-fine interaction (SFI) constant for the Pb hydrogen, af”. The constant is 
directly proportiona! to the spin density at the t”L carbon carrying the r”’ hydrogen. 

N~d~~to~y,aco~e~ation&tw~na~a~d thedi~tio~ofsu~titutiond~snotindi~tethat the 
reaction necessarily takes the ion-radical pathway. In other words, the correlation may represent the 
relationship, say, betweien the orientation and the tendency of a substrate to locate a charge, or between 
the electronic structure of the transition state and the distribution of the spin density in the substrate 
ion-radical, etc. For example, the orientation at theG~~trophii~substitution ofaromatic compounds 
(Table X) correlates with a: of the corresponding cation-radicals. When trying to establish such 

TaMe 1. Proper&s of aromatic compouhdr and cxwesponding c&on-radicals 

Compound 
-- .* 
N*N-~hy~a~i~ 
Naphthaknt 

Anthtacenc 
Biphcnykae 
Triphmyknc 
bknc 

RCMtiOKl 

Brominatian 
Nitratioa 
Tritiation 
AcyMion 
Nitration 
Nitration 
Nit&w 

Reactivity 

4 > 2 > P 
1 > 2” 
1 > 230 
9 > 1 > 2js 
2w 1m 
2 =5 1” 
I>Oiber”~ 
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Table 2 Constants SFI and activation energy in the ethoxy group substitutron for chlorine when 

treating nitro- and dinitr~hIoro~?~nu with a mixture of ethyl akohol and piperidine 

Compound Constants SFI, G”.‘* ~~~~O~~SO 
.- -. - --..- -* - - .---,- - - - 

t. Nitrobenxenc = a: = 3.30; a: = 3.82 
2. 2-Chloronitrohenxenent 18.1 
3. 4-Chloronitrobcruene 17.1 
4. 1.3-Dmitrobcnztne - 
5. 1,3-Dimtro-2-chlorobmzzne 122 
6. 13-Dinitro4chlorobenlene 10.7 

relationships, one should bear in mind that an unpaired electron localizes differently in ion-radicals of 
unlike signs. 3* The results of investigations”’ u arc summarized in Table 1. They demonstrate the 
symbiotic correlation between the distribution of spin density in cation-radicals and the direction of 
electrophilic substitution. In particular, azulene is nitrated most easily at position 1 which has the 
greatest spin density in the cation-radical (the anion-radical ofazulene has the greatest spin density not 
at position f but at position 6).*6+‘7 

The orientation given in Table 1 is observed at the standard electrophilic substitution of neutral 
molecules. This is not exactly so, however, for triphenylene. The calculations by the Htickel MO 
method demonstrate45 that in uncharged triphenylene the most reactive is position 2. In the cation- 
radical the most reactive is not only position 2 but also position l.2e As follows from Table 1, the 
experimental data on orientation at the t~phenylcne nitration agree with the results of calculations 
only when the intermediate particle is the cation-radical of triphcnylene and not triphenylene itself. 

fntcresting data can also be cited on nucleophilic reactions. Relative rates of the chlorine 
substitution in nitrochlorobenrenes under the action ofdifferent nucleophilic reagentsaccord well with 
a: of the anion-radicals. It is true, one is forced to rely on the values of ar of the anion-radicals not 
carryingchlorine.Thespin ofthechlorinenucleusis 312and that ofproton is l/2. Asa result,splittingat 
chlorine is l/IO of that at proton at the same spin density on the nucleus. In passing from 
nitr~hloro~~ne to nitrobenzcne, SF1 constants of the corresponding anion-radicals practically do 
not change. As follows from Table 2, ai’ of the 4-chloronitrobenr.ene anion-radical is close to a: (a:) 
of the nitrobenzene anion-radical; the pair 2chloronitrobenrene and nitrobenzene shows the same 
agreement betweenafanda:‘. In theanion-radicalofnitrobenzenea: > a~.Thesubstitutionofethoxyl 
for chlorine in 4chloronitrobenzene proceeds much easier and requires a lower activation energy than 
thesamesubstitutionin2-ch1oronitrobenzcne.Thespindensityinposition4oftheanion-radicalof 1,3- 
dinitrobenzenc is greater than in position 2 (a: > a!). Therefore 1,3-dinitro4chlorobenzene is more 
active in nucleophilic substitution than 1,3dinitro-2~hIoro~nzene. 

The methoxide ion5’ replaces chlorine in 4chloro-3-methylnitrobenzene more rapidly than in 6- 
chlor~3-methylnitro~~ne (Table 3 ; nos. 1 and 2). This agrees well with the theory that the anion- 
radical of 3-methylnitrobenzene has a greater spin density in position 4 than in position 6” (compare 
with Scheme 17). The SF1 constants of the 3-~tr~hloro~n~nc anion-radical** (Scheme 17) and 
relative rateconstants ofmethoxy ion substitution s f for chlorines at the P’carbons (Table 3 ; nos. 3 and 
4) correlate in the same way. 

This argument in support of the ion-radical pathway has no value unless combined with other 
proofs. However, an analysis of the correlation between the orientation at substitution and the 
electronic structure of an ion-radical will help elucidate the problem in full. 

Nucleophilic substitution reactions proceeding by the chain ion-radical mechanism also 
demonstrate a certain correlation between the distribution ofelectronicdensity in ion-radicals and the 

Table 3. Retntivc rate constants of the methoxy ion su~titution for chlorine (25”. MeOH)” 

No. Initial compound Reaction product 6, 
-~. - - _- 

1. CChforo-3mcthylnitrobenxene 6Methoxy-3-meihylnitrobcnteae 1 
2. &Chloro-3methylnitrohenzerte Mkthoxy-Emethylnitrobcruene 3.6 
3. 3,6Dichloronitrohenxene 3-Chforo&methoxynitrobcnmne 
4. 3.4Dichloronitrokn 3Chloro4methoxynifrobenxene :.6 
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W CHs 0,N Cl 

aHb = 3.30G an6 = 3.20G 

aH, =4.88G aH4=4.07C 

Scheme 17. 

reactivity ofthe corresponding uncharged substrates. As has been reported,5 3*54 m-chloroiodobenzene 
reacts (photoirradiation, liquid ammonia) with such nucleophiles as diethylphosphite and 
thiophenolate. Under similar reaction conditions monosubstitution yielding diethyl-m-chlorobenzene 
phosphonate prevails in the first case, whereas in the second the main product is M- 
(bisphenylthio)benzene. When the reaction involves the diethylphosphite ion, a certain degree of 
disubstitution can be achieved by lowering the concentration of the substrate. Thus, when the 
concentration of m-chloroiodobenzene is 0.1 M, the reaction produces only the product of 
monosubstitution, but when it is lowered to 0.008 M, disubstitution (up to 15%) proceeds concurrently 
with monosubstitution. 

It has been revealed53*55 that the products of the thiophenolate and diethylphosphite 
disubstitution do not form from monosubstituted derivatives. The monosubstituted product is 20 
times less active than the initial substrate as regards thiophenolate. The &,I model takes all these facts 
into consideration (Scheme 18). 

The scheme shows that the course of the reaction is determined by the fate of the monosubstituted 
product in the anion-radical form. Because (EtO),P(O) is a stronger acceptor than the PhS group, 
anion-radicals m-CIC,H,SPh - decompose much easier than anion-radicals m-CIC,H,PO(OEt);‘. A 
more stable anion-radical lives until the moment when it meets the initial substrate and gives it an 
electron, thus producing a monosubstituted derivative. By contrast, a less stable anion-radical cleaves 
the chloride ion before it is subjected to one-electron oxidation, and the process tends towards 
disubstitution. The frequency of collisions of the chlorine bearing anion-radical with the initial 
substrate is greater the higher the concentration of the substrate. Therefore diluting the solution 
promotes disubstitution. The ion-radical disubstitution also proceeds stepwise. What is quite 
important is that the second step involves the product in the anion-radical form, which is far more 

NJ) 

Scheme 18. 



2784 2. v. TODRFS 

reactive than the corresponding uncharged molecule. All these simple observations considered 
together support the !&,l mechanism of the reaction. 

To conclude, it should be noted that it is necessary to check whether the S,,l mechanism is 
operative when passing from one reaction system to another, even if they are similar. Thus, ketene 
enolates easily substitute chlorine in position 2 of the electrophilic nucleus of pirazine (1,4- 
diazabenzene), and even in the dark the reaction proceeds by the S,u.,l mechanism.56” It might be 
expected that the introduction of the second chlorine in the ortho position to another nitrogen in the 
electrophilic nucleus of pirazine should better promote the ion-radical pathway. However, 2,6- 
dichloropirazine in the dark or subjected to light reacts with the same nucleophiles by the S,2 and not 
by the !&l mechanism.s6b The authorss6* are of the opinion that two halogens in the pirazine cycle 
facilitate the formation of the o-complex to the extent that the dehalogenation of the anion-radicals in 
the solution and a subsequent nucleophilic attack of a free pirazine radical become almost impossible. 
Thus, the reaction may proceed by either of the mechanisms, that involving and that not involving the 
intermediate a-complex, and only special identification experiments can tell which is the true one. 

7. Physical methods of revealing ion-radicals 
Previous sections treated the substancesentering into the ion-radical conversions and analyzed the 

resulting products. However, in order to get a deeper insight into the course of the process it is necessary 
to reveal the intermediate particles participating in conversions. In other words, we must give direct 
proofs of the formation of ion-radicals. Moreover, it should be demonstrated that the ion-radicals form 
not on the parallel but on the main pathway of the reaction. And finally, it is essential to discover the 
particles generated in the ion-radical decomposition if the process, in general, has a radical nature. 

Electron spin resonance. This method unambiguously establishes the presence of particles bearing 
unpaired electrons (ion-radicals and radicals). The ESR spectrum quantitatively characterizes the 
distribution of the electron density within the paramagnetic particle by a superfine ESR structure. This 
establishes the nature and electronic configuration of the particle.” -60 

The ESR method provides information only on particles which exist for more than 1 x 1O-3 s. In 
order to investigate short-lived radicals their concentration in the registration system of the ESR 
spectrometer should be stationary; this means that flow methods should be used. They allow one to 
study reactions with conversion times below 10m4 s. 

Chemically induced dynamic nuclear polarization (CIDNP). CIDNP is several orders more sensitive 
than ESR as regards the detection of the ion-radical stages of reactions. Particles with uniformly 
populated Zeeman levels give normal NMR spectra. Molecules produced as a result of a radical- 
radical recombination may have nonuniformly populated Zeeman levels. This leads to the abnormal 
NMR behaviour called chemically induced dynamic nuclear polarization : enhanced absorption at a 
positive polarization and emission at a negative polarization. The CIDNP signals are observed 
immediately after the particle formation within the period oftime necessary for nuclear relaxation. This 
time is l-30 s. The NMR spectra often visualize the multiplet effect that is the lines in spin multiplet in 
high and low fields have opposite signs revealing both emission and absorption. The peculiarities of 
CIDNP, its theory and kinetics are thoroughly discussed.6’ The monograph gives numerous examples 
of CIDNP observed with oxidation-reduction reactions (interaction of alkyllithium with alkyl 
halides), reactions of diazonium and iodonium salts, reactions of organometallic compounds, 
oxidation and photochemical electron transfer. 

The CIDNP method provides the following information.6’ It(i) proves that the reaction proceeds 
through intermediate paramagnetic particles (ion-radicals, radicals, biradicals); (ii) establishes which 
radical pair gave rise to a molecule and determines spin multiplicity of the reacting particles forming a 
radical pair; (iii) evaluates by the kinetics of nuclear polarization the rate constants of the ion-radical 
conversions and their activation energies. 

The CIDNP method is not universal. It has certain drawbacks : the polarization is weak and is 
hardly detected in reactions involving extremely short-lived radicals and, if so, it disappears quickly. It 
is often difficult to attribute the polarization to the products of the main, rather than of the side or 
reverse conversions. The latter threat is most serious for the reactions with the participation of ion- 
radicals : the formation of end products often proceeds concurrently with the restoration of the initial 
neutral molecules owing to a reverse electron transfer (Scheme 19). 

As follows from Scheme 19, not only the end products but also the initial molecules should be 
polarized. Besides, one of the components of the ion-radical pair may exchange electrons with the 
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neutral starting mol~eule, for example 

RXY “+-RX?’ -, RXY+RXY‘ ). 

This exchange reduces the residence time of ian-radical RXY-’ in the pair and lowers the net 
polarization. This and sOme other phenomtna which can be attributed to electron exchange ltd to a 
loss Of memory of nuclear-spin states. And finally, the initial ~ia~tion may b~“scattered” as a result 
of a chain ion-radical prOcess. This is illustrated in Scheme 20.‘r 

BuchachGnkod’ advances another theory. He bases his reasoning on the absence of the CIDNP 
signals for the reaction of n-butyl iodide with te~-botyi~t~~ conductad in ether at - 70”. The halogen 
and metal quickly exchange under these conditions, but the C-C bond does not form. In contrast to 
Scheme 20, the theory* l assumes that tbt radicals produced followingeltctron transfer form complexes 
with the alkyllithiom associates. Alkyllith~~ forms stable hexamen (two pyramids having a common 
base) and tetramers ftttrahtdronsf. These associates exist even in the gas phase and are revealed by 
mass spectroscopy, A radical bonded in such a cluster produces a par~a~etic widening of the NMR 
signals. This makes them nonobservabh! long before the end of the reaction. So, in this case, we should 
speak not about the absence of the CIDNP effect but about its masking. 

Another word of caution may be in order. The spectra may visual&G nuclear polarization of 
products due to ~~a~tio~ of initial substances. Bubnov and co-workcrs63 recorded ’ 'N-NMR 
spectra to investigate the azocouplingof bentyldiazonium tetrafluoroboratc with sodium phenolate in 
methanol. Eenzyl diazonium was prepared from aniline-“N and HisNO,. The spectrum 
demonstrated a strong polarization of signais from the azo dye immediately following mixing of 
solutions of the diazo ~rn~und and phenol. The signal from the initial diazonium salt was also 
polarized. The resGarchers*3 drew theconclusion that the azo dye is produetd according to Scheme 21; 
the nuclear polarization of the diazonium nitrogen was regarded as GvidGnet of the rcvcrsibiiity of 
the Gleetron transfer stage. 

The following treatment of the CIDNP results arouse serious objcctions.64*s~ Lippmaa et ai.,” 
investigating tht same reaction, rtvealed a strong * ‘N, r3C and ‘H CIDNPeffe& They state that ’ “\C 
nucleiinthGphenoxylringofthGazodyGarGnotpolari~,whercasthGpolarizationof’SNnuciGiofthG 
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-Lt’ I -x- I 
Rt‘ RI’ 

R1’ t RL, - R,” + Rti” 

1 
*&I* 

R,Lk 

R,‘ + RIX - R’ t R,X” 

I .x- 

RX 

SchmK 20. 



2786 

- (=J--N; * 00 - 

Scheme 21. 

azo bond and t ‘C nuclei at positions 1 and 2 ofthe phcnyl ring is an exact replica of the polarization of 
the~enueleiin thcd~~nium s&This hasted to thcconcfusion that thediazoeomponent polarizes 
as a resutt of the side reactions and that it is the diazo component that brings it to the azo dye.” Thus, 
the CIDNP effect does not support the mechanism presented in Scheme 21. 

