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Since the discovery of aromatic nucleophilic substi- 
tution by the SRNl mechanism by Kim and Bunnett,l 
the mechanism has been found to have wide scope with 
regard to both the substrates and the nucleophiles that 
~a r t i c ipa t e .~ -~  

In general terms the SRNl mechanism is a chain re- 
action, and as such comprises initiation, propagation, 
and termination steps. 

In the usual initiation step, an electron is added to 
an appropriate substrate by one of several procedures, 
especially by photo~timulation,~ by adding solvated 
e1ectrons,’p6 or by electrochemical  method^.^ The 
radical anion thereby formed fragments into an aryl 
radical and the anion of the leaving group (eq 1). Next 

(ArX)-. - Ar- + X- (1) 

Ar. + NU- - (ArNu)-* (2) 

(ArNu)-. + ArX - ArNu + (ArX)-. (3) 

the aryl radical couples with the nucleophile, forming 
a new radical anion (eq 2), which finally transfers its 
“extra” electron to the substrate (eq 3). The nature of 
the termination step is very much dependent on the 
type of initiation, and is not very well-known yet. 

Summation of these three steps gives eq 4, which 
amounts to an aromatic nucleophilic substitution that 
proceeds via radical and radical anion intermediates. 

ArX + Nu- - ArNu + X- (4) 

This mechanism is quite general insofar as the sub- 
strate and nucleophile are concerned and does not re- 
quire activation of the aryl ring in order to occur. 
Benzene and benzene derivatives6 and polycyclit? and 
heterocyclica aromatic hydrocarbons bearing halogens 
and trimethylammonio or other leaving groups have 
been observed to react with s_everal carbanion nucleo- 
philes of general structure RCH-Z, where Z is CN,+ll 
COR’,2-4 C02R’,12 or C0NR’R’’,l3 and where R is an 
alkyl group or hydrogen. A representative example is 
given in eq 5. 
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Ions derived from sulfur or selenium, such as benz- 
enethiolate14 or phenyl~elenidel~ ions, give good yields 
of substitution product, as, for instance, in photosti- 
mulated reaction with aryl iodides (eq 6). 

OCH3 

(76%, ref 1 4 )  

Phosphorus-derived nucleophiles, such as diethyl 
phosphite16 and diphenylphosphide ions,17 are superb 
nucleophiles, which react not only under photostimu- 
lation but also sometimes in the dark (eq 7). 

I P (0) (OEt ) ,  
I I 

(89%, ref 16) 

However, not all observations have been that simple 
and straightforward. For instance, compare eq 5’, 6’, 
7’ with eq 5, 6 and 7. 

Besides the differences in products formed, there are 
in some cases important differences in rates of reactions. 
For instance, while 1-chloronaphthalene fully reacts 
with cyanomethyl anion in less than 15 min,1° only 
about 30% of bromobenzene reacts in 120 min? On the 
other hand, there is no major difference between the 
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(8%) (18%, ref 9)  

I 
OCH3 

I 
I 

I 
OCH3 

(15%) 

(73%) 

+* O C  H3 ( 6, ) 

OC H3 

(ll%, ref 15)  
P(O)(OEtl, 
I 

(87%, ref 16) 

rates of formation of monosubstitution product in re- 
action 7 and disubstitution product in reaction 7'. 

These results find explanation in the SRNl mecha- 
nism with some additional steps also included. Once 
the aryl radical couples with the nucleophile, the radical 
anion formed may suffer competitive reactions, namely, 
electron transfer (eq 3) or fragmentation (eq 8-10). 

N "' 
I 

The relative importance of these two types of reaction 
determines the nature of the products formed. 

Fragmentation of the radical anion according to eq 
8 was the explanation offered for the formation of di- 
substitution products in several reactions of dihalo- 
benzenes with n u c l e ~ p h i l e s . ~ ~ J ~ ~ ~  When fragmentation 
occurs (as in eq 8-10) and produces aryl radicals that 
react with the nucleophile, the overall reactivity of the 
system does not decrease, as compared to those reac- 
tions in which the major pathway followed by the rad- 
ical anion intermediate is electron transfer. But when 

(18) Bunnett, J. F.; Creary, X. J.  Org. Chem. 1974, 39, 3611. 
(19) Bunnett, J. F.; Traber, R. P. J.  Org. Chem. 1978, 43, 1867. 
(20) Bunnett, J. F.; Shafer, S. J. J.  Org. Chem. 1978,43, 1873, 1877. 
(21) Komin, H. P.; Wolfe, J. F. J.  Org. Chem. 1977, 42, 2481. 
(22) Alonso, R. A.; Rossi, R. A. J.  Org. Chem. 1980, 45, 4760. 

the fragmentation leads to an unreactive alkyl radical, 
the overall reactivity is low. 

