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Properties of radical chain reactions are reviewed lncludlng propagating 
steps, lifetimes of chains. and choices of Initiators. Structure and reac- 
tivlty relatlons in chain-propagation steps and their effects on reglo- and 
stereochemistry are discussed. The utility of redox chains involving transi- 
tion metal Ions is consldered along with the fmportance of radical lons as 
reaction intermediates. 

The current interest In the application of free radical reactlons to the synthesis of 

complicated molecules which this Symposium in Print recognizes Is most gratlfylng to old free 

radical chemists like myself. However. we can't help wondering why It has taken so long, 

since the reaction-steps used In todays elegant syntheses (or their close analogs) have been 

known for many years. While pioneers as D. H. R. Barton and M. Julia have employed them for 

a long tlme. most synthetic chemists have avoided radical reactions as messy, unpredictable. 

unpromlslng and essentially mysterious. I think there are several reasons for this lack of 

communication. Radical chemists do not generally study reactions under what might be called 

synthetic condifions. Radical chain reactions are difterent and their principles need to be 

understood If they are to be carried out successfully. In this paper I shall try to 

sumDarlze some of these principles from a rather practical vlewpolnt. While what I say 

should be familiar to other authors in the symposlum. (and radical chemists will recognize 

that I pass over many theoretical niceties) I hope It will be useful to other synthetic 

chemists who are hovering on the brink. The examples I have picked usually involve simple 

molecules and are often quite old. Space does not permit any comprehensive coverage of the 

literature, but for those wlshlng to pursue these matters further, the most recent 

comprehensive treatments are by Kochi (1973).l and Nonhebel, Tedder, and Walton (1979).2 

There have been numerous more speclal~zed reviews. some of which are cited here and in other 

papers in this Symposium. 

Properties of Chain Reactions. The majorlty of radical reactions of interest to 

synthetic chemists are chain processes in which radicals are generated by some initiation 

process, undergo a series of propagation steps generating fresh radicals, and finally 

dlsappear.'usually by mutual coupling or dlsproportlonatlon. 

The types of propagation steps of interest in synthesis are really rather few. First. 

additions to multiple bonds, and their reverse, B-sclsslon 

\ I 
x*+ C-Y 

/ 
w X-C-Y* (1) 

I 

Since 1 oonds are stronger when Y Is 0 or N than when Y is carbon, B-scisslons are 

particularly important In such systems. Second, radical displacements, usually on hydrogen 
or halogen (which again may be reversible). 



3888 c. WALLING 

X. + H-R L- X-H + R* (2) 

Finallly. there are "valence expansion" processes with higher row or electron deficient 

species (e.g. boron) leadlng to transient Intermediates. e.g.3 

. 
RO* + P(OBu13+ ROP(OBu13---+ OP(OBu13 + R* (3) 

and many overall displacements on polyvalent atoms apparently fall In this class.4 

The reaction 6-bruno-1-hexene with trlbutylstannane.5 a prototype of many useful 

cycllzations, provides a convenient example of a typical chain process. Where In represents 

an lnltiator such as azoblslsobutyron1trlle (AIBN) which decomposes Into initiator radicals, 

In*. we have 

Inltiation 
k4 

In @ 2 In* In* + Bu3SnH + InH + Bu3Sn* 

Propagation 
k5 = 1.9 x 10' Bu3Sn* + Brv l Bu3SnBr +a- 

* k6 = 106 
m + Bu3SnH 

'F + Bu3Sn* 

. 

k7 = ‘OS + i, - 

+ Bu3Sn* (8) + 8u3SnH 
'8 

Termination - 2 x 109 
2 Bu3Sn* k9 # 

k10 * 2 x 109 
Bu3Sn* + R* 2 

- 2 x 109 
2 R* 51 l 

X 

Y 

2 

The kinetic rate expression for such a sequence 

concentrations for example it takes the form 

Rate = k8 CBu3SnHl(k4[Inl/kIIfi 

Is easily derlved.6 

(4) 

(5) 

(6) 

(7) 

(91 

(101 

(11) 

At low stannane 

(121 

and tells us some useful things: rate Is proportlonal to the square root of the rate of 

chain Initlatlon, I.e.. not very sensitive to lnitiater concentration. Similarly, the 

overall activation energy, E, - E4/2 + E8 - EII/2. Since E8 and EII are small, E, depends 

chiefly on E4, the activation energy for Initiator decomposition. E, Is usally in the range 

of 12-18 kcal/mole. whlle photoinitiated reactions, for which E4 -0. are almost temperature 

independent in thelr behavla (there are important exceptfons to this. see below). Fran the 

equations and rate constants we can further calculate that. for a reaction proceeding at a 

moderate rate and producing 1 M t of products/hr the radical concentration is -2.8 x lo-I0 