Sev~al explanations of the observed CIDNP eff&t have been proposed. We want to discuss here 
~~eofthem~u~it ~mstoexplajnawhoterangeofinteractionsofdiazoniumsaltswithoxyanions, 
the interaction which is accompanied by a pronounced polarization of nuctei. The reaction of 
diazocation with phenoiate yielding the azo dye may prooeed through the fo~ation of the diazoether. 
Kekult67 came to this conclusion in 1870. Zoltinger, ~usid~ng this conclusion, proposed and 
explained the mechanism by which the diazo ethers convert into the Cd&o compounds, that is into 
the oxyazo dyes. ‘* The diazo ether pr~~ina~~y dissociates into the phenoiatc ion and the diazonium 
ion, in other words two-stage intermolccufar reaction take-s place. The CIDNP effect suggests that the 
diazo ether may rcwzsibty convert into the radical pair (Scheme 22). 

AtXI* t -0Ph Z== Ar-N-.N-_OPb B AI-N=N” Wh f 

!schemc 22”. 

Whihz ~~tGracting with the aikoxyl anions, the diinium cation also produces a primary diazo 
ether although it can give no azo dye. “N and “C nuclei of~yldj~onium ~rofluo~deen~ch~ with 
’ 'N in both positions become polarized in the present of sodium alcoholates.69 The reaction yields 
benzene showing nuekar polarization. ‘* The data on kinetics and the CIDNP resuits7’*71 agree well 
with Scheme 23 which has much in common with Scheme 22. 

Asfoliowsfrom the above, the CIDNPmethod isofgreat help tothechemist. In the present stateof 
the art, however, it cannot always give str~~tfo~ard i~o~atjon, first, because the CIDNP effect 
may be masked and, second, because errors may creep into its inte~retat~on. 

Other ph~&~Or n&o&s. Magnetic suscepribiiity of paramagnetic particles in soIutions73 is used to 
determine theconoentration of ion-radicals but yields no structural information. Instruments for such 
measurements arc only rarely used in chemical laboratories. &sides, special devices should be 
elsboratod to conduct jnv~tjga~o~s at different temperatures. 

7% ECMR method determines the ~on~ntratjon of ion-radicals and sometimes establishes their 
structure. The ~~nt~tion of ion-radicals in solutions may be determined either directly by she 
intensity of the ion-radical signals, or indirectly by splitting of the standard signalTCL or by a chemical 
shift of the solvent signat ‘* observed in the presence of the ion-radical. 

S~c~o~~oto~rry. Stable ion-tad&& have, as a rule, a deeper colouring than the initial neutral 
molecules. An unpaired electron on the molecular orbital increases the molecule poiatibility and 
facilitates its excitation by light. This enhances the intensity of absorption and shifts it fo the region of 

ArN; * -OR zz== Ar-N=ZN--OR i Ar-N ~N’,‘OR 

Ar-N=ZN‘ -----+ 
N’ 

At’+ Nz Ar’ - AtH 

!st%baw 23. 
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higher wavelengths. Therefore, ion-radicals can be quite easily reveaied by electronic spectroscopy. 
This method is often applied to investigate the kinetics of the ion-radical reactions and to establish the 
significance of the ion-radical pathway. For example, the ESR method has revealed that the 
methoxy~tion of ~nitr~hloro~~ne produces ion-radicals of the initial substance. It has also 
shown thatbEsidcsthemainproduct,pnitroanisale,thereactionyieMsthesideproduct,~nitrophenol 
(up to 1 5%).‘5 The kinetics of ~nsumption of the ~nitr~hloro~~ne anion-radicals was studied 
spectraphotometrically. ‘6 The investigation has demonstrated that pnitrophenol is produced from 
the anion-radicals of the initial ~nitr~hloro~n?~ne and that almost all anion-radicals convert into 
nitrophenol. Solodovnikov’6 came to the conclusion that the anion-radicals of ~nitr~hloro~n7~ne 
arc produced by the reaction parallel to substitution. Then, it should be assumed that the reaction 
proceeds either by a nonradical mechanism or by a chidden-radials m~han~m which implies that 
particles of a radicaI nature are produced and unite in a solvent cage without passing into a solvent 
pool. This conclusion caused objections. 7’Tbeauthor”pointsout that thekineti~r~ult~*mayal~~ 
obtained in the case of a sequential reaction yielding anion-radicals of’pnitrochlorobenzene and then 
ofpnitroanisoJe,whenoneoftkx?stagesisthelimitingstage,say,Ionnationoftbeanion-radicili~the 
initial substrate upon its interaction with the methylate anion. Abe and Ikegame2’ inv~tigating the 
kinetics of reaction between p-dinitrobenzrne and alkali, demonstrate that the formation of anion- 
radical is the limiting stage. The author” considers the assumption that all the anion-radicals ofp- 
nitrochlorobenzene convert into ~nitrophenolate invalid because these anion-radicals may be 
consum~inother~ctions. lrthepr~n~o~oxy8enI~dsonly to~~trophenolate(thesidepr~uct~~ 
then it would hardly promote the nucieophilic substitution of methoxyl for chlorine.” The discussion 
ofcrrors which could &introduced’& is of a special meth~~logi~l interest. Shein?’ pays attention to 
the following facts. Kinetic calculations usually take the highest molar extinction of pnitrophenofate 
increased almost twenty times. Thisisclearly seen whencomparingvalues taken by Shein” and Abes2’ 
~imethylsulphoxide used as a solvent” may contain water and CH3SNa. Water may hydrolyze the 
initial pnitrochlorobenzene (s~tropbotometry uses solutions extremely diluted with respect to the 
substrate). CH$Na may lead to ~-nitrophenyimcthyl sulphide and its anion-radical, and this was not 
taken account of in the kinetic equations. Solodovnikov”’ considers neither the production of the 
anion-radical of pnitroanisole nor the formation of the other products of a deeper reduction of the 
substrate. 

When the kinetics of ion-radical reactions is investigated spectrophotometrically, solvents should 
be analyxzd for purity, reagents and products should be checked against the material balance. These 
requirements are not simple but they arc essential in order to obtain adequate kinetic data. 

I R spectroscopy. Whcn#ndu~t~ insolvents not masking ihe bands ofthe ion-radical particfesand 
when the particles them~lv~arestable, the IR spectroscopy maybeused toadvantage toidentify their 
structure (by a change in the number of ion-radical absorption bands or by a different pattern of 
their distribution as compared with the initial neutral mole&e) and perform quantitative 
dete~inations(by the intensity of bands). Moreover, it determines the localization of spin density, i.e. 
answers the key question concerning the structure of ion-radicals. IR inv~tigations of the 
metallo~~hyrine cation-radicals have established that spin density and a positive charge are 
localized not on the iron but rather on the porphyrin ligand.78 

~lecrr~~e~j~ul ~e~~i~ 4 ids-radical reactiuns. Kitaev et a1,79 discuss this method in detail. 
Whether the data of electrode reactions may be carried over to the ion-radical conversions or not, is 
decided in every particular case. Electron transfer in the homogeneous medium and at the electrode 
have much in common, but stitl the differences are great.@* 

Mass specrrometry. The behaviour of ion-radicals in the mass spectrometer chamber opens up 
pencil venues of their alteration. The liquid-phase chtmicdi reaction, however, cannot always 
provide such possibiiitics. This is quite evident and needs no comment. 

~~it~ur~~~ ~~~~~g~i%ali~~ of oinyl compotmds. It is not always an easy matter to estabtisb the ion- 
radical mechanism of reactionseven with the help ofmodern physical methods. This is especially so for 
the reactions producing unstable phenylthiyl radicals from the thiophenola~ ian. This radical, 
however, can be trapped by introducing styrent into the system. Even minute quantities of the 
phe~ylthiyl radical cause styrene ~l~e~tio~. Thus, the reaction of sodium thiophenoIate with 
alkyl halides or 2-butylnosylate,6’ or with benzyl halideP pr& through a stage of electron 
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PhSN~ + AfktM - PhS’ + (AlkHal)-‘%’ - NrHal l PhSAik 

Scheme 24. 

transfer producing the ~henylthiyl radical, As a result styrene polymerizes with the insertion of the 
phenylthiyl radical The sulphur-containing oligomer was separated and characterized. The oligomer 
does not form when thio~henolate is mixed with styrene in the absence of the acceptor component 
(alkyl halide or nosylate). The introduction of the radical trap-phenylterbutylnitrone-decelerates 
the reaction of the acceptor component with thiophenolate, and ESR spectroscopy registers the 
product of the phenylthiyl radical addition to nitrone. This indicates that the phenylthiyl radicals form 
on the main pathway of the reaction (Scheme 24). 

The presence of the phenyl radicals in the substitution of the nitro for the diazonium group in the 
reaction of benzol diazonium salts with sodium nitrite has been demonstrated in the same way as for 
reaction 24. Acrylonitrilc introduced into the reaction mixture polymer&s; the polymerization takes 
place in nitrogen and oxygen inhibits it. asa This supports the scheme of reaction analogous to Scheme 
t 1. However, the initiation alone of ~l~e~~tion of vinyl compounds (indicators} cannot be 
regarded as sufficient proof of the ion-radical pathway of reactions. Singh et a1.83’ report that 
bone-and~nitro~n~nediazonium fluoroborat~conve~ into nitro-and ~init~o~~n~ under 
the action of sodium nitrite in methanol, whereas pmethoxybenzene diazonium does not produce 
nitroani~le.Thcfact that~methoxy~~~nedi~~nium fallsout ofthe~~esis~silyexpl~n~ : thep 
methoxyphenyl radical is incapable of coupling with the nitrite ion, and the sequence of stages 
illustraled in Scheme 11 becomes impossible.8k 

Thus, the separation of polymers from the reaction mixture containing the vinyl com~und 
additive indicates that the substrate produces a radical at the inte~ediate stage. The latter adds to a 
“probe” and forms a radical adduct with the vinyl monomer, and initiates the monomer poly- 
met&ration. Sometimes, however, the radical adduct may add not to the “probe*-monomer but to the 
main reagent. Tbc polymerization does not start but the reaction yields a low-molecular individual 
su~tan~~ntaining fra~cntsofsubstrat~ monomer and reagent. To illustrate, weshall consider the 
reactionofperfluoroalkyliodide(substrate)with thenitropropenidesalt (reagcnt)in thcpresenceofthc 
monomeric probe (vinyl acetate, methyImetacrylatc, styrene), e3b Electron transfer from the reagent to 
the substrate is accompanied by cleavage of the iodide ion and formation ofthe perfluoroalkyl radical. 
Thclatterattacks themonomerin ther~ctionsp~rc.~eradi~ladduct in the~o~thea~vel~t~ 
vinyl monomers adds to the nitropropenidc ion at a greater rate than to another molecule of the 
monomer. 

~er~~~~i~~j~~tor~, Each ion-radical reaction involveselectron transfer and further conversion of 
ion-radicals. Ion-radicals may either beconsumed within the solvent cage or pass into the solvent pool. 
if they pass into the solvent volume, the method of inhibitors may determine whether the ion-radicals 
were produced on the main pathway of the reaction, in other words, whether they were spent to obtain 
thedesiredproduct.Theinhibitorissuch that it isable tooxid~thca~on-radi~lorr~u~thc~tion* 
radical ; the yield and the rate of formation of the end product arc carefully watched over. it is quite 
evident that both anion- and cation-radicals produced upon electron exchange between the substrate 
and reagent can not always leave the cage and exist in solution for a long time. The nucleophilic 
substitution of chloride in ~~initr~hloro~~enc (substrate) by the d~ethylamino group from 
triethylamine furnishes a good example of this. The anion-radical of the substrate and the cation- 
radical of the reagent pass into the solvent volume. eb Therefore, acceptor compounds @- 
benzoquinone, tetracyanoethylene, tetracy~noquin~imethane) and electron donors (potassium 
iodide, iron(I1) sulphate, tctramcthylparaphenylen~iamine) inhibit the su~titution.8~ 

Sometimes thesubstrateanion-radical quickly decomposes producing the organic radical and only 
then converts it into the final product fn this case use can be made of usual inhibitors of radical 
reactions and the reaction mechanism can be disclosed by a nature of products. Thus, transfer of 

electron from the anion-radical of naphthalene to organomercury halides gives naphthalene and 
the substrate anion-radical. The latter decomposes in two stages: 

(RHgHa~)-. ,;r’ RHg‘ ---2 R’. 

Then, s~metr~tion proceeds by the hollowing scheme : 

R’ + R-HgHal -c (R,HgHal) ““. (R,HgHalf- -~rf” R,Hg. 
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~umene (H’ donor) inhibits the s~rn~t~ti~~. The main diction becomes the reducive 
demcrcuration because radicals R’ controlling the process leave the sphere of the reaction :a@ 

R’+H’-+RH. 

Widely encountered are the reactions which produce unstable radicals of the type ‘OH, ‘OAlk 
from reagents -OH, -OAIk and rather stable anion-radicals from substrates, say, quinones. 

Sodium methylate acting on 2~hioroanthraquinone substitutes the methoxy group for chlorine 
and produces anion-radials of the substrate. src The study of kinetics has demonstrate that the 
amount of the substrate anion-radicals first increases and then sharply decreases. The in~bitor @ 
~nz~uino~) decelerates the fo~ation of the anion-radials. The rate of fo~ation of 2- 
methoxyanthraq~inoneaisod~r~~. ‘~Ifthcanion-radj~~s wereproduced on theside pathway, the 
rate of formation of the end product upon the introduction of the inhibitor should not have decreased. 
Moreover, it should even rise use the oxidation of the anion.radi~s regenerates the uncharged 
molecules of the substrate. Thus, the anion-radical mechanism controls this reaction. 

As has been reported, other nocleophilic reactions in the anthraquinonc series also involve the 
production of anion-radicals. These reactions are: the hydroxylation of 9,I~anthraq~ino~-Z- 
sulphonic acid;*s*s* the hydroxylation, alko~ylation and cyanidatio~ in the homoaromatic ring of 
9,~~anthraquinonc condensed with the 2,1,5-oxadiasolc ring at positions I and 2,s’ The 
researcherseS s7 are of the opinion that one-electron reduction of quinone proceeds in paralfel to the 
main nucleophilic reaction. The concentration of the Z-anthraqu~no~-2-su~phonate anion-radicals, 
for example, becomes independent of the duration time of reaction with alkali, and the total yield 
of the anion-radicals does not exceed KY&_ 8s*86 Inhibito~(oxyge~,~ta~iumfe~~yanide)prevent the 
formationo~theanion-radi~ls,a~d they~cldor2~xy~nthraquinoneevensomcwhat increases.aS~R’* In 
this case, the anion-radial pathway is not the main one. Only when it is strongly supported in each 
specific instance, may the anion-radical stage be included in the m~hanism of reaction. It is ofinterest 
that another repr~ntativc of quinon~-s~ium 3-methyl-l+naphthoquinone-2-sulphonate- 
substituf~ hydroxyl for the sutpho group mainly by the ion-radical mechanism. The initial stage 
involves the formation of the substrate anion-radicals, and the end product is 2-oxy-3-methyl-1,4- 
naphth~ui~one. As the reaction proceeds, thequantity ofthe anion-radicals reaches a maximum, and 
then immediately drops. At this moment the~on~ntration oftheend product starts torise.a* Upon the 
introduction of inhibitors(oxygen, potassium fer~cyan~de) neither the anion-radials accumulate, nor 
the end product formsR8 This indicates that the hydroxytation of 3-ethyl-i~~naphth~uinone-2~ 
sulphonic acid proceeds at the expense of the ion-radicals by the chain mechanism (Schcmc 25). 

The method of inhibitors has demonstrate that the substitution of chlorine in triphenyl- 
chloromethane by the tcrt-butyit anion does not follow the mechanism of one-eIectron transfer. So 
far, the researchers133*9Q have tho~~t that the reaction occurs by Scheme 26. 