In all cases, the relative rates of fragmentation (eq 
8-10) and electron transfer (eq 3) determine the reac- 
tion course. In this Account some of the factors that 
influence the rate of fragmentation are discussed. 
Fragmentation of the Radical Anion into 
Reactive Intermediates 

Substrates with Two Leaving Groups. When a 
substrate bearing two nucleofugal groups, X and Y, 
accepts an electron, it forms a radical anion that frag- 
ments, giving a substituted aryl radical and a nucleofuge 
(eq 11). The halogen mobility decreases in the order 

X 

1 

I > Br > C1> F when the aryl group is the same. 
When the aryl radical (1) combines with a nucleo- 

phile, the radical anion formed has a potential leaving 
group and may suffer the two competing reactions 
mentioned, namely, electron transfer (eq 12) or bond 
fragmentation with the formation of a new aryl radical 
(eq 13). 

1 t Nu- - 
t Y-  (13) 

The aryl radical formed in eq 13 reacts with the nu- 
cleophile in the sense of eq 2 and leads ultimately to 
the disubstitution product. Reaction 12  furnishes the 
monosubstitution product. Therefore the products 
obtained depend on the relative rates of fragmentation 
(kf) and electron transfer (k,[C6H4XY]). 

The photostimulated reactions of p-chloroiodo- 
benzene, p-bromoiodobenzene, and (p4odophenyl)tri- 
methylammonium ion with thiophenoxide ion in liquid 
ammonia afford mainly the disubstitution product, 
which shows that for these reactions kf >> k, [C6H4XY]. 
On the other hand, p-fluoroiodobenzene gives only the 
monosubstitution product, which means that kf << 

The possibility that the monosubstituted product is 
formed but is consumed very fast was discarded because 
in competition experiments, m-chloroiodobenzene was 
found to react 17 times faster than the monosubstitu- 
tion product.18 Besides, in a short reaction time, when 
substantial amounts of substrate are still present, along 
with the disubstitution product, only traces of the 
monosubstitution product are formed.20 

With dihaloarenes bearing a chlorine atom as one of 
the leaving groups, the ratio of kf/k,[C6H4XY] depends 
greatly on the nature of the nucleophile and its position 
in the molecule. p-Chloroiodobenzene reacts with di- 
ethyl phosphitelg or thiophenoxide18 ions to give the 
disubstitution product. m-Chloroiodobenzene gave the 

k,[C&&Y] .18 
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disubstitution product with thiophenoxide ion,ls but 
mainly the monosubstitution product with diethyl 
phosphite ion.lg 

Electron-transfer rates from aromatic radical anions 
to arene derivatives depend on the reduction potentials 
of donor and acceptor and become diffusion controlled 
when reaction occurs in the thermodynamically favored 
direction. In eq 14 and 15, the electron acceptor ArX 

is the same; therefore the electron-transfer rate should 
be faster with the better electron donor (the phenyl- 
thio-substituted radical anion), unless the reaction is 
thermodynamically favored in both cases. Thus, k,. 
[ArX] for eq 14 is expected to be higher than or equal 
to k,[ArX] for eq 15. It follows that the product ratio 
must be governed by the rate of fragmentation and not 
by changes in electron transfer rate constants. 

The electron transfer rates of eq 15 and 16 are 
probably even more similar. Again the differences in 
products formed appear to be due to differences in the 
rates of fragmentation of the two compounds. 

The rates of decomposition of haloarenes radical an- 
ions have been found to depend on (in addition to 
solvent and temperature) (1) the reduction potential of 
the parent haloarene-the more negative the potential, 
the faster is the decomposition; (2) the nature of the 
halogen-nucleofugality increases as the bond strength 
of C-X decreases; (3) the spin density at the carbon 
bonded to the halogen. 

The reduction potential is a measure of the energy 
available for bond fragmentation. It has been sug- 
gesteda that the reduction potential limit above which 
the haloarene radical anions can be considered stable 
(tl12 > 5 s) is the following: C1, E" > -1.6 V; Br, E" > 
-1.2 to -1.6 V; and I, E" > -1.1 V (in DMF vs. SCE).23 
According to these rules, any radical anion whose re- 
duction potential is more negative than these limits will 
have a lifetime of less than 5 s. 