H. The klnetlc chain-length is ~900.000 and the average chain life, from Initiation to 

terminatlon, 0.9 sec. Such a rate would be produced by the decomposition of 3 x 10m4 M AIBN 

at 40'. Such a calculation Is rather hypothetical. since kinetic chains of this length are 

hard to observe except In a few systems wlth very pure reagents and carefully controlled 

conditions. and an actual laboratory reaction would probably be a bit slower. However, It 
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makes three Important points. First, the short lifetimes of kinetic chains requlre a steady 

supply of radicals. However, ff propagation steps are fast, as here, very llttle lnitlator 

is requlred. 

Second, this short llfetline requlres that all propagatlon-steps be fast (with rates 1 

lo* M/l/set) low-actlvatlon energy (usually exothermlcl processes. Fortunately extensive 

data are now available not only on bond dissociation energles (fran which mlnlmum activation 

energies may be estfmatedl but also on actual rate constants of classes of radical reactions, 

along with activation energles and A factors. 

Finally, the actual products in this reaction depends upon the competition between steps 

(8) and (41. If methylcyclopentane Is the desired product, the stannane concentration must 

be low. elther by working at hlgh dilution, or (probably better) by slow addltlon of 8uSSnH 

during the reaction. In complex Systems involving large molecules and several chain 

propagation steps. such competitons are coimnon. but can often be shifted In a desired 

dlrectlon by proper experlmental design. 

Initiators. Although many radical chain processes occur spontaneously at moderate 

temperatures, due to adventitious inltlators. laboratory light, or Ill-deflned redox 

processes, it Is usually desirable to facllltate chain lnltlatlon by deliberately addlng 

lnltlators or other means. A large nixnber of speclet are known which decompose thermally to 

generate free radfcals a bit above room temperature, and some very complex systems are used 

In technology, e.g. vlnyl polymerlratlon. However, In laboratory syntheses It is desirable 

to stick wth a few which are easlly available and well understood and match them to the 

temperature at which the reaction Is to be carried out. Fig. 1 shows a plot of half-life of 

a number of coamion inltlators vs. temperature. For efficiency. each is best used at a 

temperature such that It's half-life Is comparable to reaction-time, e.g. 120-140' for dl-t- 

butyl peroxide and 60-100' for AIBN or benzoyl peroxide, this fnsurfng an adequate and steady 

supply of lnltlatfng radicals during reaction. If for scme reason one wishes to use a 

relatively low-temperature fnltfator at a hfgher temperature, this can be done conveniently 

by slow addftlon of a solution of the Intltlator over the whole reactlon time. 

In many ways AIEN (and related azo compounds) are ideal Initiators. They are safe, 

easily handled, give good radical yields (20-809, the balance being lost by cage 

recombination) and have almost solvent Independent decomposltlon rates. AIBN's only drawback 

1s that tne 2-cyano-2-propyl radfcals which It oroduces are relatlvely unreactive. For 

chains to be Initiated a reactive double bond or a weak reactive bond (e.g. S-H or Sn-H) must 

be present In the system sfnce C-H bonds are usually not attacked. 

Peroxides yield more reactive radicals: methyl radicals from acetyl peroxide. 

benzoyloxy- and phenyl radicals from benzoyl peroxlde, and t-butoxy radicals (plus CHS*1 fran 

dl-t-butyl peroxfde. Their drawback Is that thefr chemistry 1s more compllcated.7 Thus, 

benzoyl Peroxlde undergoes an induced decomposition In the presence of alcohols and ethers, 

Is reduced by stannanes. and reacts rapidly with phenols and amfnes. Whlle the amine 

reactions gfve low ylelds of radicals (and have been used as a room-temperature Inltiatfon 

system for Polymerlratfon1 they are messy and unattractive for synthetic work. 

If reactions must be carried out near or below rocm temperature, thermal lnitfators are 

slmply not very practical for synthetic work. Inltlators such as dl-t-butyl peroxyoxalate 

are dl fficult to prepare and dangerous to work wlth, and many other unstable peroxfdes. e.g. 

phenylacetyl peroxfde, (t y2 3-4 rain at 40') decompose largely by non-radical paths. Redox 

systems, e.g. Fe*+-t-BuOOH, may be employed, but the method of choice is usually 

photofnltlatlon. 