The scheme ~stulat~ the formation of radical pairs following the interaction of two particles 
without free valences. When the solution of triphcnylmethyl chloride in THF was mixed with 
potassium t-butylatc in the radios~trometer resonator, the ESR spectrum visualized the presence of 
the trjp~nylmethy~ radical. The intensity of this signal first increases reaching a maximum and then 



PhtCCl + I-6uOK - fPh,f‘Ctl-’ + (I-BuQKf* - 

- KC’; + PhJ(” + f-BuQ’ 

Ph3(” t t- 8~0’ - Pil,COBU-I 

JPh,C- - bmec 

scheme 26. 

decreases to an equilibrium value. In the opinion of the authors, 89 the seer-~nilib~urn concentration 
of the radicals agrees well with their generation at the primary stage of Scheme 26. In other words, the 
substitution product forms at the expense of the primarily generated radicals. The ESR spectrum fixes 
those t~phenylmethyl radicals which failed to recombine with t-butoxyl radicals prior to their passage 
into the solvent pool. 

The authors of a later worIc9’ suggest the mechanism given in Scheme 27. 
~-~nitro~~ne WBS added to a boiling sohrtion of t~phcnyl~h~orvmethane and potassium 

tertbutylate in 2.2dimethoxypro~ne. $i In contrast to experiments conducted without the inhibitor, 
the yield ofthes~bstitution product markedly increased and the yield ofthedimerdecreased. Therefore 
the authors” conclude that the main pathway of the reaction does not involve the fo~ation of the 
anion-radicals and radicals by Scheme 26. Scheme 27 suggests an alternative pathway, which is 
confirmed by a thorough structural analysis of the secondary products formed along with the t-butyi 
ester of t~phenyi~rbinoie.9’-~3 

Method @rLuiicai und spin traps. The method may be applied to the investigation of ion-radical 
reactions producing free radicals. They, as a rule, are not stable, and special traps-radical and spin- 
are used to reveal them. 

Radical traps belong to the class of stable free radicals, e.g. of the nitroxyP or phenoxyt” type, 
Interacting with radicals produced by the reaction, radical traps give diamagnetic compounds. One 
an foliow thcprogressofthereaction byadeereasingintensityoftheESRspectrumoftheradica1 trap. 

Nitroso compounds, nitrones and other diamagnetic mofeeufes can be used as spin traps. 
Capturing radicals produced in the reaction, spin traps form so-called spin-adducts-stable nitroxyl 
radicals easily detectable by ESR spectroscopy. In other words, the progress of the reaction can be 
easily followed by an increasing intensity of the spin-adduct signal. The method of traps reveals radicals 
by the disappearance (or appearance) of the ESR signal. 

Radical and spin traps may inhibit the observed conversions, and this is their common drawback, 
Chain reaction may be inhibitedeither at thestagc ofgeneration or at the stage of branching. That part 
of a radical which combines with a trap Ieaves the sphere of reaction. Even small amounts of a trap can 
affect the kineti~of~actionifit prooeeds byachainm~han~m.Tra~~nex~hangeei~tronswith the 
initial anion-radical or with the anion-radical of the product. As a result, spin traps convert to anion- 
radicals which distort the spectral picture. Radical traps capturing an electron produce diamagnetic 
compounds prior to combining with radicals. Therefore ESR spectra cannot be observed in this case. 
Even when a radical trap has an additionally strong electrochemically active group, a biradical is not 
formed, and so no ESR signal can be generated. Thus, pi~~donenitroxyi in the presence of a donor 
undergoes one-electron reduction at the site of a free valence without the ~a~i~~tion of the carbonyl 
group.96 

Radical traps, The kin&s of a decrease of the ESR signal intensity represents the kinetics of the 
radical generation in the reaction mixture, because the adduct forms rapidly at a rate of diffusion. 

Spin traps. The nitroxyi radicals produced from these traps by Scheme 28 give ESR spectra 
mark~lydiffc~nginnitrogensptitting. 9y*~sThcspIittingconstant,a~,de~ndson thcnature~fgroups 

t--B&Y 

Q -t-Buo?q$& 7 9 
Ptl~C----rCf Ph,C - ph,c-o&J --I 

Scheme 27. 
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bonded to nitrogen. Splittingconstan~ for the nitroxyf radicals vary over a wide range from 4-5 G for 
d~acyionitroxyls9* to 2>28 C for alkoxynitroxyls. loo Thus, splitting constants of spin adducts are, in 
thcmscfves, enough to give info~ation on the nature of a short-lived radical fixed by a trap. 

Tvpes of spin rraps. The most universal and therefore most commonly used trap is 2-methyl-2- 
nitrosopropanc The majority of radicals combining with it produce stable well identifiable spin- 
adducts.‘*’ Whtntxposed to irradiation or at prolongs heating, the trapdbcomposcs by Scheme 29. 
This should be borne in mind when stud~ng the ion-radicai r~ctions which involve thermal or light 
effect. 

As follows from the scheme, the t-butyl radical adds to the initiaf molecule producing the nitroxyl 
radical. A triplet with a” = 1 S- I7 G, depending on the solvent,‘ot corresponds to the radical. The 
triplet is often so intense that it can lap over lines corresponding to other spin-adducts. 

2-Methyl-2-nit rosobutano~e-2exists in a non-active form ofa dimer which dissociates in a solution 
to produce a monomer. UV-Irradjation or heating promote t~d~~atjo~ causing at the same time 
the decomposition of the monomer into radicafs according to Scheme 30.‘03- lo5 

These radicals add to the initid molecule of a trap to produce spin-adducts. The nitrogen splitting 
constants of the latter spin adduct signals lie in the regions of 14-15 G and 7-8 G. 

C-Phenyt-N-t-butyfnitrone is rather stable; the formation of its spin-adducts is iltustrated in 
Scheme 28. In these spin-adducts, and this is an essential feature, the unpaired electron interacts nat 
only with the nitrogen nucleus but also with the nucleus ofthe hydrogen oftheCH group neighbouring 
the nitrogen (Scheme 28).*06 This extends the idcntjfi~tion possibilities of nitrone as a spin trap. 

~itr~o~~n~ arc #mmonly used as spin traps. They are stable and arc used to advantage to 
identify radicals. Most often, however, not ~itr~~n~neit~lfbut its 2,4&trimethyl and triter%butyt 
derivatives arc utilized for the purpose ; sometimes 2,3dichloro- and ~~d~h~oronjtro~~~~ may 
be used. Nitrosobenzcnes have a wider application than other traps. This is explained by the fact that 
the structure of spin-adducts strongly depends on the nature of the addable radical (Scheme 31). Spin- 
adductsdiffcring-factor.‘07~‘08Thc primary alkyl,aryl and arylthio radicals form spin-adducts with a 

At Go* 

ArN-_O + R’ 

AtN(<ifR 

schap3e 31 
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free valcncy at nitrogen, the tertiary radicals produce spin-adducts with a valency at carbon, and 
secondary radicals give both types of adducts. 

The application of nitrosobenzenes has a number of peculiarities* First, nitroso~~ne may add a 
nucleophilic reagent (Nu -1. The product of addition e.asity oxidizes to generate radical C,H,N(Nu)C.Y, 
This pr~ete~i~s the error in assigning the reaction to the ion-radical type. To avoid this, 
LaprcrantztoJ suggested the use of derivatives wherein the nitrogen of the nitroso group is stcricaiiy 
hidden. In these spin traps only oxygen of the nitroso group can react and only when attacked by 
radicals. Second, nitrosobenzenes may give spin-adducts interacting with solvents without the 
~rti~pation of reagents or substrate. Compounds of the nitrosobenzene series in ndecane, 
dip~nytmetb~e, o-xylene, isopro~y~~~e and ethylbenzene react as shown in Scheme 32.‘09 

The reaction proceeds at room t~~rature or at moderate heating up to 60” without i~adiation 
and in the absence of oxygen. The C-N bond in the nitroso compounds does not undergo thermal 
cleavage; any chemical initiation of the radical process is excluded. 

The we ofspin trapsfor ~~a~ri~~rj~e rneasure~nts. ESR spectroscopy is a valuable tool when the 
need arises only ta rev4 and qu~itative~y characterize radicals. The question is whether the 
possibilities of this method can be extended as applied to radicals to conduct quantitative correlations 
by signal intensities. The quantitative estimates require primariiy the knowledge of relative rates of 
radical addition to spin traps. Radicals, in general, can react with a trap and with medium M (Scheme 
33). 

Scheme 33 has been analyzed kineticafiy. 9*** lo For spin-adducts to be produced in a sticicnt 
concentration, k2 >> k _ 2 and k, a> k _ p Then, the ratio of concentrations of nitroxyl radicals RI RN0 
and R,RNO’ in the sotution under stationary conditions depends on k, and kr and also on the 
concentrations of trap and compound M. Thus, we get 

(d CR~RNWdtX-., 
ih ~R~RN~]/dt~~~ 

IRNQ*l 
CM3 * 

The equation assumes that all radicals produced in the reaction are captured by a trap. At the early 
stages of the process the rate of addition may be compared only with the rate of radicai r~mbi~atio~ 

(k, = 103-t09 1 mol - i s ‘1.’ f t Therefore, 

k,[RNO’]([R;] e CR;], >> lO*-109([R;) + [R;])‘, 

where k,, is the addition constant. Because the con~ntration of RNCY is equal to unity in the limit 
k,& xs IO*- to9 (/RJ + [R;]), The concentrations of short&cd radicals R; and Ri usually do not 
exceed 10-S-iO~‘N,andsok,,>> t@lmo3-’ S-‘. 

To conclude, the method of spin traps can be used to advantage for quantitative me~ureme~ts in 
many radical reactions. The method can be applied when the rate constant of radical initiation is IO’- 
10s 1 mol- ’ s’“’ and the trap concentration in the solution is not below IO- ’ M. 

T&e ~~t~ci~~tj~~ ofiraps in redox reoctictns, The probfem has two aspects : the ~nsumption of spin 
traps in one-electron oxidation (reduction) (I) of a free radical and (2) of an initial ion-radical. 

Ekctron exchange between a trap and a free radical. A trap and an unstable radical may, in general, 
undergo the foilowing reactions : addition producing an adduct, and electron transfer yielding a pair 

kz 
R; + RSO-_ R,RNO’ 

k-2 

s&urie 33. 
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(cation from radical and anion-radial from a trap) of (anion from radical and ~Fion-radian from a 
trap) And indeed,Fhese reactions take place undercertainconditions. Some radicals either do not form 
adducts with traps or their yield is very low. 1 * z So, the method fails to give information in cases where it 

shoutd be effective. Sosonkin et iti. L i r failed to reveal radicals RCHOH with PhNO, This becomes clear 
when comparing the rate constants of the corresponding processes. *‘ 1 2 the rate constant of the radical 
addition to the trap, kadd, is I@-IO* I mol - ’ s- i and that ofelectron transfer from RCHOH to PhNO, 
h,., is I@-It?* I mot’ i s- &. It is readify apparent that the additionof the radicaf cannot compete with 
one-electron transfer. The authors’ I2 compared the redox potentials of a number of free radicals and 
spin traps; they demonstrated that the nitroso compounds can capture quantitatively only radicals 
having oxidation potentials below -0.5 V. Those are the alkyi, phcnyf, RO’, OH, ~H,COOH, 
cH2COR and some other radicals. Nitrones, however, reduce at extremely negative potentials and 
cannot attract electrons from the strongest reducers-ketyl anion-radicals RRCO-‘. Therefore 
nitrones can be widely used for quantitative capturing of radicals even if the latter are fiabtc to one- 
electron oxidation. 

So far, we have considered the acceptor properties of spin traps, Their donor properties are also 
known, although they are studied to a lesser extent. The literature data are scarce and cannot be 
generalized. Therefore, only some examples of onecleclron oxidation of traps can be cited. 
Nitrosodwole forms stable cation-radicais upon photolysis in the presence of Ce*’ and I?+ in 
CF,CC?OH.’ g 3 ~urabayashi et uf.‘l* observed the formation of cation-radicals from 24,d 
t~(tc~-butyl~troso~n~nc subjected to the action of the 3-rnethyl~t~~ molecular cation. 

Thus, while investigating the mechanism of electron exchange. one should take into account the 
oxidation properties of a trap as to radicals or other electron donors present in the system. Recause spin 
traps may beelectron donors themselves, their oxidation potentials should be more positive than the 
oxidation potentials of reagents, 

Etecrrun exchange between a trap and the initial ion-radical. Previous paragraphs discussed the 
ability of spin traps to act as one-electron oxidizers, This property is even mom pronounced in their 
reactions with anion radicals. Trapscan block the ion-radical pathway ; in other words, they inhibit the 
reaction.Thismay beexplained by both oxidationofthesubstrateanion-radicalandchain termination 
due to oxidation of the product anion-radical. An instructive example gives the inhibition of S& 
~ucleophilic substitution of 2~hlor~uinoxaiinc (Het-X) by the radical trap, dot-buty~~nitrone~ 
(R),NO (Scheme 341.’ ” 

As is clear from what has been said above, no trap may turn out to be sufIiciently effective. Davies 
and Robert’ lfr have established that oxygen reacts with diborane by a chain mechanism only when 
using galvinoxyl as an inhibitor,‘16 

fnteraction ojhydrqeroxides with phosphites and sdphides. It is well known that phosphitcs or 
sulphides added to stabilizers of polymeric materials considerably enhance their action. The additive 
decomposes hydroperoxides which decrease the stability of materials. Hydroperoxides decompose 
accordingtoScheme35. Whileinvtstigatingthem~hanismofthereaction,theauthors”‘came to the 
conclusion that it has the ion-radical nature and proceeds by Scheme 36. 

(R@),P + ROOH - (R,Ol>P ==%I + ROH 

R,R,S * RUfM - R,RtS =;u + ROH 

schmwe 35. 
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Scheme 34. 

Scheme 36 presupposes a primary electron transfer from phosphite or sulphidc to hydroperoxide, 
This yields theion-radicalcomplex which monomotecularlyconverts into the radical pair in thesoivent 
(benzene)cage. The pair disappears either upon the disproportionation of radicals in the cage or upon 
the dissociation. 

The ESR method reveals the cation-radicals of donors in cases when the donors contain the 
stabihzing groups 4,~dimethox~henyi sulphide or pyra~t~hine-tat-butyl~henyi phosphite. 
Radical trap 2,2,6,6-tetramethylpiperidine-l-oxyl (NO’) reacts under the conditions of experiment 
(benzene, 20’) neither with hydroperoxidcs nor with phosphites or sulphides taken separately. 
However, when they are introduced into the reaction mixture together, NO’ starts to decay. The rate of 
the NO’ decay was determined by ESR spectroscopic methods, while the rate of the ROOH 
consumption in the reaction with REim was discovered through poiarography (by evaluating the 
residual part of ROOH). The rate constants of both procew proved to be practically the same. This 
means that NO’ decays only at the expense of the main process (Scheme 36), and the kinetics of decay 
fully corresponds to that of the bimolecular reaction (Scheme 35). The rate of the NO’ consumption is 
almost independent of its concentration in solution. The radicals formed from the radical pair are 
extremely active. In the presence of oxygen, however, the rate of the NO’ consumption markedly 
decreases (when [O,], >> [NO’],). This is explained by the fact that oxygen converts a considerable 
part of active radicals into peroxide radicals which do not react with NO’. Studies ofkinetics of Scheme 
35 have established that it has a 1: 1 stoichiometry and is first order in both components. The rate of the 
hydroperoxide ~nsumption is independent of whether the foreign radical NO’ is introduced into the 
system or not. Thus, the reaction is not a chain enc. When the reaction is conducted in alcohol diluted 
with H,‘80, the phosphorous~ont~ning donor and hydro~roxide produce phosphine-oxide and 
alcohol not bearing thelabel.Thismeansthat Scheme 35eitherdoesnot producefreeions HO or does 
not cxchangc them with themedium. AsScheme 36shows. theisotopicexchangeshouidnot take place: 
the ion-radical complex monomolecularly converts into the radical pair. The rate constant of Scheme 
35 is independent of the solvent viscosity, whereas the rate constant of the NO’ consumption decreases 
as the viscosity of the medium rises. This decrease corresponds to the Stokes-Einstein law. This is 
typical of the reactions occurring in the solvent cage. Replacing benzene as a solvent by styrene or 
methyImetacrylate produces a peculiar effect on the reaction. These solvents add radicals by disrupting 
the double bond. The brutto rate of Scheme 35 in these solvents remains the same as in benzene, while 
the rate of NO’ decay somewhat increases because some more radicals leave the cage and pass into the 
solvent pool due to their affinity for the solvent molecules. So, it may be concluded that the reaction 
proceeds by a radical mechanism; however, the amount of radicals leaving the cage is small because 
they disproportionate inside the cage at such a high rate that even the rate of the radical addition to 
the double bond cannot compete with it. 