MO  calculation^,^^?^^ as well as ESR spectroscopy,26 
indicate that haloarenes can form t* or u* radical an- 
ions, but dissociation takes place only when the odd 
electron is located in the u* orbital, which is a repulsive 
~tate.~'?~ The probability of an electron being located 

(23) Alwair, K.; Grimshaw, J. J. Chem. Soc., Perkin Tram. 2, 1973, 

(24) Beland, F. A.; Farwell, S. 0.; Callis, P. R.; Geer, R. D. J .  Elec- 

(25) Villar, H.; Castro, E. A.; Rosei, R. A. Can. J. Chem., in press. 
(26) Symons, M. C. R. J. Chem. SOC., Chem. Commun., 1978, 313. 

1811. 

troanul. Chem. 1977, 78, 145. 

in one or the other of these MOs depends on their 
relative energies. 

A u* radical anion often has the electron density 
localized at  a particular u bond. The likelihood that 
an electron located in an orbital can be intramolecularly 
transferred from a R* into a particular u* MO depends 
on the energy gap between these two orbitals and on 
the spin density a t  the carbon atom to which the nu- 
cleofugal group is b ~ n d e d , ~ ~ ~ ~ ~  since the spin density is 
a measure of the probability of finding the electron on 
that carbon. 

The energy of the u* orbital is not expected to be 
greatly affected by the nature of the aromatic moiety, 
whereas the t* MO is very much dependent on the 
aromatic ring system. In a series of compounds with 
the same leaving group and for which the t* MOs are 
lower than u* MOs in energy, the difference in energy 
between u* and t* MOs should decrease as the reduc- 
tion potential become more negative, and consequently 
the rate of fragmentation should increase. 

On the basis of the considerations presented above, 
these results would indicate that the difference in en- 
ergy between T* and u* MOs is higher in diethyl 
arylphosphonate radical anions than in the phenyl aryl 
sulfide radical anions. This difference is probably due 
to differences in the P* energy levels of the two systems, 
since the u* energy level of the C-C1 bond is not likely 
to be much affected by the presence of meta substitu- 
ents. 

The energy of the x* MO is probably lower for the 
diethyl arylphosphonate derivatives, because the re- 
duction potentials of diethyl arylphosphonates are more 
positive than those of aryl phenyl sulfides.31 Conse- 
quently they fragment slower and give mainly the mo- 
nosubstituted product. 

Nucleophiles with Low Carbon-Nucleophile 
Bond Energy, Remarkable differences' were found in 
studies of nucleophiles of the general type PhM- (M = 
S, Se, and Te) and also with nucleophiles of group 5A 
elements of type Ph2M- (M = P, As, and Sb). 

While PhS- and PhSe- react with aryl halides giving 
straightforward substitution products, PhTe- ion gives 
products in which aryl groups are scrambled. This 
difference in behavior was ascribed to the reversibility 
of coupling in the case of the latter nucleophile (eq 17).15 

kc k ;  

. * r  *f 

A r '  t -TePh ( A n T e P h j .  AnTe- t Ph*  ( 1 7 )  

k + C A r X I  I 
AnTePh 

An = p-anisyl 

The radical anion formed from coupling of p-anisyl 
radical with PhTe- suffers three competing reactions: 
reversion to starting reactants (I+),  fragmentation to 
form p-anisyltelluride ion and phenyl radical (k I f ) ,  and 

(27) Symons, M. C. R. Pure Appl. Chem., 1981,53,223 and references 

(28) Canadell, E.; Karafiloglou, P.; Salem, L. J.  Am. Chem. SOC. 1980, 

(29) Grimshaw, J.; Trocha-Grimshaw, J. J. Electroanal. Chem. 1974, 

(30) Gores, G. J.; Koepped, C. E.; Bartak, D. E. J.  Org. Chem. 1979, 

cited therein. 

102, 855. 