Many reaction mixtures, Particularly If they contain carbonyl groups or higher row 

elements have end absorption In the near UV transmitted by ordinary laboratory glassware, and 

undergo photoreactlons leading to radical generatlon. However, when In doubt, or if no 
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Fig. 1. Half-lives for decompositton of typical thermal initiators (values are approxi- 
mate, since rates may vary with solvent). 

(1) Di-t-butyl peroxide; (2) t-butyl peroxybenzoate; (3) Benzoyl peroxide; (4) S2OB= 

(5) Azobislsobutyronitrile (AIBN); (6) di-t-butyl pemxyoxalate 
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reacflon occurs, photoinitiators may be added. AIBN and its analogs are particularly 

convenient, since they absorb strongly In the near UV (Xmax 345 rm, E = 14.9) and have a high 
quantum yield for dissociat1on.B Benzoyl peroxide also has significant end-absorption, and 

also dissociates by energy transfer from other photoexcited species, e.g. arowtlcs and 

carbonyl compounds. Other peroxides behave similarly and it Is worth knowing that many acyl 

peroxides which decompose thermally by non-radical paths, give good radical yields on 

photolysis (presumably because they decompose via their triplet States). Their photolysis 

thus provides a way of reliably producing radicals of known structure.9 

Although they have received less study for the purpose, some ketones are effective as 

photOinltlators. benzoln. for example belng a good photolnitiator of vinyl polymerization. 

The chemistry Involved is complex and depends strongly on structure. Oibenzyl ketone 

dissociates to benzyl radicals and CO, benzophenone undergoes photoreduction by attacking RH 

bonds to yield R* radicals and benzhydrol radicals. while ketones with r-C-H bonds undergo 

intramolecular H transfer to yield diradlcals which have such short lives that they do not 

efficiently induce radical chains. 

Since the propagation steps of radical chain reactions are necessarily fast processes 

with low activation energies. they can usually be run successfully over a wide temperature 

range providing sultable Inltlation systems are chosen. The most notable exceptions are 

reactlons involving a B-elimlnation step in which a hlgher activation energy is offset by a 

large A factor. This may lead to a significant change in products with temperature. AS 

examples in simple systems, thlyl radical additlon to allenes give predominantly ally1 

thioethers at low temperatures and vinyl thloethers at higher temperatures (or low thlol 

concentration) 

RS* + CH =C=o( 8 *= 
RSCH2-C CH2 RSH l RSCH2-CH=CH2 

2 

2b;H tRCH 

(13) 
RSH 5" 

2 
-1 

2 ___) CH3-C-CH2 

addition to the terminal CH2 Is more rapid, but more easily reversed. Simllarly. the 

distribution between 5- and C-membered ring products from sane substituted 5-hexenyl radicals 

ts quite temperature-dependent. Cycllzation to a 5-membered ring is kinetically favored but 

reversible. so C-membered ring products are favored at higher temperatures.10 

Solvents. The common impression that radical reactions are best carried out In non- 

polar media reflects chiefly the fact that such media repress possible canpetfng ionic 

reactions since, as a matter of fact, rates of the chain-propagating steps of radical chains 

are usually quite solvent independent. A much more important criteria is that the solvent be 

inert towards the chain propagating radicals involved. For most of the sequences which have 

been developed for synthesis. this presents IX) problem since the canmm functional groups Of 

solvents--carbonyl groups. armtic rings and aliphatic C-H and C-Cl bonds--are unreactive. 

However, there are some exceptions. Obviously, halogenated solvents should be avoided in 

processes lnvolvlng Sn. Si and probably P centered radicals with which they react rapldly. 

Again, alkyl radicals will add to benzene, and this Is a possible canpllcatlon in aromatIC 

solvents, particularly for reactions run at hlgh dilution. With polynuclear aromatics and 

protonated aromatic nitrogen bases, such additions are very fast and the synthetic use of 

such reactions has been examined by Minisci.ll Sometimes solvents which react readily with 

one radical but not another can be used to suppress unwanted side reactions in chain 

processes. E.g. competing halogen atom chains can be reduced In alkyl hypohalite and N- 

halolmlde reactions by the addltim of di-or trlchlorethylene (or other oleflns lacking 

allyllc hydrogens) as halogen and halogen atom traps.12 

Finally, a few cases are known where solvents do have a significant effect m the rates 

and selectivrty of chain-propagation effects. The best-known and striking example is in 
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chlorine atom reactions, where selectivity is markedly Increased by araaatlc solvents, CS2 

and SOR.13 Evidently the chlorfne atus complexes with the solvent, decreasing the 

exotnermfcity of Its subsequent reaction, but whether 1 or o complexes are tnvolved is still 

a matter of debate. Similar Smaller effects have been observed in FW reactions. In the 

reactions of t-butoxy radicals the competitfon between B-sclsslon and H-abstraction fran. 