This conclusion can bechecked stereochemically. If hydroperoxide pr~u~al~ho1 at the expense 
ofthe disproportionation of radicals not leaving thccage, theenantiomeric hydroperoxide should give 
the alcohol retaining the initial optical activity. And this is what actually happens.‘i’ 

The ter Meet reoftion. The reaction of ter Meer consists of the production of Lldinitro compounds 
from l-halo-l-nitroalkanes under thcaction of thealkali metal nitritein basic medium’iY(Scheme 37). 

RCH(X)tWa t NOz- t B:-RC(NO~), + X- * BH’ 

Schrmc 37. 
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This reaction is used to synthesize l,l-dinitroalkanes which find wide application as intermediate 
products in preparing drugs and biolo~caliy active substances,“Q 

It wasestablished thirty yearsago that the reaction of i~hlor~l-nitr~thane withs~iumnit~tein 
aqueous-alcohol medium is second order overall and first order in each reagent.““ t-Deutero-l- 
chloro-I-nitroethane reacts more slowly, i.e. the kinetic isotopic e&c? is observed. The reaction 
proceeds only in moderately alkaline media; in strongly alkaline media it does not take place. Only 
those heminal halo nitro compounds which carry hydrogen in the heminal node can undergo 
conversion. Based on these facts, HawthorneiZD suggested the St+2 su~titution preceded by the 
isomerization into the acid form (Scheme 38). 

Recent research into the ter Meer reaction”9*‘2’ has demonstrated that it has a chain ion-radical 
nature. Chain branching is attributed to the air oxygen, and a whole process of substitution in the 
aqueous-alkalis buffer medium is expressed by a complex {Scheme 39). 

This scheme takes into account the data obtained by Hawthorne”’ and accords well with later 
results. t 1 ~Them~han~m shown in Scheme 39 has been supported as foilows. In a m~erately alkaline 
medium, the substrate ionization at stage I completely governs the kinetics of the reaction.‘22 This 
agrees with the kinetic isotopice~~t and theessential presence of hydrogen in the hen-&al node. For a 
chain ion-radical process to nucleate at stage 2, the reaction mixture should contain both the neutral 
substrate and the corresponding anion. This explains why the reaction shown in Scheme 39 does not 
occur with excess alkali : all the initial molecules convert into anions and electron exchange becomes 
impossible because there is no neutral substrate-acceptor ofelectrons - -in the reaction mixture It has 
been revealedizl that lack of alkali also decelerates the conversion: in the acetate-buffer solution the 
rate of the process drops and kinetic characteristics cease to obey the chain process laws. Under these 
conditions the reaction remains radical : the intr~u~tion of foxy-2,2,6,~tetramethylpi~~dine-I- 
oxyl (NO’)’ inhibits the conversion. The acetate-buffer medium has a lower affinity for proton than the 
alkaline-buffer medium. This means that halonitr~rbanion forms in a lower yield. The anion is 
requirednot only for thenucleationfstage 1) but alsofor thedevelopment ofthechainpr~(stage to). 
Becauseofthis the net rateofreactiondecreasesin theacetate-buffer medium,and theptocessceases to 
be the chain one retaining, however, the radical nature (Scheme 39). 

The presence of halonitro compounds incapable of producing carbrrnions, such as 2chloro-2- 
nitropropane and trichloronitrometha~e, considerably increases the rate of chain nucleation in an 
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8. CN,CK1HNO~)OO- * H,O B CH, CKl)tNO,)OOH *Oft - 

9. CH#3Cl)(N02)00H + CH,C(CI)= NOO- 

10 CH,C((‘I)(NO~)O’ * CH,C (Cl)==: NOO- 

ScheRlt 39. 

- CN,dfCl) NO1 + 
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[-RC(N~,)(CIIC((.L)(~OI)R~-. -(.L” R+OI)CfCtt(NO,)R_C(= RC(NOI)=C(NO,)R 

I 
l RC((‘I)II= Mm- 

Scheme 40. 

alkaline medium, pH 8.0.‘zz These compounds accept electrons instead of non-ionized l-chloro-l- 
nitroethane, the con~ntration of which is small at a high alkalinity. 

The chain propagation (stage 3) involving the addition of the lchloro-I-nitrocthyl radical to the 
nucleophilic nitrite ion has been supported by a number of works devoted to the radical interaction 
with anions.lz3 lz4 Stage 4 presupposes that the anion-radical of l-chloro-1,ldinitroethane is only 
slightly stable and that it decomposes into the radical and the anion. This agrees with the results of 
investigations of the polarographic behaviour of heminal halonitroalkanes conducted with the help of 
ESR spectroscopy. Iz’ And finally, stage 5 of the one-electron oxidation of halonitrocarbanion with 
the 1,ldinitroethyl radical is a well-known process. It regenerates the main particle, the 
chloronitroethyl radical, which acts as an initial point for the new chain. 

In a moderately alkaline medium the ter Meer reaction proceeds through a considerable induction 
period ; the kinetic curves are S-shaped ; and the peroxide compounds and UV-irradiation accelerate 
the processLzl Radical traps inhibit the reaction; this has been discussed above. All this points to the 
radical nature of the process. The rate of formation of active radical centres obeys the second-order 
equation in the total concentration ofchloronitroethane introduced into the reaction. The reaction is 
first order in the non-ionized substrate and in the anion conjugated with it. The rate of the process is 
independent of the nitrite ion concentration. These proofs, essential to support mechanism 39, were 
obtained by two independent methods, which is im~rtant in the inv~tigation of radical-chain 
reactions. The first method involves the determination of the induction period in the presence of l- 
naphthol (the period is proportional to the naphthol concentration).“* The other method consists in 
measuring the rate of inhibitor (NO)’ ~nsumption; the intensity of the ESR signal decreases 
proportionally to the stable radical concentration. iz9 Oxygen markedly de&era&s reaction 39 and it 
loses its chain character.“’ This may serve as sufficient proof of stages 6-10. 

The chain ion-radical mechanism 39 has been supported by a great number of facts and a thorough 
kinetic analysis. The ion-radical reactions of this type are well described by standard equations of 
chain-radical processes (with square-law chain termination). ’ l9 This mechanism also explains the 
nature ofsidc products : vicdinitroethylenes, aldehydes and other carbonyl compounds. According to 
Schugalei II 1 3o thecommon predecessor ofthese products is the I chloro- I-nitroethyl radical which reacts 
with molecular oxygen and different nucleophiles present in the reaction mixture (Scheme 40). 

The data of kinetics of parallel reactions permitted Schugalet ‘i3’ to calculate the rate constants of 
competing directions which are essentially the constants of the conversion selectivity. The analysis of 
the constants allowed the scientist to formulate the optimal conditions of the ter Mccr synthesis of l,l- 
dinitroalkanes. She suggested toconduct the reaction at concentrations ofthe initial reagents, 1 -halo- 
I-nitroalkane and sodium nitrite, exceeding 1 mol I *. Then, the solubility of molecular oxygen in 
water is low (about IO .* mol I- ‘)and it would not affect the yield ofthe target product. An increase in 
the concentration of the nitrite ion promotes the ter Meer reaction. Increasing the concentration of 
alkali up to a certain limit also accelerates the reaction ; beyond this limit, however, alkali produces an 
adverse etfect on the reaction. Therefore, the optima1 concentration oJ alkali is determined in each 
particular case. The authors i3* suggested the following solution to this problem : they recommended 
use of a strongly alkaline medium and sodium persulphate. l-Halo-l-nitroethane does not react with 
sodium nitrite in 0.01 N aqueous sodium hydroxide (the substrate converts into the anion, and the 
system has no electron acceptor). The persulphate dianion performs the acceptor function, and l,l- 
dinitroethane forms in SO-WA yield.‘3’ As is known,‘23 the persulphate dianion oxidizes 
nitr~rbanions to the nitroalkyl radicals. The chain ion-radical nature of the reaction involving 
persulphate was proved with the help of the stable radical (NO‘)” “ as described above. The rate of 
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chain nucleation in the “~rsulphate” variant of the ter Meer reaction depends on ~on~~tratio~ of 
halonitroethane, nitrate and persutphate i3*Changing the concentration of hydroxide and removing 
molecular oxygen from the reaction mixture practically do not affect the rate of thcchain initiation. It 
has been establishedi3i*‘32 that the persulphate dianion initiates chains while oxidizing both 
halonitrocarbanion and nitrite ion (Scheme 41). 

Stages I and 2 represent the chain nucleation; stages 3 and 4 are the side processof the nitrate ion 
oxidation;stages 5-7 are the chain propagation; and stages 8 and 9 show the chain termination at the 
expense of radical dimerization. Stages 5 and 6 can probably be united into one stage (Scheme 42). 

Theanion-radical of l-halo- l,X-dinitroethaneisnot a kinetically independent particlcbecauseofits 
extreme instability. i2’ Therefore, the addition of the nitrite ion to the halonitroaikyl radical and the 
d~om~sition of the anion-radical of 1 -halo-t ,I dinitr~thane may proceed in one stage as shown in 
Seheme42. As follows from the scheme, thccffeet ofthc leavinggroup-thehalide ion-depends on the 
halogen affinity for the electron and the energy of thc~r~n-haIogen bond disruption. The difference 
between the two energies increases in the series chlorine, bromine, iodine derivatives (2.4, 3.5 and 
14.3 kcal/mo& The rate of process 42, i.e. stages 5 and 6, imzases as compared with the rate of chain 
terminationat stagegofmechanism4l.This,along with thealternativcvariant, hasbeenconsidered by 
Schugalei et al. ;” ” mechanism 42, however, is more illustrative. This meehanism unambiguously 
demonstrates that I-~~or51-nitr~thancisin~pableofenteringinto the ter Meerreaction: thee--F 
bond in the anion-radicals of fluoronitroalkanes is extremely stable, r2’ which excludes the edibility 
ofthefluoride ioncleavage.~edifferen~~tw~n the~uo~deaffinity forel~tron and theenergyofthe 
iron-~uo~de bond disruption is - 303 kcal/mol.’ 33 

The above example is rather illustrative. lt helps understand the peculiarities of the nucleophitic 
su~titution reactions having the chain ion-radical m~han~m and involving interaction of radicals 
with anions at the chain propagation stages. The example also demonstrates how the knowledge of 
kinetics and reaction mechanism can be used to find new ways of initiation and optim~tion of 
practically important reactions. 

~jzr~r~o~ ofaromarir ~o~~o~s. These reactions involve su~titution of the nitro group for 
hydrogenbonded tocarbonofthearomaticnucleus.Nitrationisontofthemost important reactionsof 
organic synthesis and, besides, it is widely used in industry. The investigations into the mechanism of 

CH$ 
f 

Cti&(Xl NO% * NO; 
I - X____C----N02 - x- + CHIhNO,l, 

I 
$0, 

X-Cl,Br,J 

S&me 42. 
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this reaction to find new ways of its optimization are still in progress. The studies of the ion-radical 
nature of the reaction can obviously help increase the selectivity of nitration, its yield and rate of 
formation of products of the desired structure. This research has been started only recently and, so far, 
has yielded no practically important results. The analysis of works on the ion-radical idcntihcation of 
nitration seems beneficial even now bccausc the methodological approaches to the problem are 
abundant. 

The ion-radical pathway of nitration presupposes that the aromatic compound and the nitrating 
agent enter into the oxidation-reduction reaction. Products formed in the redox interaction couple at 
subsequent stages. Let us consider the nitration of benzeneL3* lJ6 as an example. The substitution 
proceeds through stages given in Scheme 43.i3’ 

The process starts with the formation of the n-complex, which corresponds to a partial charge 
transfer. Then, the n-complex rearranges into the a-complex, and the light particle, proton, cleaves. 
Within the framework of the perturbation thcory’3’ this is formulated as the formation of the 
transition state between “the n-system perturbation and perturbation of a particular carbon”. The 
perturbation theory, however,does not consider electron transfer as a separate stage.“’ As the reagent 
approaches the bond of the substrate being attacked, the energies of the lowest unoccupied molecular 
orbital (LIMO) and the highest occupied molecular orbital (HOMO) change.“* The distance 
between molecules at which one-electron transfer becomes possible depends on the degree of 
perturbation. When the distance is great the compounds produced at this step pass into the solvent 
pool, and when it is small they recombine inside the solvent cage. “s In the benzene nitration by the 
cation NO:, an electron may be transferred if the distance between the reagents is 152.5 A.‘39 This 
distance is close to that usually assumed in calculations of theelectrophilic nitration.“9 The quantum- 
chemical studies”‘demonstrate that the nitronium cation LUMO has an energy of - 1 l.OeV and the 
benzene HOMO, an energy of - 9.24 eV. This makes another step of nitration theoretically possible, 
namely electron (unit charge) transfer from the benzene HOMO to the nitronium cation LUMO; this 
step is given in a genera! scheme (Scheme 44). Particles forming the biradica! pair may unite to produce 
the u-complex. 

It is quite evident that upon their formation, radical NO; and cation-radical C,H:’ will tend to 
react with each other. This tendency shows itself regardless of the distance between the radical and 
cation-radical, but the distance determines the factor affecting the orientation in one or another 
substitution reaction. Perrin29 reports that at great distances the orientation depends on the density of 
the unpaired electron in one or another position of the ion-radical. At relatively small distances the 
orientation at substitution depends on the position that occupies carbon capable of forming the most 
stable bond in the production of the u-complex. 

l ‘NO, - 0 1 s _-‘$oa - 

0 

“;‘; + ‘NOa - 
*. .* 
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Two main conclusions follow from what has bc~n said above : 

1. The step of onc-clectron transfer included in the mechanism of reaction does not argue against 
the commonly accepted idea of nitration, rather it makes it more exact and applicable for making 
judgements as to the selectivity of the reaction. 

2. There is doubt, however, that the step of electron transfer is essential in absolutely all cases of 
nitration. It is difficult to suppose that an electron is transferred, for example, in nitration of 
dinitrobcnzcnc to the trinitro derivative: despite that the probabifity of oxidation of dinitrobenzne 
into the cation-radical under the cffcct of the nitrating agent is small nitration proceeds rather 
effectively. 

Experimentsyiclddataon thcidentificationoftheion-radicalmachanismofnitrationofbenzencor 
compounds more Gasily oxidizable than benzene. The reactions taking pIaGe in the gas and liquid 
phases will bc discussed separately. 