56, 443. Nadjo, L., Savhnt, J. M. Ibid.  1971, 30, 41. 
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(31) Amatore, C.; Chaussard, J.; Pinson, J.; SavGant, J. M.; Thiebault, 
A. J. Am. Chem. SOC. 1979, 101,6012. 
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REDUCT ION POTENTIAL BOND DI~SOCIATION ENERGY 

ArMPh- Ar2 M- 

Scheme I 
Ar*  t -MPhz(M=As .  Sb) 

I 1  electron- transfer 
products I 1  

MPh3 ArMPh2 ArZMPh Ar3M 

electron transfer to form p-anisyl phenyl telluride. 
In eq 17 two new species are formed, namely, p- 

anisyltelluride ion and phenyl radical, and they can 
react with each other as in eq 17 (k’& Alternatively, 
they can diffuse apart and react with p-anisyl radical 
and phenyltelluride ion, respectively, giving the sym- 
metrical tellurides (eq 18 and 19).15 

W n X I  
AnTe- + An. F! (AnTeAn)-. - 

AnTeAn + (AnX)-- (18) 
kt[AnXl 

PhTe- + Ph. e (PhTePh)-. - 
PhTePh + (AnX)-. (19) 

In this system kf = k i  = k,[AnX], leading to scram- 
bling of aryl rings as depicted in eq 6’. If benzene- 
thiolate or phenylselenide ion instead of phenyltelluro 
ion is the nucleophile, k$ << k,[ArX], and only the 
straightforward substitution product is obtained. 

As for nucleophiles derived from group 5A elements, 
the first member of this series, diphenylphosphide ion, 
reacts with aryl radicals, giving cleanly unscrambled 
substitution products (eq 20).17 

hv 
P - C H ~ C ~ H ~ I  + Ph2P- ---+ @-CH3CGH4)Ph2P + I- 

(20) 
Diphenylarsenide ion gives mixed behavior: scram- 

bling with some haloaromatic compounds, but the 
straightforward substitution product with 2-chloro- 
quinoline or 4-chlorobenzophenone (eq 21 and 22).32 

ArX + Ph2As- - 
Ph3As + Ph2ArAs + PhArzAs + Ar3As (21) 

Ar = p-anisyl, p-tolyl; X = C1, Br, I; ArX= 
1-chloronaphthalene, 9-bromophenanthrene 

ArX + Ph2As- Ph2ArAs + X- (22) 

hu 

ArX = 2-chloroquinoline, 4-chlorobenzophenone 

On the other hand, diphenylstibide ion gives scram- 
bling even with 4-chlorobenzophenone (eq 23) .33 

ArX + Ph2Sb- - hu 

Ph3Sb + Ph2ArSb + PhArzSb + Ar3Sb (23) 
ArX = p-bromoanisole, 4-chlorobenzophenone 

(32) Rossi, R. A.; Alonso, R. A.; Palacios, S. M. J. Org. Chem. 1981, 

(33) Alonso, R. A,; Rossi, R. A. J. Org. Chem. 1982, 47, 77. 
46, 2498. 
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Figure 1. Reduction potential of arenes (left) and bond disso- 
ciation of Ph-M (M = P ,  As, Sb) (right) in relative scales. 

The mixed products are thought to arise from the 
reversible coupling of the aryl radicals with the nu- 
cleophile and fragmentation of radical anion interme- 
diates, as indicated in Scheme I. 

The reduction potentials of aromatic compounds are 
related to their P* MO energy levels: the more negative 
the reduction potential, the higher the P* MO in en- 
ergy.34 On the other hand, the bond dissociation energy 
(BDE) of a C-M bond decreases as we go down a group 
in the periodic and parallels the g* MO energy 

but it is probably not very much dependent on 
the nature of the aromatic moiety. Therefore in reac- 
tions of a particular aryl radical with PhM- (M = S, Se, 
or Te) or Ph2M- (M = P, As, or Sb) nucleophiles, the 
difference in energy between the P* and g* MOs de- 
creases within group 5A or 6A as the molecular weight 
of the element increases, and the competition of bond 
fragmentation reactions becomes more important. 
Thus, for group 6A elements we find fragmentation of 
the radical anion intermediate only in the reactions of 
phenyltelluride ion. Among 5A elements, Ph2P- ion 
gives only the straightforward substitution product, 
Ph2As- ion gives such fragmentation with certain aryl 
radicals, but not with others, and Ph2Sb- ion evidences 
fragmentation of the intermediate with all the sub- 
strates studied. 