e.g., cyclohexane has been shown to be quite solvent dependent, with B-sclsslon favored by II- 

electron systems (e.g. aromatics and chlorooleflns) and hydrogen-bonding solvents.14 The 

effects are smaller with larger alkoxy radicals where more stable groups are spllt off in 

the 8-sclssion, but still should be consfdered when this conpetition is of importance. 

If any conclusions can be drawn frwn the above, it is that strong solvent effects on 

propagation steps in radfcal chains are ran! because radical centers are generally quite non- 

polar, and any weak assoctatlon of the center with solvent mUst be broken for a bimolecular 

reaction to occur (halogen atcnrs, whfch can react on the 'back-side" would be an 

exception). On the other band, a wfmolecular reaction converting a radical to a W-e polar 

species (as in the cleavage of t-butoxy to acetone) can. in some cases be facilitated by 

hydrogen-bonding In the transltlon-state. 

Finally, although 1,2-hydrogen shifts are rare in free-radical chemistry, primary and 

secondary alkoxy radicals are rapidly converted to hydroxyalkyl radicals In water (and 

perhaps otner strongly polar media).15 A plausfble explanation is that the reaction occurs 

through the common radical-anion 

. . + . 
R$H-O=a R2C-0 + H =+R2C-OH (14) 

The R2i-OH radlcai is known ta be a weak acid, and, since the equilfbrium above ltes far to 

tne right, the alkoxy radical must be even more acfdlc. As a result, reacttons of 1' and 2' 

alkoxy radicals may be difficult to achieve in such media. 

Structure and Reactlviy. The first comprehensive data on the relation between 

structure and reactivity came from copolymerlzation studies in the 1940's,16 and these have 

been subsequently extended to a great vartety of other systems, e.g. the recent detatled 

studies of relatfve reactivftfet of a wide variety of oleffns towards alkyl radicals by 

Gtese,l' Oetermlnation of the relative reactivzties of dffferent substrates towards a given 

radical ts a simple natter of generating the radical and determining the products (or 

consunptton of reactants) in a competft*ve reaction, and only becomes complicated when 

reverstble steps are involved. Accordingly, most of the data involve such substrate 

comparisons. Detenainfng the relative rates of reaction of Dlo radicals towards a given 

substrate Is much more difficult and usually requires determining the actual rate constants 

of the steps involved. Data here are a good deal scantier, 

Fortunately, all these data fall into a relatively simple pattern, and can be discussed 

qualitatively In terms of three major factors. The first of these has often been called 

"resonance stabilization". and is simply the old principle that rates of similar reations 

tend u) parallel overall energetfcs: reactfons yielding resonance stabfiized radicals are 

faster than those giving radicals lacking such stabiifzatioo. For endothermic reactions, 

e.g. 8r* reactions with alphatfc hydrocarbons~ these differences may be large, wlth 

differences In RTink equal to differences in AH. Wtth exothermic reactlonr (the usual case 

in long chain reactions) they are much smaller. Thus, tn radfcal addition reactions. StYrene 

Is typically 50-100 times as reactive as propylene, although the difference to resonance 

stabilization of the resultlng radicals Is approximately 9 kcallmole. (I've neglected some 

niceties--the addftfon loses the resonance-stabilfzation of styrene-- -1.5 kcal--but such 

differences in substrate Stability are Usually Small.) The notable exception is radical 

addition to perfluorooleftns which are rapid because the olefio n bond is relatfVelY weak, 
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although there is llttle stabilization of the resulting radical. Conversely, radicals which 

are themselves resonance-stabilized react more slowly wlth the same substrate than those 

which are not. Thus. fast radical chains may be observed between reactive unstabilized 

radicals and unreactive substrates, and unreactive. resonance-stablllted radicals and 

reactive substrates yielding resonance stabilfzed prodcuts. but attempting to cross the two 

sorts of systems often fail. This can be very important. and 1s baslcally the explanatlon of 

action of most Inhibitors of radical chains. 