Nitratiorr in the gas @use. Mass-speetrometric studies yield the most convincing results. The 
ionization of pGrdcutcrobGnzGnG and nitrogen dioxide at a low pressure products a a-complex 

(C,D,ND,) +.I** The origin of thiscompitx was studied by means of ioncyclotron resonan(;e.‘40 As a 
result,theauthorsi4* havcfoundout that thGratcOfthG~~mplGXfo~ationde~ndsnot on therateof 
generation of cations NO: but rather on that of cation-radicals C$,Dg*. Thus, particles C,Db+‘ and 
NO; and not the pair C,D, and ND; are the predecessors ofa-complcx (C,D,N&)’ (see %heme45)= 

Ctherwisc, the reaction takes the route shown in Scheme 44 and not the route given in Sehemc 43. 
Mass-spectrometric investigations conducted at a high pressure’41 yielded the same results. The 
ionization of a gaseous mixture of &Ha, NO1, He and Ar products cation-radical C&H,“.. While 
interacting with the radical NO; the cation-radical converts into the complex (C,H,N02)‘. The 
complex was idcntifitd as follows. Schmitt et aI.‘* ion&d a mixture of vapours of pcrdeutcrobcnzcnt, 
nitrogen dioxide and tctrahydrofuran. The latter was used as a base capable ofdetaching a dcuteron. It 
was established that deutcron is transferred to the base not from the ion (C,D,)” but rather from the 
ion (C,D,ND2)‘. This confirms the acomplcx structure of ion (C6D,NOz)‘, bee.au.se only the 
acomplex may carry dcutcrium, the acidity of which is sufficient to transfer deuterium to 
tctrahydrofuran. Schmitt et al.‘*’ obtained similar results for toluenc and pxylene. 

Thus, under the conditions of gas-phase ionization, nitration of benzene and its homologues 
obviously proceeds by Schemc44. Further studies into the mechanism of gas-phase nitration will reveal 
whether theseconditionsarcfar from or close to theconditions ofpurcly chemical reactions. At present 
we should draw attention to studics’42*i*3 which demonstrate that cation-radicals of aromatic 
compounds react in the gas-phase with alkylnitrites rclcasing the alkoxy radicals and capturing 
nitrogen dioxide. The mechanism of the gas-phase nitration is probably common to many reactions. 

Nitration in the fiquid phase. Liquid phase due to solvent cffccts may markedly change the stability 
and maetivity of the participants of an ion-radical reaction. However, the organic, and, in particular, 
aromatic substrates oxidize in solutions at fairly low potentials. The nitronium ion which directly or 
indirectly participates in aromatic nitration reduces to nitrogen dioxide extremely easily. This means 
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(OIN&NO, 
- * + - 

(OIN)~C- l 'NO> 

- or. + &HgC‘fNOlft * ‘NOa 

Scheme 46. 

that the ion-radical me&an&m may be operative in the liquid phase too. It has been demonstrated that 
nitroniumcation,forexample,causesoneclectronoxidationofnaphthalcne,‘uN,N-dimethylaniline, 
or aromatic derivatives of dioxant and dihydropyrasolinc”*’ in organic solvents. 

It isquiteevident that insolutionone~l~tronoxidationalsode~ndson the~u~ngpro~rti~of 
one or another substrate as regards the nitronium cation. The activity is determined by both the nature 
ofasubstratc and theeffect ofa solvent. Benzene,forexamplc,reducescation NO,* in thegasphaseand 
fails to do so in the liquid phase. This may be concluded from the absence of the CIDNP effect in the 
‘H-NMR spectrum corresponding to the liquid phase nitration of benzene with N02BFI,“6* The 
reaction,a~ordin~ to * H-NMRdata, quickly proceeds through the stageofa-complex fo~ation,and, 
hence, theabscnceofpolarization could not beattributed to timeafter radical+ation-radical coupling. 

It should be noted that the reactivity of radical NO;, which originates from the cation NO; upon 
one-electron reduction, decreases in the liquid phase. The interaction between the aryl derivatives of 
tin, magnesium and mercury and tetranitromethane in sulpholane supports the above statement.“’ 
To illustrate this, the reaction of biaryl mercury with tetranitromcthane’*’ produas at the 
intermediate stage the aryf and NO; radicals (Scheme 46). 

The aryl radical, although it is highly active, does not couple with radical NO;. The solvent 
molecule cleaves hydrogen much more rapidly and produces aromatic hydrocarbon. Radical NO2 is 
most probably stabilized as dinitrogen tctroxide and is consumed in side oxidation reactions. The 
reaction of tetr~nitromethane with aryl derivatives of tin, magnesium and mercury yields radicals Ar’ 
and NO; which do not react with each other in the liquid medium. 

The nature of the radical acceptor abviously affects the activity of radical NO; in the liquid phase : 
cation-radicals of some hcteroaromatic compounds easily trap radicals of nitrogen dioxide. Thus, the 
dibenzo-pdioxane cation-radical”s and the phenothiazine cation-radical’4a capture NO; and yield 
the same nitro products as the nitration of neutral hetcrocycles by nitric acid.‘4s*‘48 

To conclude, the nitr~nium cation in the liquid phase sometimes forces the substrate to undergo 
one-electron oxidation and form the nitrogen dioxide radical and the substrate cation-radical. 
Specially prepared stable cation-radicals of a number of substrates combining with the nitrogen 
dioxide radical give the same nitro compounds as the standard electrophilic nitration. These data are 
necessary but not sufficient to prove the ion-radical mechanism ofnitration : it is to be proved that these 
conversions take place on the main pathway of thceI~trophilic substitution. To get data in support of 
this a~umption, researchers referred to el~tr~hemi~l m~ellingand other methods ofidenti~~tion 
of ion-radical reactions+ 

A number of studies”9*149*‘s0 are devoted to electrochemical modclling of nitration of aromatic 
substrates. Perrinz9 described the electrolysis of a mixture of naphthalene and dinitrogen tetroxide in 
acetonitrile at the platinum anode. By controlling the potential Perrin made naphthalene undergo one- 
electron oxidation without any oxidation of the nitrogen dioxide radical to the nitronium cation. The 
electrolysis yields a- and ~~naphthale~e in the ratio 9: 1. Nitrating naphthalene with a mixture of nitric 
and sulphuric acids in acetonitrile gives a mixture of a- and &naphthalenes of the same composition. 
This is an argument in support of theel~trophilic nitration of naphthalene proceeding by the cation- 
radical mechanism. Perrinz9 did not report the electric charge per mol of naphthalene. So, it cannot be 
concluded whether nitronaphthalene converts into the cation-radical at the anode or the anodic 
oxidation and the nitration of the initial naphthalene proceed concurrently and inde~ndently of one 
another. It is clear that the radical NO; attacks primarily the x-position of naphthalene without the 
oxidation of naphthalene into the cation-radical, Position a features the highest radical unsaturation.. 
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This means that the same proportion of products of theei~rophiIic and oxjdative(an~~)nitration is 
not a sufficient proof of the ion-radical nature of nitration. 

01ahetal.‘~9nitratingnaphthalenewithdinitrogen tetroxidcinthepresenccofthcoxidizer,cerium 
ammonium nitrate, also produced at ambiguous results. The oxidative and efectrophitic nitration may 
proceed under these conditions con~u~ntly : the ratio of a- and ~-nitronaphtha~en~ is 16: 1 and not 
9 : 1 as reported by Per&.“’ Eberson and Radner’ so conducted the oxidative nitration of naphthaicne 
at - 45” in dichloroethane saturated with dinitrogen tetroxide and containing electrolyte Bu,NPF,+ 
Naphtha~ene under these conditions converts into its cation-radical which combining with the 
unreacted naphthalene pr~~~a~~stallinc~lt (C,,H&‘PFQ. When the mixture is heated to - 25” 
the nitration starts and produces a mixture of II- and @-nitronaphthaienes in the ratio 40: I. The 
nitration probably involves the cation-radical and neutral components of dimeric ion (C,,H&‘. 
Therefore, the nitration may proceed by two parallel pathways. The a//I ratio in nitrating neutral 
naphthalene by dinitrogen tetroxide in dich~or~thane (without the oxidizer) is 15: l.‘*’ This ratio 
differs from that reported by Pcrrin” and so refutes his statement. Moreover, Eberson et at.‘0 have 
demonstrated that the anodic nitration of naphthalene under the conditions of Perrin’s experiment is 
catalyzed by the anodically generated acid. The rate of nitration decreases as the tcmperaturedrops3’ 
By contrast, ion-radical reactions are only slightly sensitive to temperature changes. 

Thus. nitration of naphtha~ene under thecondit~ons ofei~tr~hemi~l rn~~i~ng~s pr~omi~antly 
a homogeneous process in which the cation-radical part of thesubstratedoes not play thedecisive role. 
Therefore, the method is probably unsuitable for the identification purposes, 

The reaction between N-methylphenox~~ and tetranitromethane in acetic acid was studied 
s~tr~~opi~lly : the reaction gives ~-nitr~N-methylphenox~ine in an SW,; yield.LS’ As may be 
judged by the intensity of the corresponding bands in the visibtc region oftheabsorption swtrum, the 
reaction has two stages. The first involves one-electron transfer : W/, of the substrate converts into the 
cation-radical over a period of two minutes, the cation-radical being character&d by the ESR 
spectrum. The second stage converts the cation-radical into the product of nitration. The process fasts 
for two hours. The family of spectra recorded in the course ofthe reaction have a w&f defined isosbastic 
point. Norkovnik er al.’ ” came to the conclusion that ~-ni(r~N-methylphenox~ine is produced 
from the cation-radical of N-methylphenox~~e. The ~tion-radial of phenoxazine is generated 
together with the anion-radical of tetranitromethanc. If we assume that this anion-radical gradually 
decomposes into the t~nitromcthyl anion and radical NO;, we may come to a scheme analogous to 
that describing nitration of benzenc.*s The authors, Is1 however, do not report the scheme of the 
reaction and say nothing of the fate of trinitromethanc upon completion of the N-methytphenoxazine 
nitration. The work of Isaacs and Abed ts2 is much more valuable in this respect. 

They studied the mechanism of nitration of aromatic compounds with tetranilromethane and 
established that tctranitromethane nitrates the nitrogen~~ying hetcrocycle at nitrogen.“’ This 
producesamild njtratingagent whicha~tsasa~rrierofion NO~.~cn,thepr~maypr~in the 
same way as has been discussed for the nitration with the nitronium cation. it is important to note that 
in this case the products of nitration should accumulalc at a reduced rate; this has been mentioned 
above. 

Nitration reactions considered up to now are simple in the sense that nitrating agents directly 
participateinoncclectronoxidationofasubstratc(arthesubstratcisusedin theion-radicalform).Thc 
nitration with nitric acid is a more complex reaction. This reaction is extremely important as it most 
closely approximate the indust~al process. The main difficulty is to identify the one-electron oxidizer 
in the system su~trat~nit~c acid. This oxidizer may be the nitronium cation generated from nitric 
acid at a proper acidity ofthe medium. As has been found, thcinteraction ofaromaticcompounds with 
nitric acid produces cation-radicals also under the conditions excluding the participation of the 
nitronium cation. These conditions arc, say, IzoOi, acetic acid at small concentrations of HNO,.“’ 
Nitric acid reduced by an aromatic compound may produce a complex equilibrium mixture of iow- 
valency nitrogen compounds which have pronounced oxidative properties. Giffney and Ridd”& 
studied the mechanism of nitration of N,Ndimethylaniline with nitric acid in aqueous sulphuric acid. 
They adduce a number of arguments in support of the stage which involves the aut~talyti~~ 
oxidation of N+N-dimefhylaniline by the nitronium cation to produce the cation-radical. 

It is common knowledge that nitric acid used in nitration partly converts into nitrous acid at the 
expense of oxidation of the aromatic substrate. Nitrous acid in the presence of a water-removing agent 
(WISO,) forms the nitrosonium cation. It isassumed that cation NO + actingon the substrate gives the 
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nitroso compound which is oxidized by the nitric acid into the nitro derivative: 

ArH+NO+-H; ArNO :~:A~NO,. 

The nitration, however, may proceed by another scheme taking account of the catalytic action of the 
nitrosonium cation : 

ArH+NO* # ArH*‘+NO’; 

NO’+NO: +NO* +NO;; 

ArH ‘* + NO; -, [Ar(H)NO,J l _ri: ArNO,. 

This scheme is based on the following assumptions : the substrate should be oxidized easily or. at least, 
relatively easily; the composition of products should be independent of the nitric acid con~ntration; 
and the reaction should be zero order in nitric acid. So, this should be a chain or a branched-chain 
reaction. These peculiarities have been confirmed on the example of nitrating the following 
compounds : dibcnro-pdioxane, “’ 1,2,3-trimcthoxy-S-nitrobenzene,i” N,Ndimethylanilinc,‘sti 
and rlnitrophcnol. “G Nitration of N,N-dimethylaniline produces only meto and pura nitro 
derivatives; when N,Ndimethylaniline is nitrated in the paru-position the reaction autoaccelerates, 
when it is nitrated in the m-position, it does not. lJ4 When N,N-dimethylaniline is nitrated with 
nitric acid enriched (959;) with *‘N, the ‘H-NMR spectrum shows no abnormal behaviour, while the 
lSN-NMR spectrum visual& a considerable polarization. Is6 It is of interest that the abnormal 
polarization of nuclei “‘N is revealed only in the case ofN,Ndimcthyl-~nitroaniline; the su~titution 
into the meta position produces no polarization. ls6 The authors‘s6 do not explain the difference 
between the paru and the m&o nitration of N,NdimethylaniIine. It is clear, howcvcr, that the nitro 
compound obtained by a catalytic process has a radical (cation-radical) origin.* 

Cation NO’ as an oxidizer is many times weaker than cation NO;. This conclusion is drawn from 
thccl~tr~hemi~l data.29** )’ At the proper acidity of the medium, however,cation NO * is produced 
moreeasily thancation NO2 . * i58Inthccaseofsuktratesliabletooxidationitisthenitrosoniumcation 
that controls the reaction. This is illustrated in the example of reactions of hcteroaromatic compounds 
with nitric acid in perchloric acid. ’ I9 One-electron oxidation of hetcrocycle (Hct) proceeds through a 
well defined induction period and releases nitrogen oxide. The stoichiomctry of the process follows the 
equation 

3(Het)+ HN0,+3H’ -+ 3(Het)“+NO‘-+-2H,O. 

The products of the reaction were separated and characterized. * 5ZThcinteractionofthesuktratewith 
the nitrosonium cation is one of the stages of the process. Another stage is the oxidation of nitrogen 
oxide with the nitronium cation or nitricacid i60 leading to the rcgencration of the nitrosonium cation 
in an acidic medium. This self-accelerates the reaction and autocatalyzes it. 

The reaction isalsocompkx with respect to the substrate, Thus, thccation-radical ofphenothiazinc 
is not a direct predecessor of the nitro derivative. Under the action of excess nitric acid it undergoes 
further one-electron oxidation into the phcnoazthionic ion. I** The latter is attacked by the nitrite ion 
of nitrous acid which is produced when the organic substrate reduces part of the nitric acid. The final 
product is 3-nitrophenothia7jne-S~xide (Scheme 47). 