In Figure 1 the relative energies involved in the re- 
actions of Ph2M- (M = P, As, Sb) nucleophiles with aryl 
radicals are repre~ented .~~ Figure 1 has been arranged 
with the Ph-P BDE higher than the reduction potential 
of anisole and toluene (which are known to be more 
negative than -3 V) because Ph2P- ion does not give 
aryl-scrambled products with iodotoluenes. The Ph-Sb 
BDE was placed lower than the reduction potential of 
benzophenone because the reaction of Ph2Sb- ion with 
4-chlorobenzophenone gives scrambled products. In 
this relative scale the Ph-As BDE lies between the 

(34) Streitwieser, A. ‘Molecular Orbital Theory for Organic 
Chemistry”; Wiley: New York, 1961. 

(35) Levason, W.; McAuliffe, C. A. Acc. Chem. Res. 1978, 11, 363. 
(36) It has been suggested that &s a u bond becomes weaker, the energy 

level of the u* MO decreases. See: Fleming, I. “Frontier Orbitals and 
Organic Chemical Reactions”; Wiley: New York, 1976; p 39. 
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reduction potential of phenanthrene (-2.4 V) and 
quinoline (-2.1 V). 

Figure 1 suggests that when an aromatic compound 
has a reduction potential higher (on this relative scale) 
than the BDE of the Ph-M bond that will be formed 
upon coupling of the aryl radical with the Ph2M- nu- 
cleophile scrambled products will be formed. Con- 
versely, those aromatic systems that have lower re- 
duction potentials will produce straightforward sub- 
stitution products. 

In terms of MO energy considerations, the results 
reported suggest that the predominant radical anion 
resulting from the coupling of an aryl radical and a 
nucleophile is of a x* nature if the reduction potential 
of the parent aromatic compound is lower than the 
BDE of the Ph-M bond on the relative scale of Figure 
1. In this case the transfer of the odd electron to a u* 
MO is energetically unfavorable, and consequently slow, 
and fragmentation of the radical anion intermediate is 
not observed. On the other hand, when the BDE of the 
Ph-M bond is lower than the reduction potential of the 
parent arene, the radical anion intermediate may be x* 
(2) or u* (3), but the difference in energy between them 
is small and fragmentation occurs, leading to scrambling 
of aryl rings. 

y P h  

/ Ar-M'ph t /ph 
(Ar)-*-MPhr ArLM 

2 'Ph \ ,Ph 
Ar-M 5, 

3 

Fragmentation of the Radical Anion into 
Unreactive Intermediates 

Cyanomethyl Anion. As mentioned before, the 
photostimulated reaction of bromobenzene with cya- 
nomethyl anion gives mainly phenylacetonitrile and 
1,2-diphenylethane (eq These products come re- 
spectively from electron transfer and from fragmenta- 
tion of the radical anion intermediate, as sketched in 
eq 24 and 25. 

(PhCHeCN)-. [ PhCH; + CN- (24) 

P h *  t -CH2CN - 
PhCHZCN (25) 

The benzyl radical formed in eq 24 dimerizes, giving 
the observed 1,2-di~henylethane.~ Similar behavior is 
observed when a 2-halothiophene is the substrate; i.e., 
the 2-thienylacetonitrile radical anion gives fragmen- 
tation and electron-transfer-derived products.37 

On the other hand, the radical anion intermediate 
formed when the substrate is a halogen derivative of 
pyridine, biphenyl, or naphthalene gives only products 
of electron-transfer reaction, with no indication of 
fragmentation.'O 

In this system, the odd electron of the radical anion 
intermediate formed from the coupling of an aryl rad- 
ical with cyanomethyl anion can reside in the x* MO 

- e -  

(37) Goldfarb, I. L.; Ikubov, A. P.; Belenki, L. I. Khim. Geterolsikl. 
Soedm. 1979, 1044. 

Table I 
Rate of Decomposition of Radical Anions Derived from 

4-Nitrobenzyl Compounds3g 
bond strength," p-O,NC,H,CH,X, 

X =  log k, s-I kcal/mol 
~~ ~ 

Br 2 55 
c1 1-1.3 69 
F -2  9 o b  
CN -1 
SCN 0.8-0.9 

Bond strength of PhCH,X taken from "Handbook of 
Chemistry and Physics", 61st ed., CRC Press: Boca 
Raton, FL, 1981,  F-243. Value estimated. 

of the aromatic moiety (eq 26) or in the ?r* MO of the 
cyano moiety (eq 27). 

AP-CH~CN (26)  
4 

A rC H 2- (C N )-* (27) 

However, intramolecular electron transfer from 4 or 
5 to the u* MO of the C-CN bond gives radical anion 
6, which leads to fragmentation (eq 28). 