When the reactions compared involve radicals with the odd electron at the nuclei of 

other elements, the situation becomes more complicated. Hydrogen abstraction by 0130. t- 

BuO* and Cl* all have very similar energetics but their relative reaction rates with the same 

substrate are approximately 1:3 x 104:4 x 10'. If there is any generalization, It seems to 

be that radical reactions involving the formatlon of C-C bonds or transfer of H or halogen 

between carbons are relatively slow compared to reactions in which the cdd electron of the 

radical is on a heteroatom (typically halogen. 0, N, 5 etc). The exceptions to this are 

peroxy radicals. R02 a, which react very slowly (k's often > 1) even in exothermic 

processes. This. of course, explains why traces of O2 usually Inhibit radical chains. On 

the other hand, autoxidatlons carried out in oxygen saturated systems can be very fast 

indeed. The apparent contradiction arises because. under these conditions, peroxy radicals 

are almost the only radical species present, and their bimolecular tennlnation reactions are 

complex and slow. With only traces of 03, both ROR* and R. radicals are present, and they 

undergo cross-termination at diffusion-controlled rates. 

Since radical displacement reactlons (e.g. transfers of -H or halogen) occur at the 

periphery of molecules, they usually show little sensitivity to steric effects. The only 

notable examples involve very bulky radicals and well-buried atcms to be transferred. e.g. 

the reaction of phosphorus radicals with dlalkyldisulfides18. On the other hand, steric 

effects in radical additions to multiple bonds can be very large and important In determining 

the success of radical chains. Substitution at the point of radical addition to a double 

bond substantially decreases reactivity. Even towards methyl radicals cfs- and trans-Z- 

butene are only l/10 and l/5 as reactive as ethylene cr isobutylene. and stllbene l/8 as 

reactive as styrene. Many similar examples are known for other radicals and substltuents and 

steric retardations are often even larger with bulkier radicals. 

The thlrd factor. also originally noted In copolymerization studies is the so-called 

"polar effect", the tendency of radicals with electron withdrawing groups to react 

Preferentially with electron-rich substrates and vice versa. Thus radicals can be thought of 

as electron acceptors or donors or as having electrophllic or nucleophilic properties. A 

convenient way of thinking of the phenomenon is in terms of a lowering of transition-state 

energy through the contributions of ionic resonance-structures, e.g. for addltlon to a double 

oond,19 

. . 
X* CH2=CHR W X- CH; -CHR c---, X-CH2-CHR (15) 

although the matter can also be discussed in molecular orbital terms. Interestingly, this 

concept has recently come full circle with the recognition of the possible role of electron 

transfer in a variety of polar, Z-electron processes leading to similar transition state 

formulations.20 

In endothermic reactlons overall energetics usually dominate, but in l xothermic steps 

any factor may be dominant. Compared to the enormous range in rates with structure observed 

in polar reactlons such as solvolyses. the total effect on substrate reactlvltles in radical 

chains which actually run well is rather small--rarely over a factor of a few hundred, but It 

1s clearly enough to have a profound effect on regloselectlvity as discussed in the next 

section. 
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Regio- and Stereospeciflcfty. In intermolecular radical reactions, reglospeclficlty Is 

determined by the reactivity factors just dlscussed. In double bond addltlon. both energetic 

and steric factors direct addition quite clearly to the least substituted carbon (anti- 

Markovnlkov addition) wltb only traces of the other product. In fact, with aliphatic 

olefins. the sterlc factor is probably m)st fmportant,16 The only conspicuous exception is 

in radical additions to fluorooleflns. Fluorine atans are small and contribute little 

resonance stabilization to the resulting radical. As a result. mixed products are 

obtained.2I Additions to non-terminal, oleflns, RI-CH=CH-R2 also give both reglolsomers 

unless there are large differences in the resonance stablllzing effects of the substituents. 

Achievfng reglospeciflcity in in~~olecular radical displacements, particularly 

hydrogen abstractions, lo difficult in large molecules. Weak C-H bonds, e.g. benzyl and 

allyl, are preferentially attacked, as are electron rich sites. adjacent to 0- and N when 

electrophllic radicals such as halogen or alkoxy are Involved. However, in large molecules 

wlth a variety of C-H bonds, differences in reactivity are small enough that mixed products 

usually result. 