Inconclusionit maybesaid thatalthough thcckctrophilicaromaticnitrationis the typical reaction 
for a wide range of substrates, it cannot be thought of as a process having the same mechanism in all 
cases. However, under proper conditions of the medium the ion-radical mechanism becomes decisive 
for substrates liable to one-electron oxidation and capable of producing stable cation-radicals. The 
examples cited in this section demonstrate that this mechanism can be identified with the help of 
contemporary methods. The researchers still face the problem of finding out how broad the range of 
nitration involving oneelectron transfer is. The problem is extremely compkx because rapid conversions 
ofaromaticcation-radicalsmay mask theion-radical natureofthesc reactionsandcreatc thcillusion of 
their non-radical behaviour. Therefore, the idcnti~cation of ion-radical conversions remains the 

_-. - __ .- _ ._ ..-. -- 
t AI least 2@$, of nitration of Cnitrophcnoi with HNO, in A&H proceeds through the gcncration of ‘NO,. Thus radical 

cnkrs into the ipsqmsition 0f6nitrophenol.“~ 
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problem topical for organic chemistry, The solution of this problem will certainly open up new venues 
in the optimi~tio~ of many industrially important reactions. 

IXL INfTlATION OF fON-RADICAL COWERSONS 

The functional groups in a molecule determine to a considerable degree whether if can exist in the 

ion-radical form. The effect of substituents on the properties of the ion-radical molecule has not been 
developed adequately. The main problem is to find out what groups should be introduced into the 
molecule to make it react by the ion-radical m~hanism. It may be said only that these groups should, 
first, impart pronou~~d acceptor or donor properties to the molecule and, second, stabilize the ion- 
radical produced. In the case of anion-radicals these groups are the nitro, cyano, carbonyl and 
sulphonyI,and tri~uoromethyl when morethanone8roupispr~~t in thcmol~~le.Thislist, however, 
isnot final;it will becompletedas theresearch yieldsnewdata. In the present stateoftheart suchstrong 
donors as the mcthoxy and amino groups are considered as stabilizers of ~tion-radicals. Cation- 
radicals are more reactive than anion-radicals, and the cation-radical centre should be shielded to 
stabilize them. Therefore, scientists prefer to use donor substitucnts loaded with different fragments, 
say, ~,~dialkylamino group or vinyl group carrying alkyl radicals, to simple donors. 

We want now to show on the example of specific reactions how the anion-radicaf pathway is 
realizedin the~~esofsulphonylnitrilederivativ~, how theintroduced ~o~pa~~tsthestabilityofthe 
anion-radical product, and how spin density is locafirrd in the vicinity of the leaving group, 

tr,p-Dicyano-a-phcnylsulphonylcumenc reacts with sodium thiophcnolate in DMF and produces 
o,~i~yano~-phenylthi~mene (Scheme 48). f&Z A similar result is obtained with the potassium salt 
of dicthyl malonate as a reagent and with the same substrate.‘62 

lrradiatio~ accelerates the reaction, and the substitution product is formed in a t&800/, yield. 
Acceptors of radicals (di-t-butylnitroxyl) or acceptors of electrons (~dinifro~~ne~ completely 
inhibit the substitution even if present in the reaction mixture in small amounts. A reaction of type 48 
does not take place when the initial a-phenylsulphonylcumene bears no cyano groups. Hence, the 
cyano groupdirects the reaction via the ion-radical pathway. Even one cyano group if it is in the para- 
position of the aromatic nucleus can initiate the reaction. Like the nitro group, the cyano group 
promotes the formation of the anion-radic& which originates upon one-electron transfer from the 
thiophenolate or malonate ion to the substrate (Scheme 48). 

Thus. the substrate molecule should carry groups which could promote the formation and stabilize 
the produced ion-radical, The reagent molecule should give or trapan electron, otherwise the substrate 
would not be able to form an anion- or cation-radical. A radical produced from an ion-radical after the 
leaving group has cleaved from it should posses certain tlectrophilicity with respect to the anionidic 



CN CN CN 

~~NC),C,H,C(CH,)1SOlPh 

-f(NC),C,tf,CfCH,hSOtPhl’ 

Schtmc 411. 

reagents and ~~~~eu~h~li~ty with respect ta the cationidic reagents. For exampie, radicals preserving 
e~~tron-a~ptor groups should add negatively charged reagents more easily than radicals devoid of 
such groups. For a chain process to develop, the molecule of the initial substrate should enter into 
efectron transfer more facilely (be more acceptor or more donor) than the product moiecule. Only in 
thiscasemay thespindensitymovefrom the product ion-radical to theinitial uncharged substrate. And 
finally, the reagent should effcctivcfy capture the substrate radicats. 

In theseriesofthe halkogen~deanionsofthety~Ph~(2 = O,S,Se,Te),forexampie,thiophenolate 
ions effectively trap aryl radicals, anions of phenyl sefenide are twenty times less active, and phenolate 
anions are absolutely inactive. The reaction of aryl radicals with phenyltclluride ions proceeds in the 
abnormal fashion: the products are asymmetrical and symmetrical tellurides’6J (Scheme 49). 

At’ + PhTe- - Pit,% + ArTePh +Ar;fc 

Schme 49. 

As molecular orbital calculations show, r”*r6s the energy levels for pairs Ar‘+ TePh and 
ArTe- + Ph’ are equal. This makes possible the d~m~sit~on of the intermediate anion-radical by 
Scheme 50. 

Ar’+-Te-Ph ZZZ!E A1 L Te-Ph- 

-At -Te=Ph- Ar-Tc- + Ph’ 

sdlme 50. 

Anum~rofr~ctiousdemonstratea highactivityofthepheny~th~oIateionin trappin~a~lrad~~ls 
and the inability of the phenolate ion to do so. Thus, &he phenylthiol~te anion acting on S-chforo- 
2H,3H-benzo[bJthiophenedione-2.3 produces the substitution product (in the anion-radical form), 
while the phenolate anion initiates oniy the reductive d~h~o~nation~66 (Scheme 51). 

To disrupt the C-Cl bond at position 5 of the substrate anion-radical, spin density of this bond 
should bc increased, However, if spin density at carbon-carrying chlorine is too great, the initial 
chlorine-containing anion-radicals dimeriirl instead ofcleaving the chloride ion, Thus, in the isomeric 
~hloro-2H,3H-~n~o~b]thiophen~ione-2,3 anion-radical, electron density at carbon-6 is five times 
greater than at carbon-s, and the dimerization proceeds much more rapidly than the cleavage of the 
C-Cl bond.‘*’ 
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The effect of a magnetic field on the rate of ion-radical reactions has a physical ~ck~ound.~~’ It 
can be explained not by a change in the energy of reactions in a magnetic field but rather by the effect of 
the field on the probability ofelementary chemicaf acts. The effect of a magnetic field on the processes 
involving radicals has been thoroughly discussed by Sagdcev er at.869 Increasing the magnetic field 
strength from 0.5 Ck to 20,000 Oe considerably changes the ratio of products resulting from the 
intcra~tion of ~nt~~uoro~~yl chloride, C,F,CH&X, and n-butyilit~um, BuLi (Scheme 52). 

C,F,CH~CL * BuL1 - C,F,CH&T* Lt’ + Bu’ ; 

SIF,CH2SI-L~’ - C&&H; + LKt; 

C+F,Ckl; * Bu’ - C,F,CH,ifu ; 

S,&SH; * CIF&H2’ - C,F&H,CH,C,F, . 

&A’ + Bu” - Bu-Bu 

Scheme 52. 

The authors do not consider a chain process represented by Scheme 53 but note that in high 
magnetic fields the yield of the substitution product, C,F,CHIBu, rises considerably.lb* This 
dcmonstratesthatamagnetic~eldincreasestherecombinationofradi~alsC,F,CH;andBu’givingthc 
product of formal substitution. 

Endicott and Ramasami”” prove that electron excitation of reacting molecules accelerates the 
reactions involving electron transfer. Having absorbed a quantum of light a molecule becomesexcited. 
Upon photoirradiation an electron in donors occupies a higher orbital. The energy of “external” 
electrons increases, and so the donating properties of the mole&c rise, in other words,electron transfer 
to an acceptor becomes more probable. The acceptor molecule upon photoirradiation demonstrates 
the same change in the electronic configuration. Reactions may be photoinitiated when the difference 
between the ionization potential of a donor and the affinity to electrons of an acceptor is great. When 

C&X&I + C,F,CH&t-‘Lt * 

schnne 53. 
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the irradiation wavelength is chosen correctly, only donors may be excited and the above-mentioned 
difference increases. This is often done by using irradiation in the spectral region corresponding to a 
charge transfer ofa complex produced by a donor and an acceptor prior to irradiation. “Ob Ion-radicals 
produced in this way may either exist upon de-excitation or regenerate the initial uncharged motc- 
c&s. Concurrently, excited molecules may undergo numerous chemical conversions: the energy 
absorbed in irradiation is spent to disrupt bonds, rearrange molecules, isomer& or dimerize them, etc. 
Irradiation also affects the products of interaction of ion-radicals with one another. Despite the fact 
that the picture is rather complex, the mechanism of photo-initiated reactions can be as reported in 
this review”‘ (see also references to this review). According to this approach, an ion-radical reaction 
between a substrate and a nudeophile is initiated by light. The substrate produces the anion-radical, 
which decomposes as shown, say, in Scheme 48. Then, the produced radical-the residue of the 
substrate-interacts with the second molecule of the nucleophilc. The product of the reaction is in the 
anion-radical form and it starts another cycle of the substrate conversion into the anion-radical at 
the expense of electron transfer. 

4. Electrochemicut e&et 
We cite now two examples demonstrating that thioarytation may be facilitated ei~tr~hemically. 
The nucleophilic substitution of bromine by the thiophenolate ion in clbromobenzophenone 

proceeds under extremely rigid conditions. “I When a difference in electrical potentials is set up, the 
reaction goes easily and gives products in a high yield (SO%); it is sufficient to set up the potential 
difference necessary to ensure the formation of the substrate anion-radical (the potential and current 
passed through the solution were strictly controlled). Then, a chemical reaction takes place in the 
volume of solution and yields 4phenylthiobenzophenone (Scheme 54). 

I-Bromonaphthalene does not react with thiophenolate.“* .I’4 However, when current is passed 
through a solution containing 1-bromonaphthalene, the tetrabutylammonium salt ofthiophenol and 
dimethylsulphoxide(DMS0). l-phenylthionaphthalencispr~ucedquantitativcly;whcn thcreaction 
is conducted in acetonitrile, it gives naphthalene above all. To this end it is suficient to set up the 
potential difference corresponding to the initial current of the reduction wave of I-bromonaphthalene 
to I-naphthyl radical. The difference in electric charge is rather remarkable: in the absence of 
thiophenolatc. bromonaphthalene reduces accepting two electrons per molecule, whereas in the 
presenceofthiophenolate, the product ofsubstitutionformsquantitativclyaccepting twoclectronsper 
ten molecules of bromonaphthalene. The reaction with the thiophcnolate ion is catalyzed by current 
and proceeds through the following stages (see Scheme 55): 

(i) the formation of the I-bromonaphthalene anion-radical which rapidly converts into the l- 
naphthyl radical; (ii) the interaction of naphthyl radicals with thiophenolate. The process goes in the 

+ C‘,H,CQC,H, 81 

--c * uco~,,H, 
schcmt 59‘ 
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~l~tr~espa~andcom~tesw~th thefo~atjonofthe~nsu~tjtut~naphthajencat theex~n~ofthe 
reaction of radicals with the solvent mol~u~~(SH);(iii) thcox~dationof the product anion-radicals by 
the substrate neutral molecules (in the vofumc of solution); (iv) the chain propagation involving the 
decomposition of the I-bromonaphthalenc anion-radial. 

in addition to bromonaphtha~ene, bromo~n~ophcnonc (Scheme 54) or bromo~~onitriJe*‘~ 
#that is ~om~unds~rrying not only bromine but also other clectrochemically active groups) may be 
used as substrates. Along with the thiophenyi, the thiomethyf or thio-t-butyl groups are used as 
substituting fragments. The yields of substitution products are high (60-95~Q), and one electron is 

consumed per XI-30 mdeeules of the substrate. Reactions proceed at room temperature and do not go 
at all when the potential difference is not set up. 

The electrochemical entrainment of ion-radioal reactions has the following &culiarities:“3~“* 

(i) the reactions are highIy selective and give products in high yields. They need no activation of the 
substrate bycIectron-aaxptingsubstituents;(ii)theinitialsubstratcshaveagreater~nityforeltectron 
than the products of substitution. Therefore, the substrate easily accepts excess electron belonging to 
the product anion-radical. This creates conditions necessary for a chain process to take place, and the 
reaction &comes catalytic with reqect to current eficiency ; (iii) the electrode potential may be such as 
to initiate the substrate substitution without reducing the product of substitution; (iv) the undesired 
~onversionofaryl~-radial intotheunsu~tituted hydrocarbonat thc~x~n~oft~interaction witha 
solvent may be inhibits. To this end the solvent should be chosen in such a way that it possesses a 
sufficient ef~tr~ondu~tivity in the presence of a supporting electrolyte but should not cleave 
hydrogen. 

Thus, when the reaction between I-bromonaphthalene and PhSNBu, isconducted in acetonitrilc, 
naphthalene and l-pheny~thionaphthal~ne are produced in equal amounts, GLC reveals that 
phenylthionaphthalene is produced in DMSG quantitatively, while naphthalene is not formed at 
all.“‘This accords wcli with the literature data;‘7s*“6 acetonitrile donates hydrogen much more 
easily than DMSO. Aaording to Pinson and Saveant, 17’ the Sa,l reaction is loo”/, selective in the 
substitution product, and thecompeting interaction of the a-naphthyl radieaf with thesolvent does not 
take place at all. He&e and Parker”” opposed this conciusion. To support their data Pinson and 
Saviant checked the resufts by analysing the reaction products ~laro~aphi~lly.“’ As a result, the 
selectivity in the substjtution products is only 800/i and not lo@/, as considered before. This, too, is 
sufficient for synthetic purposes. 

5. Chemicat efecr 
This problem has been thoroughly studied. t’3 Therefore the most fundamcntaf examples will 

suffice, including those which remained outside the scope of the review. The main contribution to the 
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pro&tern has been certain@ made by an American scientist, Kornblum.’ f9 He studied ~~~~e~p~~~~ 
substitution in the series ofcumcnedcrivatives;one ofsuch reactions is given in Scheme48. The anion- 
radical of the cumene derivative produces in the course of the reaction the cumyl radical. Kornblum 
thought that this radicat may be trapped not only by those nucleophilic ions the part ofwhich was spent 
togenerate theinitial anion-radical but also with other anions. So, the productsofsubstitution may be 
obtained also with anions which do not enter into a common reaction with a substrate or react with it 
slowly. in other words, the catalytic amounts of a reactive nucleophile may induce the reaction and 
henceextend thelimitsofitsappli~tion.‘~” Sodium tide and tspdinitrocumenedo not react with one 
another unless subjected to the action of light (48 ht). In contrast to sodium azide, the lithium salt of 2- 
riitropropane reacting with zpdinitrocumene in the dark gives following 3 hr the products of z- 
substitution in an 8’7% yield. When minitrocumene (1 mol) is treated with sodium tide (2 mols) in 
the presence of the lithium salt of 2-nitropropane (0.1 mot), the initial ~,~initr~umene converts 
during 3 hr into pnitrocumyl aride. The product is extremely pure, the yield is almost quantitative, and 
the reaction requires no UV-irradiation. The analogous pushing of the reaction was also observed for 
the pair p-nitrocumyl chloride-sodium nitrite. Typical one-electron donors, say, sodium naph- 
thalenide, are used advantageously as pushing agents.“’ 

Zoltewict and Oestreich’“’ used sodium methylate to accelerate and increase the yield of the 
reaction of ~bromoi~uinoline and sodium th~ophcnolatc. The ion CH,O- acts in this case as a 
competing electron-donor with respect to the ion PhS . However, if thiophenolate upon electron 
transfer to the substrate converts into the phenylthiyl radical and then to disulphide and is thus 
removed from the reaction sphere, the anion-radicals of the substrate generate in the presence of the 
methylateion preservingagreaterpart ofthiophenoIate.Thenet rateofthioaryl~tionin thepresenceof 
sodium methylate increases and the yield of ~phenylthiois~uinoline rises. Azobenzene inhibits the 
action of sodium methylate. Scheme 56 summarizes what has been said above. 