4 or 5 - Ar-CH2%N - ArCH2. + CN- (28) 
6 

i_l 5 

Ar' t -CH?CN 

u* radical anion 
Intramolecular electron transfer is well known in 

systems having two ?r* M O S , ~ ~  and transfer from a x* 
to a u* MO is known to O C C U ~ . ~ ~ ~ ~  

The rates of decomposition of several 4-nitrobenzyl 
compounds have been found roughly to parallel the 
C-X bond energy (Table I).39 It  was suggested that 
the odd electron in the ?r* MO is gradually transferred 
into the u* MO of the C-X bond and that the u* radical 
anion then decomposes.& This passage of an electron 
from a x* MO to a u* MO will certainly require more 
energy and occurs a t  slower rate the higher the differ- 
ence in energy between these MOs. 

Recently the rates of fragmentation of the radical 
anions of 0-, m-, and p-nitrobenzyl halides4I and 0-, m-, 
and p-cyanobenzyl which are believed to be 
a measure of the rate of intramolecular electron transfer 
from a x* MO to a u* MO, have been determined. It 
was found that these rates of decomposition depend not 
only on the halogen but also on the positions of sub- 
stituents on the ring. Fragmentation rates decrease in 
the order I > Br > C1 and ortho > para > meta. 

The lower rates for the meta isomers are attributed 
to the low spin density a t  the meta carbon atoms. 
Although in the p- and o-nitrohalobenzene radical an- 
ions the highest spin density is found in the nitro group, 
a certain amount can be expected at the ortho and para 
positions, and it is channelled through the -CHz- to the 
halogen.41 

On the basis of the results indicated above, the fast 
rates of decomposition of phenylacetonitrile and 2- 

and references cited therein. 

1971,93,1792. 

New York, 1976; p 440. 

(38) Shimada, K.; Szwarc, M. J. Am. Chem. SOC. 1975,97,3313,3321 

(39) Mohammad, M.; Hajdu, J.; Kosower, E. M. J.  Am. Chem. SOC. 

(40) Pearson, R. G. "Symmetry Rules for Chemical Reactions"; Wiley: 

(41) Neb,  P.; Behar, D. J. Am. Chem. SOC. 1980,102,4798. 
(42) Neta, P.; Behar, D. J.  Am. Chem. SOC. 1981,103, 103. 
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thienylacetonitrile radical anions can be attributed to 
an easy transfer of the odd electron from relatively hqh  
energy a* MOs to the u* MO of the C-CN bond in the 
radical anion intermediate. When the aryl moiety has 
a lower energy a* MO, as in the case of 1-naphthyl 
radical, the radical anion intermediate has the odd 
electron in this MO, and intramolecular electron 
transfer to the u* MO of the C-CN bond is slow and 
cannot compete with the intermolecular electron- 
transfer reaction, which forms the straightforward 
substitution product. 

Alkanethiolate Ions. Photostimulated reactions of 
haloarenes with alkanethiolate ions yield as substitution 
products aryl alkyl sulfides and/or arenethiolate ions. 
Depending on the identities of the reactants, sometimes 
the product is virtually all Ar-S-R, sometimes virtually 
all Ar-S-, and sometimes a mixture of both. These 
results (eq 29, 30) were explained along the lines pre- 
viously d i s c u s ~ e d . ~ ~  

h ,  C A r X I  I- ArSR t (ArX)-*(29) 

Are t -SR- (ArSR)- *  

ArS- t R' (30)  
7 

The outcome of competition between these two 
pathways depends on the natures of the aryl moiety Ar 
and the alkyl moiety R in the radical anion intermediate 
7.44 

The reaction of benzenethiolate ion with an aryl 
iodide gives the straightforward substitution product, 
as was demonstrated by using the two reacting pairs 
shown in eq 31. If the radical anion had fragmented, 

Ph. + p-MeOC,H,S- 

'\ k t  
@-MeOC,H,SPh)-. p-MeOC,H,SPh ( 3 1 )  

p-MeOC,H; + PhS- / 
the symmetrical sulfides would have been formed; thus 
kf < kt[ArX].43 

On the other hand, the photostimulated reactions of 
iodobenzene with methane-,44 ethane-t3 n-butane-l-,44 
and l,l-dimethylethanethiolateU ions afforded almost 
equal amounts of substitution and fragmentation de- 
rived products; thus kf = kt[ArX]. With phenyl- 
methanethiolate ion, only the fragmentation product 
was found, meaning that kf > k,[ArX] (eq 32).44 

hv  
P h ' + - S R  + PhSR + PhS- (32)  