Regiospeclficity In radical reactions can be greatly enhanced by making them 

intramolecular, since now they are controlled by molecular geometry. In favorable cases, a 

large Increase In rate Is observed as an addltlonal bonus. Since an excellent review of this 

topic Is available.22 I shall Only SummiZe It briefly. Intramolecular addttlons occur most 

reaaily in 3-butenyl- and 5-hexenyl radical systems. The first case has not found much 

synthetic use, since the addition is highly reversible, leading to regeneration of the 

original radical or to a 1,2-vlnyl migration 
R 

py’= .T-_ H-J- 
R 

R 

(16) 

Only in systems with particularly favorable geometry (e.g. in the norbornyl rlng system) can 

the intermediate cyclopropylcarblnyl radical be trapped in significant yield. 

Cycllzations involving the Ghexenyl radical have proved more useful and have been 

studled in greater detall. The most lnterestlng feature Is the preferred formation of a 5- 

membered ring except where this presents sterfc difficulties, or where a highly resonance- 

stabilized radical is Involved. Even In the latter case, the five-membered ring may be the 

kinetically preferred product, but It reopens and closes to the more stable six-ring, so that 

product distribution depends upon the life-time of the quasi-equillbratlng radical. Among 

others, the 1-phenyl-5-hexenyl radical provides a clear example of this behavior.23 

The ring closure of the 5-hexenyl radical has been useful in ldentifyfng radical 

processes. Its rate has been measured over a wide temperature range and provides a useful 

"radical clock."24 At room temperature k = 105. For comparison, t&e biomolecular rate 

constant for addltion of C2HS* to I-heptene Is -lo3 so one might say that the "effective" 

concentration of 5-hexenyl bonds Is roughly 100 H. Similar cyclltatlons involving odd 

electrons on heteroatoms. or additions to rmltiple bonds Involving heteroatoms, e.g.-CN, are 

also known and usually behave sfmilarly. In contrast, cycllzatlons of 4-pentenyl and 6- 

hexenyl radicals have been difficult to observe. They are clearly much slower, and show 

little synthetic promlse. 

Most of the data on intramolecular radical displacements Involve hydrogen abstraction. 

In flexible chain molecules the regfochemlstry is clear: 1.5"hydrogen transfers are strongly 

preferred.22 Wlth sfmilar hydrogens l&-transfers occur about l/l0 as readily, although they 

can be more important If the M-H bond Is weak or C-5 hydrogens are lacking. Most of the 

useful examples Involve H transfer from C to -O* or =N* radicals, but transfers between 

carbon atoms can be fast enough to partlclpate in chains wlth weak C-H bonds and particularly 
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reactive radicals, e.g. vinyl. Here an Interesting example Is the reaction of 1-heptyne with 

CC14 reported by Helba and Dessau" 

s 

CH-CC12 

CSH1lCeCH + CC14 (17) 

uhfch evidently fnvolves tyo intramolecular steps, hydrogen abstraction and cycllratlon. 

CCl3' (181 

Again in these systems there is a large accelleration in rate over the corresponding 

fntermolecular reaction. The yield of Intramolecular product fran 21aethyT-2-hexyloxy 

radicals is scarcely decreased when the reaction is carried out in cyclohexane, the CH2 group 

on C-5 acting as though ft were several hundred molar.26 In more rigid molecules, 

regiospecfflc hydrogen abstraction from more remote sftes have been observed. The most 

spectacular cases are those of Breslowz7 in steroid molecules where radicals at the far end 

of rigid araatlc groups, attached by ester linkages at C-3 quite SpeCifiCallY attack C-H 

bonds at C-9, C-14 and C-17 depending on the sire of the aromatic structures. 

Data on preferred ring-sites for other intramolecular radical dfsplacements are much 

scantier. Best known is the facile formation of epoxides from p-peroxy radlcal~.*~ e.g. 

l 
0 

R-0-0-CH2CH+ ---+ RD. + CH;?,,, (19) 

but it appears that similar displacements can occur through larger rings, since 4- and hfgher 

membered rlng ethers have been observed In some hydrocarbon autoxfdations. 

The stereoselectivity of radical reactions has been studied chtefly wtth small 

molecules. In double bond additions where neither radtcal nor substrate contains a chiral 

center, the matter of interest ts the relattve stereochemistry at the two carbons which 

formerly provided the double bond. 

X 

X* + RCH=CHR + RLH-;"R & R"tH-:HR + X. (20) 

In most radical chains, the tntermediate radical has a llfetfme of microseconds or longer, 

ample to come to conformattonal equllibrimn by rotatton about single bonds and Inversion at 

the radical center if it Is not strictly planar. As a result, cis-and trans-oleflns USUally -- 
give the same mtxture of threo- and erythro-products, often near 5O:SD. although, where the 

difference fs significant the more stable product may be favored. The Only notable exception 

to this are reactions fnvolving higher-row elements. If these are sufficiently rapid, weak 

bridging is thought to retain the orginal stereochemlstry of the adduct. and anti-addltlon 

occurs. 