It is important to note that sodium methylate initiates only the formation of 4 
phenylthiois~uinoline and the product of the competing substitution, 4-methoxyisoquinolin~, is 
produced only in traces. The methylate ion, however,converts a part of the isoquinoline a-radicals into 
the unsubstituted isoquinoline and produces FormaIdchyde. 
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Kornbium and Widmer” e2 discuss ways ofdirect conversion of nitrocom~unds into thiols. Nitro 
compounds in DMSO are treated with a mixture ofsodium suiphide and suiphut and then are reduced 
with aiuminium amalgam (Scheme 57). 

The first stage of the synthesis invofves the interaction ofa nitro compound with sodium sulphide. 
Sodium suiphide when used alone is only slightly effective : the reaction proceeds slowly and the yield is 
small. Whenelemental suiphur isadded, theconversion markedly accelerates and the yield increasts to 
75-8~~~. The initiating effect of elemental sulphur can be easily explained if this is a radicalchain 
reaction. The reaction starts with one-electron transfer from the nucieophile to the nitro compound; 
further conversions are typical of mechanism Sk, 1 (Scheme 58). 

R,C-NOI +-S-Si - R,C -so,: + ‘s-s; . 

R,C -NOT - R,C’* so; . 

R,C’t-S -S; - RJ--i- s; * 

R,C-i-Si tR,C-NOI - 

- R,C-NOf+RrC-S-Si. 

R,C - S -S, 
Al/y, 
- R,C-S- *Sx 

Schcmc 58. 

tt may be assumed that the donor activity of the nucIeophiie-suiphide ion-enhances as the 
negative charge is dispersed along the poiysuiphidtehain in the ion produced from the suiphide upon 
the addition of elemental sutphur. This increases the mobility of electrons and facilitates electron 
transfer. Therefore this reaction may be initiated in such a simple way as the addition of elemental 
sulphur. 

The interaction ofa nitrocom~und with a nucteophite may be directed via a quitedifferent route, 
that is the substitution of hydrogen for the nitrogroup. Kornblum er al.‘R3 used the methy~thjolatc ion 
as a suiph~r~o~t~ning nucleophiie. The first stages of the reaction are the same as described above ; 
they generate the anion-radical of the initial nitro compound, which cleaves the nitro group to give the 
carbo-radical (Scheme 59). The latter captures hydrogen from m~thyithioiat~ and yields the product of 
den&ration as illustrated in Scheme 59. Garbo-radicals carrying aryl substituents at a- and &positions 
st~bii~~nsidcrab~y at the expense ofconjugation *“and arc less active hydrogen-acceptors than the 
carbo-radicals devoid of such substituents. The radicals carrying aryf substituents intera~ing with 
the methyithiofate ion give not only the products of denitration but also the anion-radicals of the 
corrcswnding methyithi~stcr. Spin density in the aromatic nucieus of these aryl~ontainjn~ anion- 

R,CtQ l c&S- - R,(‘NO,’ + CYl,S’. 

R,CNO: - R&I’ + NOI- a 
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- fPhS -SPh + S + N.N02 + 

radicals delocalizes and this facilitates transfer of excess electron to the initial nitro compound or, in 
other words, promotes a chain process. As a result, the reaction with mcthylthiolate proceeds to a 
greater or lesser degree as the su~titution of the nitro group by the thiomethyl fragment.“’ A 
distinguishing feature of Scheme 59 is that the anion-radical cleaves the nitrite ion as the leaving group. 
This peculiarity was used by Ono et ai.“* to prepare aryl-substituted olefins from nitroparaffins. 
NitroparaRins while reacting with carbonyl compounds or aromatic imines may be converted into 
nitroarylole~ns. Upon simple mixing with thiophenol and sodium sulphide in DMF, nitroarylolefins 
substitute hydrogen for the nitro group (Scheme 60). The authors”* hold to the opinion that 
thiophcnol adds to the olefin bond and an electron adds to the nitro group. Thus, the anion-radical 
R’R”C(SPh~H(R”‘)NO~ ‘controls the reaction. The final product is formed followingcl~vage of the 
nitrite ion and phenylthiyl radical(which givcsdiphenylsulphide). The yields of arylolefins are high and 
reach StrSS%.’ ” 

The production ofolefins from /$nitrosulphones (Scheme 61) is aseffective as the previous method ; 
the reaction is conducted in DMF and requires no irradiation. The olefin forms in 977; yield (GLC 
data), but when separated, the yield in terms of pure substance is 7oO~.,.‘8s The sodium salt of thiophenol 
may be used instead ofsodium sulphide. Reaction 61 is of interest because it reveals an unusual effect of 
inhibitors. 

CH, CN 

I I 
CH, CN 

I I 
Na,S + CH, -C-C -Cc,&, 

1 I 

---Cti,--C=C-CCIHI + NaNO, * S 

NO, SO,C,H.CH, + CH,GH, !iO, Na 

s&me 61 

The reaction is ion-radical, as is demonstrated in Scheme 62. The authorsiX attribute the 
formation of olefin to the cleavage of the sulphinate ion and nitrogen dioxide. Small amounts of di-t- 
butylnitroxyl(5 mol%) completely inhibit the production of olefin. This points to a chain free-radical 
mechanism of the process. Aromatic nitro compounds which removeelectrons from the anion-radical 
participating in the reaction usually inhibit ion-radical conversions. In the case of the conversions in 
Scheme 62, nitrobenrene, m- and p-dinitrobenzene (in amounts not exceeding 10 mol %) markedly 
accelerate the reaction. 

Thr~a~ptorgroupsin thcmoleculeprobably holdanunpairedel~tronon theanion-~di~la~d 
prcvcnt cleavage of the leaving group carrying this electron. Aromatic nitro compounds produce a 
donor-acceptor complex with the substrate anion-radical. The unpaired electron shifts to a n-acid 

-. 
CH, CN ’ ’ CH 

NO, SOIC,H,CH, NO> SOIC&CH, 

(‘ti, (‘N 

I I 
-cti,---CCC-C.H. + No; +(‘tj>C*t~so*- 
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&TH, 
Schcmt 63. 

(~itrocom~u~d)~ This ~n~~~ei~troo mobility and ~taly~e~imi~atioo of leaving groups. Hence, 
in ion-radical reactions, inhibitors may become promoters, which should always bc taken into account 
when developing ways of initiation of these conversions. 

The reactions discussed so far involved anion-radicais. We now want to turn to the~onversio~ of 
the cation-radical type. Scheme 53 visualizes the anisylation of the thianthrenc cation-radical.‘** 

The reaction gives the su~phonium salt (anion CIO, ) in a 90% yield. One-electron reduction of the 
thianthrene cation-radicat by anisole is the side reaction. The dibenzodioxane cation-radical 
accelerates the reaction 200 times. This cation-radical is much more difficult to obtain than the 
thianthrenyl radical and therefore it is more active as an oxidizer. 

When thcconcentrationoftheinitiai thianthrenyl radical drops from IO‘ 3-1014 M to IO ’ M,the 
reaction takes another route: thesulphonjum~lt isnot produced at aIt and one-etectrun transfer yields 
the uncharged thianthrene and the cation-radical of anisole (Scheme 63). Kinetic studies”*6 have 
established that the anisylation of the thianthrenyl radical involves the following stages (Scheme 64): 

(i) the formation of the thianthrene cation-radical complex with anisolc; (ii) the oxidation of the 
cation-radicaIcompfexintothedicationic~omplex;thisisthekeystagcofthepr~sandit determines 
the rate of the reaction ;(iii) rapid deprotonation of the dicationiccomplex yielding the final product - 
suiphonium salt. 

Because a dicationic complex, [Th AnH]’ *, controls the reaction, the final result of the reaction 
should depend on the stationary concentration of this complex. From this the ways of regulating the 
process an be inferred : (iv) to increase the stationary concentration of complex (‘Th-AnHj’ * a 

Th: + Anti - flh- AntI): ; 

* fTh - Ant& - 

fTh-Anti)‘* -(Th-An)’ * fi’ 

Schnnr 64. 
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stronger oxidizer, as compared to the cation-radical of thianthrcnc, should be introduced into the 
reaction. This is thecation-radical ofdibenzodioxanc. It increases the rateof the reaction by two orders 
of magnitude: (v) to decrease the stationary ~o~~ntration of complex fTh-Anl-lj2 +, it wilf sufhce to 
lower the concentration of the oxidizer (it is the substrate), the thianthrene cation-radical. This also 
decreases the equilibrium concentration of the cation-radical complex vh-AnHJ”. The rate of 
anisylation---the main process-sharply drops. The side process, one-electron transfer from anisolc to 
the cation-radical ofthianthrene, also decelerates but not so markedly. So, this side process remains the 
only one. 

Shono PI af.‘*’ recommend the use of thioanisole as a catalyzer-carrier- to lower the electrode 
potential in the oxidation of the secondary alcohols into ketones. The cation-radical of thioanisole is 
generated at a potential ofup to + 1.5 V (the background electrolyte is tetracthylammonium ptoluenc 
sulphonate)inacetonitrilecontainingapyridine base(Py)andasubstrate.Theyicldofketonesdcpends 
on the alcohol nature and is 7fJ-iO@/& The process takes place as shown in Scheme 65. 

The process regenerates thioanisole and therefore a ratio of ~~~‘~~0~ : PhSCH, = 1 :d2 is 
sufficient. 

Let us now turn to the role that oxygen plays in ion-radical conversions. Oxygen is the main 
component of the air and, hence, is a typically active component of the medium in which chemical 
conversions mainly proceed. 

Cation-radicals are often unstable and, thercforc, they easily dissociate. If the dissociation is an 
equilibrium process, oxygen promotes it because it reacts with fragment ions produced in the 
decomposition. Therefore scientists prefer to conduct cation-radical processes in inert atmosphere, 
although oxygen (air) is, strictly speaking, inert with respect to primary cation-radicals. Exceptions to 
this rule are only those reactions where oxygen is required to obtain the cation-radicals from neutral 
molecules. 

For anion-radicals, both oxygen and air(that is oxygen and carbon dioxidefare active components 
of the medium and so they should be removed prior to conducting reactions. 

As a rule, air inhibits anion-radical reactions: a part of anion-radicals yields carboxylate and the 
other part gives an unpaired electron to oxygen thus converting anion-radicals into neutral molecules. 
Oxygen converts into the superoxide ion. This takes place if the acceptor organic molecule po.ssesses 8 
lower affinity for electron than oxygen or if oncclectron oxidation of the anion-radical by oxygen 
proceeds more rapidly than its d~om~sition into a radical and anion. 

lftheoxidationisaslowerpr~than thed~om~sition,oxygcnmay~~t tbenatu~ofr~~tio~ 
products. Thus, treating p-nitrocumyl chloride with sodium malonate ester in a flow of pure dry 
nitrogen yields a product of C-alkylation.iRR The product has a structure analogous to the malonyl 
derivative of dicyanobenzene (Schcmc 48); the yield is 90”/0. Oxygen complctcly inhibits the C- 
alkylation, and the reaction gives p-nitrocumyl alcohol in the same yield, When the malonatc ion is 
lackln~oxygen isincapableofconvertingp-nitrocumyIchlorideintothcalcohol.’8u In thepreseneeof 
oxygen the reaction develops in two directions with different speeds. The reaction first produces anion- 
radicalsofp-nitrocumylchloridcfthcsouroeofel~tronsis thematonateanion)and, thcnchlorideions 
cleave from these anion-radicals. Nitrocumyl radicals accumulate at a faster rate than the initial anion- 
radicals perish under the effect of oxygen. Therefore oxygen may trap only cumyl radicals and give 
radicalsofcumylperoxide which convert into the hydroperoxide when adding hydrogen of the solvent. 
The hydroperoxidc decomposes and forms cumyl alcohol_ The conversion is highly selective since the 
yield of the latter product reaches 90%. 

Let us now turn to a case whcrc the accepting ability of oxygen is lower than that of a substrate but 
greater than that of charged intermcdiatc or final products of anion-radical conversions. The 
superoxide ion is produced at the final stages of the process and acts as an electron carrier with respect 
to the substrate, thus branching the chain process. In other words, oxygen promotes rather than 
inhibits these reactions. This conclusion isespecially im~rtant for practical organic synthesis. As has 
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ban rcp~rted,‘*~ the reaction between I-nitroanthraquino~ and sodium mcthyfate in DMSO- 
mcthanot (7: 1) accelerates when conducted in air and not under argon. In the absence of air, anion- 
radicals of 1 -nitroanthraquinonc obtained in DMSO clectrolytically,do not change upon the addition 
of MeOH or NaOMe.i89 When air gains access to the system, the anion-radicals are consumed 
completely and produce ~-methoxyanthraquinone (the main product) and ~-oxyanthraquinone (the 
admixture). Oxygen, therefore, promotes mcthoxylation by the anion-radical mechanism. An earlier 
study has revealed that methoxylation of 2,4dinitrochlorobenzene accelerates by an order of 
magnitude when inducts in air rather than under nitrogen.rpO The authors’90 proposed the 
scheme according to which no initial substrate undergoes methoxylation but rather its anion- 
radical. This produces the radical anion a-complex which is oxidized by oxygen into the anionidic d- 
complex carrying no unpaired electron. This stage generates the superoxide ion which later 
advantageously competes with the methoxide ion in one-electron reduction of the initial 2.4 
dinitr~hloro~~~nc. The main point with respect to the catalytic cffcct of oxygen is the ability of the 
superoxideion to transferelectron tostronglyacccptingmol~utesofthesut>strate.Thiswasconftrmed 
by electrochemical generation of peroxide ions: o- and pnitrochlorobenzenes and o- 
nitrobromobenrenc react with these ions in DMF giving <I- and p-nitrophcnols.i9’ Frimer and 
Rosenthal’92 treating 2,4-dinitrobromo~n7~n~ with Kr’Or in the presence of dicycloh~xyl-18- 
brown-ether (the solvent is benzene saturated with ‘*Of obtained 2,~dinitropheno~ carrying 
practically no _ “0 According to mass-spectrometric data, a92 the content of the label in phenol was 
below tCl’& Hence, superoxide ion rSO;’ only transfers electron to the substrate, and phenol is 
produced as a result of the reaction between the anion-radical of 2,~jnitrobromo~n?~ne or 2,4- 
dinitro~henyl radical and “0. 

it should be noted in conclusion that a tradition to conduct ion-radical conversions in inert 
atmosphere may sometimes end in failure. Oxygen accelerates the reactions involving strongly 
accepting substratcz. This is similar to a promoting effect of active organic oxidizrs of the 
dinitrobenrcnc type. 