(relative yield) 
R = Ph 100 0 
R = Me, Et, n-Bu, t-Bu - 5 0  - 50 
R = PhCH, 0 100 

Equation 32 shows the changes observed in the 
product composition as the alkyl moiety of the thiolate 
ion is varied. However, differences in the product 
composition were also observed when the aryl moiety 

(43) Bunnett, J. F.; Creary, X. J. Org. Chem. 1975, 40, 3740. 
(44) Roesi, R. A.; Palacios, S. M. J.  Org. Chem. 1981, 46, 5300. 

was changed. For instance, with 1-butanethiolate ion, 
iodobenzene gives roughly equal amounts of both re- 
actions (kf = kt[ArX])44 but there is an increase in the 
electron-transfer component with 2-chloropyridine4 
and an even greater increase with l-chloronaphthalene4 
(eq 33). 

h v  
Ar' + n-Bus- + n-BuSAr t ArS- (33)  

(relative yield) 
Ar = Ph 50 50 
Ar = 2-pyridyl 84  16 
Ar = 1-naphthyl 100 0 

Similar behavior was found with the phenyl- 
methanethiolate ion as the nucleophile. With phenyl 
radical only the fragmentation products were formed; 
2-pyridyl, 1-naphthyl, and 9-phenanthryl radicals gave 
both types of product, and only electron-transfer-de- 
rived product was obtained with 2-chloroquinoline (eq 
34).44 

hv 
Ar' + PhCH,S- -+ ArSCH,Ph + ArS- (34)  

(relative yield) 
Ar = Ph 0 100 
Ar = 2-pyridyl 21 79  
Ar = 1-naphthyl 15 85 
Ar = 9-phenanthryl 12 88 
Ar = 2-quinolyl 100 0 

It is unlikely that the differences found in the ratios 
of products coming from the competing reaction path- 
ways (eq 29,30) among the different aryl halide-thiolate 
ion reacting pairs are due to changes in the rate of the 
electron-transfer reaction shown in eq 35. 

kt 
(PhSR); + PhI 4 PhSR + (Phi)-* (35) a 

The reduction potentials of the parent compounds 
of radical anions 8 are -2.549 V (R = Ph),46 -2.751 V 
(R = Me),& -2.734 V (R = Et),& -2.638 V (R = t-Bu)& 
and -2.569 V (R = benzyl).& These are in all cases more 
than 1 V more negative than the reduction potential of 
iodobenzene (-1.21 V).47 Therefore reaction 35 prob- 
ably occurs a t  encounter-controlled rate in all cases. 
However, there are great differences in product dis- 
tribution along the series, for diphenyl sulfide radical 
anion gives only the electron-transfer reaction, benzyl 
phenyl sulfide radical anion gives only bond fragmen- 
tation-derived products, and all the others gave mix- 
tures indicating about the same participation for both 
reaction pathways. 

We conclude that the differences observed are due 
to changes in bond fragmentation rates of the radical 
anions 8 and not to differences in rates of electron 
transfer to the substrate. 

The bond fragmentation rates depend on the struc- 
ture of the radical anion involved, and in particular on 
the energies of the a* and u* MOs. When bond frag- 
mentation is important, it can be inferred that the 
difference between a* and u* MOs is small. 

(45) Roasi, R. A.; de Rossi, R. H.; Upez ,  A. F. J. Am. Chem. SOC. 1976, 
98, 1252. 

(46) The reduction potential is in DMF vs. Ag/AgCl, 0.15 M n-Bu4NI 
as supporting electrolyte: Gerdill, R. J .  Chem. SOC. B 1966, 1071. 

(47) T h e  reduction potential is in DMF vs. Ag/AgBr, 0.02 M Et4NBr 
as supporting electrolyte: Sease, J. W.; Bunton, F. G.; Nickol, S. L. J.  
Am. Chem. SOC. 1968,90, 2595. 
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The electrochemical reduction of 9 in DMF leads to 
bond fragmentation (eq 36 and 37), with an activation 
p-02NC6H4SCHPh2 + e- - 

9 
(p-O2NCBH$CHPh2)-* (36) 
10, T* radical anion 

10 4 P - O ~ N C ~ H ~ S -  + CHPh2 (37) 

energy of 21 k ~ a l / m o l . ~ ~  Since ESR studies indicate 
that in the radical anion 10 the odd electron is located 
in the T* MO, the high activation energy for the de- 
composition probably indicates that electron transfer 
of the odd electron from the T* MO of the p-nitro- 
phenyl moiety to the u* MO of the S-CHPh2 bond is 
energetically unfavorable. 