Most of the data tnvolve Bra addltions,2g but there Is evidence for this effect wtth S 

and other elements as well. 

If radfcal or substrate has a nearby chtral center, or the radtcal center itself ts 

PrOChlral. the sttuation is more compltcated stnce dtastereaners are created in the initial 

radical addftlon. Thfs circustance is notable in ring closures. I-Substituted-5-hexenyl 

radicals usually give chtefty trans-1,2-dlrubstituted cyclopentanes, and closures generating 

fused rings usually give trans stereochemistry at the rfng juncttons, but there are 



3896 c. WALLING 

exceptions (and some contradictions) 

involved are not yet entirely clear.22 

in the llterature so the stereoelectronfc factors 

In radical displacement reactions generating a carbon-centered radical, the situation Is 

the same as in the second step of a radical addition. The intermediate carbon radical is 

usually In conformational equtIibrlum, and, If It is prochlral, may show a preference for 

reaction on its less-hindered face. Again there Is evidence for weak brldglng by nelghboring 

atoms such as Br, e.g. the 1,2-dlbromocycloalkanes obtained by bromlnatlon of 

braocycloalkanes are chiefly the trans-isaners, particularly when the Br has a preferred 

axial conformatlon.2g 

Finally there Is some interesting regio- and stereochemistry connected wlth ally1 

radicals. Since the odd electron Is delocalized they can react at either end and usually 

do. Generally reaction at the least-hindered end is preferred by a small factor. E.g. 

allyllc halogenation of terminal olefins give chiefly 1-halo-2-oleflns. 

The stereochemistry is more complex, since an allylic radical may be trans.-, 

trans cis or cls cls and the barrier to inversion is appreciable, lo-20 kcal/mole depending -'A L_ 
on structure. When an allyllc radical Is produced, e.g. by abstraction of an allylic 

hydrogen, the configuration of the original double bond 1s conserved, while the configuration 

of the %ew' partial double bond Is determined by the conformatlonal distrlbutlon of the 

orlglnal allylic substrate and the energies of the transition-states associated with them. 

In open chain systems the new partial double bond tends to be trans. e.g. cls oletlns glve - 
chiefly cls,trans radicals. If these react before inversion, products formed with the double -- 
bond in its orlglnal position wlll be e, while their allyllc isomers will be chiefly 

trans. These relatlons were first worked out In t-butyl hypochlorlte chlorlnations of simple 

oleflns.30 Here the reaction of the allyllc radical with hypochlorlte if relatively rapld 

and original cis stereochemistry Is only lost when the cis conflguratlon ts highly - - 
stralned. In slower reactions. more loss of orlglnal stereochemistry may be observed.22 

Redox Chains. An important and useful extension of radical chain reactions IS to 

sequences Involvlng the oxidation-reduction of transition-metal Ions (most commonly Fe or 

Cu). A slmple example is the addition of CC14 to olefins, a reaction which, in the usual 

peroxide initiated process, 

CC13(CH2CHR),CH2CHClR. However, 

FeC13 or CuC12 good ylelds of 1:l 

FeC12 + Ccl4 

IS complicated by the formation of telaers 

as first shown by Assher and Vofsl.31 In the presence of 

products are obtained. presumably via a sequence such as 

+ FeC13 + *Ccl3 (21) 

CC13' + CH2=CHR --* CC13CH2CHR (22) 

. 
CC13CH2CHR + FeC13 -+ CC13CH2CHClR + FeC12 (23) 

Here the success of the reactton depends upon the high rate of (23) compared wfth the usual 

step (24) 

. 
CC13CH2CHR + Ccl4 + CC13CH2CHClR + CC13' (24) 

Although such reactions work with several other polyhalides, they have had only 1 imlted study 

and probably deserve more. They are known to be quite sensitive to solvent and reaction 

COndltions. and may well Involve other metal halide ion complexes than those indicated. 