Ion-radical reactions proceed easier the Icss the number of factors decreasing the stability of ion- 
radicals. Since the latter are charged particles carrying an unpaired electron, the solvent shoutd also be 
polar, incapable of splitting, cleavage of cationic or anionic groups and also cleavage of the radical 
particles of the hydrogen atom type. *93 This is of course a general characteristic which has as many 
peculiarities as is the number of solvents. These peculiarities, however, may be analytrd with respect to 
their effect on ion-radical conversions. This will be illustrated on the example of a solvent most 
commonly used in ion-radical reactions, that isdimethylsulphoxidc. It plays different roles in different 
reactions. In reaction 55 it increases the stability of the intermediate radical particle saving it for the 
attack of the phenylthiolate ion, Dimethylsulphoxide, however, may completely inhibit the 
substitution, as has been reported by Fomin cr oLL9’ for hydroxylation ofanthraquinonc sulphoacids 
(Scheme 46). The hydroxylation starts only at elevated temperatures and prooeeds at a high rate at IgO- 
200“. The authors”’ adduce arguments in support of the hidden-radi~i mechanism of the reaction 
when the main part of the quinonc anion-radicals do not pass into the solvent pool (Scheme 66). The 
hydroxylation of a greater part of the substrate molecules proceeds by the pathway not involving the 
passage of inte~~diate particles into the votume. The final products are oxyanthraquinones. When 
the reaction is conducted in DMSO, OH’ radicals form complexes with the solvent molecules, and 
the process is directed via the route involving the passage of the sulphoanthraquinone anion-radicals 
into the solvent pool. This facilitates the tirst stage ; anion-radicals of the initial anthraquinone sulpho- 
acid are produced already at 25” and their accumulation is completed in several hours.‘Yn The reac- 
tion, however, does not proceed further and hydroxyl does not replace the sulpho group: hydroxyl 
radicals irreversibly combine with DMSO, and methyl radicals arc liberated (Scheme 66). The pro- 
duction of free radicals CH; from DMSO was proved by independent experimcnts.19’ 

Thus,dimethylsulphoxide in reaction 44 behaves as an active medium preventing the development 
of the ion-radical process. fn some reactions, however, it promotes the ion-radicat conversion. This is, 
for instance, a common method ofconversion of tertiary aliphatic nitro compounds into nitromcthyl 
derivatives and further into aldehydes”’ (Scheme 67). 

To prepare the reagent Na * CH,NO,, sodium hydride is reacted with nitromethane in the same 
solution which is used later to replace the nitro group by fragment CH,NO, (see Scheme 67). The 
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Scheme 66. 

reaction proceeds most effectively in DMSO. Kotnblum and Erickson’9R attribute this to small 
amounts of sodium dimsyl produced in DMSO. It acts as a powerful one-electron reducer inducing 
(cntr~n~ng~ the chain anion-radical process as has been discussed above. When conducted in DMF 
instead of DMSO the reaction deceferates.‘9R 

7. Dirmted @kt 
Oxidation-r~d~~tjon j~teTacrj~~ between co~~n~nt~ of the i~)n-r~ica~ satt. This interaction is of 

particular intercst because it is directly connotes to the problem of removing the nitrosuiphenate 
protection. The uitroarylsulpbenate protection is used in djffercn~ conversions of complex, in 
particular, bioorganic, molecules carrying amino and oxy groups. To restore the activity of amino or 

5”’ - R-c-CHO 

t 
CHl 

ffb ms 
I t - *-(:’ * -CH,NO, - f+---C-CHINO;’ etc. 

I I 
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oxy groups in the fkJ product, the protection should be removed. To this end, the competition of 
acceptor fra~ents should be taken into account ; otherwise it would be the nitro group rather than the 
suiphurcontaining group that is reduced. The t~chlor~ila~b~tylami~ system has been studiad 
along with a number of reducing systems. 1vq*200 As has been reveaied, trichlorosilane and 
t~~~ty~arnjne reduce oniy ary~sulphene derivatives not carrying the nitro group. Nitr~arylsu~phenatc 
analagues do nat change under these c~nd~t~o~s (Scheme 6% 

Nitrosuiphenc derivatives introduced into the mixture oftrichorosilane and tributyiamine libera?e 
hydrogen. Mixing only trichlarosilane and tributylamine (not adding the nitraarylsulphenirte 
component) does not produce hydrogen. 

~rich~orosifane and t~butylamine yield the trichloros~~yi anion and the trjbutylammonium~t~~~. 
This stage starts a series o~conversi~ns involving ~ne~l~tron transfer from the t~ch~orosily~ anion to 
the sulphene molecule. ~n?~nesulphene derivativtrs produce anion-radices which are unstable and 
immediately convert into disutpbides. N~tr~~n~~~suiph~nj~ commends form stable anion-~dic~ls 
which give up an electron to the proton of the counter-ion, i.e. t~butylammonium cation (Scheme 6%. 

The anion-radical carrying a nitro group undergoes one-electron oxidation by a proton, and this 
liberates hydrogen, rather than cleaves the su~phur~ontain~ng fragment. 

Benzene su~phe~eam~desor benzene rhodanides react with the trich~urosi~y~ anion in the same way 
as ~~~nesu~phc~e esters: onty the ana~~gu~ carrying no nitro group are reduced, whereas the 
nitrated derivatives remain unchanged. *O” By contrast, nitrobentinesulphene chlorides reduce in the 

HSKl, l 8u*N - -sra, + au$H 

[ 
o- /I sx 

- 
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Tablt 4. EtTwtivc charges an group R and SX in ion-radicals 
of type RC,H,SX -’ 

Groups C’harges on groups 
- . I‘- -. I- I~ 

R sx R sx 
-- _ . .-- 

H SC.3 -0.78 
NO1 SC1 - 0.20 -0.76 

NHO, 
SCN -0.54 
SCN 0.48 -0.27 

system Bu,N-HSiCtJ as advantageously as benzenesufphene chloride itseIf.f00 This peculiarity of 
group S-Cl is not self-evident because the polarization of S-CN and S-Cl bonds is comparabk. 
To illustrate201 both nitroaryl rhodanides and nitroarylsulphene chlorides when dissolved 
in a concentrated sutphuric acid produce arylsuiphenium ions ArS *. It may be thought that in the 
anion-radical state of the molecule, groups SCN and SCI should differ in the liability to locaii;re an 
unpaired electron at kast in the presence of a conjugated nitro group. Au?hors2e’ conducted quantum- 
chemical INDQ’Z calculations of anion-radicals C,H,SCI -‘, C$H,SCN -I, 02NC6H,SCI -‘, 
05NC,H,SCN ‘, the results ofcalculations give a clear-cut explanation of the established difference 
(see Table 4). 

The table shows that for anion-radicals of the sulphene chloride series, the charge on group SC1 is 
only slightly dependent on the presence or absence of the nitro group in the aromatic nucleus. For 
anion-radials of the rhodanide series, the nitro group present in the molecule reduces the charge on 
SCN twofold. In other words, whilecompeting for an unpaired electron in theanion-radicakgroup SCI 
should be stronger and group SCN weaker than group NO,. 

Asfollowsfromtheabovc,achangeinthedistributionofanunpairedelectronunderthccffactoftbe 
nitro group is decisive for reactions starting with the production of anion-radicals. The nitro group 
traps an unpaired electron thus protecting SQR, SNR, and SCN groups from reductive cleavage.? 

fnasimilarway. thedirectionofreducingcl~vageofaryItetrasoliumesters,ArQT~dcQendson the 
localization ofspin density in the intermediate anion-radical. When the electron is localized in the Tz 
nucleus, the esters cleave by the scheme: 

Tz-OAr .+ Tz’ f At0 -. 

When the Ar nucleus demonstrate the highest spin density as, say, in anion-radicaf T-ip- 
cyanophenoxy)- I -phenyltetras~le, the cleavage proceeds by the following scheme :‘03 

TzO-Ar - ’ -+ Tr.0 - + Ar’. 

C~rd~~rj#n inrerucrio~ in Q self-fin product ~~~fecff~~ tran~r. Let us analyze transfer of 
electrons to two simple organic substances: aroxybenzenc and 2.5dirh~anothiophene. 

MuItiel~troo reduction of azoxybenzene on a dropping mercury electrode gives an azodianion 
(Scheme 701;. In the absence of protons a polarogram shows a wave corresponding to transfer of four 
electrons for each molecule of azoxybenzene, The nature of cation (tetraalkylammonium, potassium) 
does not change the pattern of reduction. L04 In the liquid phase, however, when dipotassium 
cy~l~tatetraene acts as a “dissolved ekctrode”, the reduction of azoxybenrene stops at the very first 
stage, that is after transfer of one electron. “’ XJ’ This produces the axoxybenzene anion-radicals 
which do not reduce further despite the presence of electron donors in the solution (Scheme 70). The 
ESR method practically does not reveal these anion-radicafs although oneclectron oxidation by the 
phenoxyl radical quantitatively generates azoxybenzenc and produces the corresponding potassium 
phenolate in a quantitative yield. Treatment with water gives azobenzenc in a loo”/, yield (Scheme 70). 

The authors”Qs-z*7 explain this as follows. In a liquid phase, primary anion-radicals of 
azoxybenzene stabilize due to their bonding to potassium cations. This yields the coordination 

-_ ._, .--- .., ._* ,... __ 
t What is important for practical organic synthesis is that the IlabiMy of groups SQR and SNRI to undergo tbc reductive 

ctcavagc markedly incrcavsafter their preliminary protonation. In the trifluoroaatic ~~-t~cthylsil~~ system, the reduction 
pf~~rn~ictety ~~tive~y,~t~~ly~t tbeexpcnscdthc §Uiphurconta~ning~~Mp. Tbeproductsarcformcd inquantitative 
yields. The nitro group does not inhibit the rcaction.tsp.zoO 
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complex {see Scheme 71); the complex is djarna~et~~ and, the~fore, t~~xy~~ne anion-radices 
cannot be revealed by ESR spectroscopy. 

T’he dime& complex il1ustrate.i in Scheme 71 is not liable to further reduction by di~t~ium 
cycfooctatetraene, which saves the anion-radicals from converting into azodianions, Potassium 
cations play an important role in such a limitation of reduction (which, as a rule, proceeds easily, see 
ekctrode reaction 70). ?Vhen potassium cations leave the sphere of reaction by combining with 18- 
crown&ether a~ording to Scheme 72, the iiqu~d*pha~ and the eleotrode Julian proceed in a 
similar manner. The liquid-phase process in the presenoe of crown ether also generates an azodianion 

identi~ tbro~8b ~~d~nc after proto~atio~ and r#rra~~~ent.*‘~ Scheme 73 visuafizes hquid- 
pha~~nvers~ons of azoxybenzenc which take place under the effect of dipotassium ~y~lo~tatetrae~ 
in the presence of crown et her. 

Based on anion-radical conversions of azoxybenzene, the directed “matrix” synthesis of cyclic 
poly-(thienytene-25_disulphide) from ~~dirh~anth~ophene was carried out (Scheme 741, 
The ~5-dirb~anoth~ophene Anton-radi~i is unstabie and irn~jately converts into the 2- 
rh~aRoth~ophene-S-thiy~ radical ~r~~~e~ngone moredectron. So,one of the rh~anidegrou~ma~ 
be reduced to a mercaptide group and the latter may interact with the residual rhodanide group. 
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kMe 73. 

As it was suggested, the sulphur of the thiophc~e nucleus is liable to coordinate with the potassium 
cation in the formation of disulphide : 

f-S )+(NSC ) -+f--S--S--f+cIYJ-. 

Thisgave grounds to believe that anionicfragmcnts may be “assembled” in a matrix form to yield a 
cyclic product. Reacting equimolar amounts of 2,~dirh~~~thiophene and dipotassium 
cyclowtatetraene in THF produces S-rhodano-24hienylmcrcaptide of potassium, potassium cyanide 
and cyclooctatetracne. Potassium rhodanothienylmercaptide is stable in THF and was characterized 
through a monobenzoyl derivative. loa The addition of water to THF produces ~~ydisu~phide. X-ray 
analysis has unambiguously established that po~ydisulphide has a cyclic structure.“” The cycfisation 
most probably proceeds through intermediate disulphides by Scheme 74. 

In the homogeneous reduction, the metal cation coordinates anionidic fragments and enables their 
~ndin~~thin thematrix.ThecomparisonofthediametcroftheobtainodmuItithiaheterocycIecavity 
with a doubled radius of the potassium cation agrees with this mechanism. 

In the electrode reduction conducted in the same solvent (THF), both rhodanide groups in 25 
d~rh~anothiophcRe cleave imm~~ate~y within one four-efectron wave.“’ 

The homogeneous and electrode reactions may yield approximately the same results when 25 
dirh~anothiophene reacts with dipotassium cyciooctatetraene in the presence of crown- 18ethcr-6. 

PhCOSJcLm 



This ether combines the potassium cation and directs the condensation towards formation of linear 
rather than cyclic product (Sohemc 75). 

Schemes 71.73 and 75 demonstrate that coordination to the metai cation d~sive~y changes the 
direction of further conversion of electron-transfer products. 

The analysis of different ways of identi~~tion of ion-radical reactions has yielded the following 
results. 

I. None of the approaches can, by themselves, identify an ion-radical conversion. 
2. A set ~fs~itab~emeth~s gives reliable i~fo~atjon on the role the ion-radial stage plays in the 

net mechanism of reaction. 
3. A choice between the standard and the ion-radical mechanism of reactions is quite an important 

problem*~~ially in cases when ion-radicais leave the solvent cage or direct the reaction via another 
pathway yielding products of peculiar structure, making the conversion conditions more mild, and 
changing the reactivity of secondary intermediate particles. Ifion-radicals form and react in thesolvent 
cage, and the reaction proceeds rapidly. or if it yields products indistjnguishable from “standartl” 
products, the role the ion-radicals play is onty of theoretical interest and is so far not essential for 
practical organic synthesis. 

4, The ion-radical mechanism should be checked with respect to every particular reaction. 
Compoundsofeven oneclassmay behavedifferently :someofthem react by theion-radical mechanism 
whi~etheothe~maytakequiteanotherpathway.~id~, thenotionofone~~~tro~ transfercannot be 
applied to absolutely all cases without exception. 

5. The results yielded by different met hods should agree. Only such an approach may reveal the real 
mechanism of reaction. These general estimates have heen already reported by uszt* and they were 
confirmed by later experiments. 

Methods of initiation of ion-radical conversions depend on the nature of reacting partictes which 
possess ionic and radical properties. Since these particles are charged they require special solvents, 
interact with counter-ions and react with particles of the opposite charge. The presence of an u~~~r~ 
electron makes ion-radicals sensitive to magnetic effects and sometimes to irradiation and especially 
sensitive to structural factors affecting the intramolecular distribution of spin density. The ionic and 
radical properties of mvieeu1e.s determine a wide range of methods to inhibit the undesirable processes 
and to entrain the reactions giving the necessary end products. Ion-radical particles, however, are less 
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stable than ordinary ions or neutral molecules. As a rule, they exist only at reduced temperatures. 
Therefore, heating is not a typical way of promoting ion-radical conversions. These reactions are often 
conducted in an inert gaseous atmosphere, in apparatus having smooth walls, etc. It is the reactivity of 
ion-radicals that makes the control over the reactions taking the ion-radical course so precise. 

The analysis of references to this review yields the following information. The publications on the 
subject double, on the average, during five years, that is half the usual time. The number of references on 
works mentioned in this review doubles, on the average, over a period oftwo and a half years, In other 
words, references accumulate twice as fast as the primary publications. The most productive authors 
are, as a rule, most often cited. Practically any communication devoted to the problem arouses 
considerable interest. Organic ion-radical reactions are studied in 25 countries. The U.S.A., U.S.S.R., 
Japan and Italy top the list of publications. Twenty per cent of all articles irrespective of the country 
where they have been carried out are published in the Journal ofthe American Chemicci Society. 

Thus, this field of research attracts widespread attention and receives a large development effort. 
The solution of one problem poses other problems and so patience in the research often has a greater 
value than inspiration. 
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