The stability of the radical anion formed when phe- 
nylmethanethiolate ion reacts with aryl radicals de- 
pends on the aryl moiety. If phenyl is the radical, in- 
asmuch as the reduction potential of benzene has the 
highest negative value of the series, only fragmentation 
is observed (kf > k,[ArX]). Then follow pyridine, 
naphthalene, and phenanthrene, with values between 
-2.7 and -2.4 V, in which both processes compete (k, 
= k,[ArX]). Finally with quinoline as substrate (-2.1 
V), only the electron-transfer product is obtained (k, 
< k,[ArX]). 

When the aromatic substrate is kept constant, as in 
eq 32, the competition between the two reaction path- 
ways depends on the alkyl moiety of the thiolate ion, 
as expected since the bond strength of the S-R bond 
changes. Accordingly if R = phenyl (DphS-Ph = 76 
kcal/m01),~~ only electron transfer is observed; if R = 
Me, Et, n-Bu or t-Bu (DpwR = 59-65 kcal/m01),4~ both 
reactions are observed; and with R = PhCH2 (&w&,ph 
= 51 kcal/m01),4~ only bond fragmentation is observed. 

These results indicate that in order for good yields 
of substitution products in the reaction of alkane- 
thiolate ions with aryl radicals to be obtained, it is re- 
quired that the aryl ring have a low energy T* MO. The 
energy of this orbital should be lower as the bond dis- 
sociation energy of the S-R bond decreases. 

Concluding Remarks 
From the results presented in this Account, it is ev- 

ident that in the S R N l  mechanism of aromatic nucleo- 
philic substitution, whether a straightforward substi- 
tution product is formed or not depends not only on the 
ability of aryl radicals to couple with the nucleophiles 
but also on the structure and frangibility of the radical 
anion intermediates. 

When the aryl radical couples with a nucleophile, a 
radical anion intermediate is formed. A question arises 

(48) Farnia, G.; Severin, M. G.; Capobianco, G.; Vianello, E. J.  Chem. 
SOC., Perkin Trans. 2 1978, 1. 

(49) Estimate values from: Benson, S.  W .  Chem. Reu. 1978, 78, 23. 

as to what is the reaction coordinate leading to this 
intermediate. 

Qualitatively it can be visualized as follows. When 
the aryl radical and the nucleophile approach each 
other, u and u* MOs start to be formed, and the gap 
between them increases as the reactants come closer. 
If the final energy level of the u* MO is higher than the 
lowest available T* MO in the molecule, there will be 
a point in the reaction coordinate where both energies 
are equal, and by orbital crossing the electron transfers 
to the low energy T* M0.50 This simple analysis im- 
plies that under these circumstances the radical anion 
will be of K* nature. 

Similarly if there is a u* MO available that has lower 
energy than that of the bond being formed, the odd 
electron will transfer to this MO in the process of cou- 
pling. For example, in the coupling of phenyl radical 
with phenylmethanethiolate ion, there will be a point 
where the energy of the u* MO being formed reaches 
that of the u* MO of the PhCH2-S bond and where the 
odd electron transfers to this MO (eq 38) with conse- 
quent fragmentation (eq 39). 

- - 
Ph. + -SCH,Ph --f [Ph- SCH,Ph --f PhS-CH,Ph] (38)  

11 
11 -+ PhS- + .CH,Ph (39) 

The intermolecular electron transfer to iodobenzene 
does not compete with the bond fragmentation of 11, 
although the electron-transfer rate is probably diffusion 
controlled. 

Although this description is correct from an energetic 
point of view, we are aware that other factors might 
make the transfer of an electron during the coupling 
process between MOs of equal energy unfavorable, 
which leads in all cases to the u* radical anion in which 
the odd electron occupies the u* MO of the bond 
formed, with the transfer to another MO occurring in 
a separate step.51 Further research in this area is re- 
quired to settle this point. 
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(50) Rossi, R. A. J. Chem. Educ., in press. 
(51) It has been suggested that the unreactivity of alkoxide ions to- 

ward aryl radicals may be due to high energy u* MO of the C-0 bond: 
Galli, C.; Bunnett, J. F. J.  Am. Chem. SOC. 1981, 103, 7140. 