The largest and most useful group of redox chains involve stolchiometrlc reactions 

between peroxides and substrates In which the metal Ion Is alternately oxidized by the 

peroxide yleldlng a radical, and reduced by the product of reaction of the radical with the 
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substrate. A great variety of such reactlons are known, and many have been revlewed by 

Sheldon and Koch1.32 but typical are the Cu catalyzed reactions of peroxides first examlned 

by Kharasch In the 1950's. An example Is the conversion of norbornadiene to 7-t- 

butoxynorbornadlene by t-butyl 

+ BzOOBu 

via a sequence which may be written as 

(25) 

BrOOBu + CuI ---> BzO* + BzO- + CuI' (26) 

(27) 

(28) 

(29) 

ReactiOn (29) is a typlcal carboniun ion rearrangement In thls series (deuterlun labellng has 

shown almost complete "scrambling" of the carbon skeleton), but (28) needs further 

attention. There Is now convincing evidence that such CulI oxldatlon of a radical 

R* involves the formation of a translent R-CulI1 species, usually with a lifetime measured in 

millseconds. which can decanpose by several paths, dependlng on the structure of R: 

solvolysis to a carbocatlon when R+ Is relatlvely stable as here (often with characteristic 

carbocation rearrangements), loss of a B-proton. when available, to give olefin; or transfer 

of another llgand on the Cu to copper (e.g. with CU(OAC)~, tn give an acetate). If R 

contains a suitably located nuCleOphlllC group It may act as the ligand. leading to cyclic 

products. Thus E-hydroxyalkyl radicals can give expoxldes. and y-carboxy alkyl radicals Y- 

lactones. Finally, win some Cu species such as CuXh"-*)-. the oxidation may involve a 

simple displacement on X (analogous to the reaction of R. with CC14) rather than formatlon of 

R-CulI1. 

Essentlally all C-centered radicals (except possibly those with very strong electron- 

wlthdrawlng groups) are rapidly oxldized by CulI. Rate constants are of the order of 106- 

108, so that the oxidations compete with other possible reactions, even at low CulI 

concentrattons. Reactions are conveniently carried out in acetic acid or acetonitrlle which 

are adequate solvents for both metal lons and substrates and relatively inert to radical 

attack. 

In contrast, radical oxidations by Fe"' appear to be outer sphere electron transfer 

processes 

Fe"' + R* ----_) Fe" t R+ (30) 

and Occur readily only when R* is relatively stable, although here rate constants can 

approach log. in sane system mixtures of Fe and Cu have been employed, FelI reducing the 

Peroxide, and CulI oxidizing the resulting radicals. 

Other metal ions which can exlrt In two or more oxidation states have received less 

study, but offer promise of extending the variety of radox chains of synthetic interest. In 
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some cases, their higher oxidation states are able to oxidize substratas to radicals 

directly. Thus i&II oxidizes carbonyl compounds to carbonyl-conjugated radicals.34 

CH3COR * fiJII --* &2COR + fin'* (31) 

probably via the corresponding enol. and AgII, conveniently generated by S20G" oxidation of 

Ag+, oxidizes alcohols to alkoxy radicals and acids to acyloxy radicals which then lose 

CO2.35 

RCOOH + Ag** -=-& Ag+ + RCO2* -, R* + CO2 (32) 

Radical Ions. Finally, one of the newest and promising areas of synthetic free radical 

chemistry is that involving aromatic radical ions as reaction Intermediates. Radical anions 

have been recognized for some time as intermediates In SRRl reactions, which look like 

nucleophllic displacements, but actually involve radfcal chains,36 e.g. 

t RS- 4 

(33) 

(341 

Radical anions now seem to be involved in many reactions of carbanlons as well including such 

familiar processes as Grignard reactions. 

Radical cations, particularly aromatic radical cations, have become of importance more 

recently. They can react with nucleophiles to give eventually rlng substitution. As an 

example, the benzene radical cation in water is in equilibrium with the 

hydroxycyclohexadienyl radtcal.37 

0 0 t l 
+ N20 

* "++Q Ox 3 9 (36) 

HO h OH 
Of more Synthettc interest, they undergo facile side-chafn cleavage by several possible paths 

He have 

largely 

in many 

/ a C”R + H+ 
* 0 0 

CH2R 

. 
;I 

U 

CH; t R+ 

U 

CH; + R‘ 
(371 

recently reviewed the factors determining which path Is followed,3G and they are 

the relative stabilities of the possible fragments. Such cleavages may be important 

sfde-chafn oxidations, and can lead to a remarkable varfety of products. Thus, the 



Somepropcrticsofradicalreaaionsimponantinsynthesis 3899 

principle path for oxidation of curnene by S208- - CuI* in acetonltrlle38 appears to Involve 

formation of a serles of radical cations, their conversion to radicals. and oxldatlon In turn 

of these by Cu** to yield the product sequence. 
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