
7960 

(12) E. H. Cordes and W. P. Jencks, J. Am. Chem. Soc, 84, 4319 (1962); W. 
P. Jencks, Prog. Phys. Org. Chem., 2, 63 (1964); L. do Amaral, W. A. 
Sandstrom, and E. H. Cordes, J. Am. Chem. Soc, 88, 2225 (1966); G. E. 
Lienhard and W. P. Jencks, ibid., 88, 3982 (1966). 

(13) W. P. Jencks, Chem. Rev., 72, 705 (1972). 
(14) R. A. More O'Ferrall, J. Chem. Soc. B, 274 (1970); R. A. More O'Ferrall 

in "The Chemistry of the Carbon-Halogen Bond", Vol. 2, S. Patai, Ed., Wiley, 
New York, N.Y., 1973, p 609. 

(15) J. E. Critchlow, J. Chem. Soc, Faraday Trans. 1, 68, 1774 (1972). 
(16) M.-u. Choi and E. R. Thornton, J. Am. Chem. Soc, 96, 1428 (1974); B. M. 

Dunn, Int. J. Chem. Kinet., 6, 143 (1974); P. J. Smith and A. N. Bourns, Can. 
J. Chem., 52, 749 (1974); P. Schmid and A. N. Bourns, ibid., 53, 3513 
(1975); D. A. Winey and E. R. Thornton, J. Am. Chem. Soc, 97, 3102 
(1975); T. C. Bruice, Annu. Rev. Biochem., 45, 331 (1976). 

(17) N. Gravitz and W. P. Jencks, J. Am. Chem. Soc, 96, 507 (1974). 
(18) B. Capon and K. Nimmo, J. Chem. Soc, Perkin Trans. 2, 1113 (1975). 
(19) F. G. Bordwell and W. J. Boyle, Jr., J. Am. Chem. Soc, 94, 3907 

(1972). 
(20) A. J. Kresge^an. J. Chem., 52, 1897 (1974). 
(21) F. H. Westheimer, Chem. Rev., 61, 265 (1961). 
(22) In this model3 the change in position ot the potential maximum, X0x, with 

a perturbation of slope m is given by X0x = — m/k, in which k is the force 
constant or curvature of the parabola. The change in energy of the perturbed 
energy maximum, V6x', is given by V6x' = b— m2/2k, which gives upon 
differentiation dVes'/6m = —m/k. The ratio oVex'/dm is equivalent to 
d log W-dp^HA = ct-

(23) H. F. Gilbert and W. P. Jencks, J. Am. Chem. Soc, preceding paper in this 
issue. 

(24) W. P. Jencks, Ace Chem. Res., 9, 425 (1976). 
(25) J. M. Sayer and W. P. Jencks, J. Am. Chem. Soc, 99, 464 (1977); D. J. Hupe 

and W. P. Jencks, ibid., 99, 451 (1977). 
(26) H. G. Bull, K. Koehler, T. C. Pletcher, J. J. Ortiz! and E. H. Cordes, J. Am. 

Chem. Soc, 93, 3002 (1971); E. H. Cordes and H. G. Bull, Chem. Rev., 74, 
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aromatic bases (also with high conversions) and alkyl radicals 
intermediate in the Hofman-Loffler-Freitag rearrangement 
have been successfully used in the homolytic alkylation of 
protonated heteroaromatic bases,4 this last reaction must be 
very fast. Actually the value5 of the rate constant for the 
chlorine transfer (eq 1) in Hofman-Loffler-Freitag rear
rangement is higher than 104 L mol-1 s_1 at 30 0C and the 
attack of the radical I to protonated heteroaromatic bases 
successfully competes with the very fast reaction of eq 1. 

RN+H2(CHz)3CH2 + R2N+HCl 
I 

— RN+H2(CHz)3CH2Cl + R2N+-H (1) 
Moreover, the homolytic alkylation of protonated heteroaro
matic bases also takes place in the presence of cupric salts,10 

which oxidize the alkyl radicals with a high rate (the rate 
constants6,7 for the oxidation of primary alkyl radicals by 
Cu(OAc)2 and CuCl2 were estimated respectively as 1.2 X 106 

and 1.1 X 109 L mol"1 s"1 at 25 0C). The knowledge of the 
absolute rate constants of the homolytic aromatic alkylation 
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Scheme I 

( C H J = C H ( C H 2 X C O O ) 2 + Cu CH2=CH(CH2)3CH2 + Cu2+ + CO2 + CH2-CH(CH2)4COCT 

I-V=CH2 + H+ 

CH2! 
*y 

Q)-CH2 ArH/ 

m BCH(CH2)aCH2 
II ArHfX 

(CH2=CH(CH2)4ArH 
VI 

is therefore of fundamental importance for understanding the 
synthetic success of the homolytic alkylation in the heteroar-
omatic series and the very little interest of the same reaction 
in the homocyclic aromatic series. 

Results and Discussion 
The main kinetic model used to determine the absolute rate 

constants in the reactions of primary alkyl radicals and pro-
tonated heteroaromatic bases (ArH2 + ) is shown in Scheme I. 

This model is particularly useful for the following rea
sons: 

(1) The cyclization of the 5-hexenyl radical to yield the 
cyclopentylmethyl radical is one of the best studied8 free-
radical reactions from the kinetic point of view so that the value 
of kc, determined with a variety of methods, is quite accu
rate. 

(2) Recently, Ingold and co-workers9 reported the tem
perature dependence of kc; that allows one to work with a large 
range of temperatures. 

(3) The value of kQ is quite independent of the solvent8,9 and 
the complication due to different experimental conditions is 
eliminated. 

(4) The cyclization of the primary alkyl radical II gives rise 
to the primary alkyl radical III so that we can reasonably as
sume that II and III react with the same rates (in part icular 
fta ^a and /Cox = *ox /• 

(5) The reaction of Scheme I is very clean; the yields based 
on ArH are >90% (V and VII are the only heteroaromatic 
compounds of the reaction). The yields based on the acyl 
peroxide are >70% if a small amount of copper(I) salt is used. 
This behavior makes valid the kinetic model also in the unlikely 
hypothesis that ka and Zc0x are significantly different from k/ 
and Zc0x' because the cyclization of the 5-hexenyl radical and 
the addition to the heteroaromatic bases are irreversible pro
cesses under these conditions. 

The kinetic equation 2 is obtained from Scheme I by the 
steady-state assumption for radical III: 

d[IH] 
d* 

-A:ox"[Cu2+][III]=0 (2) 

[II] _ A^[ArH2+] + fc0X"[Cu2+] 
[III] kc 

Q)-ArH2 

IV 

OV D-CH2ArH 

CiT 

= ^c[II] — V[III][ArH2
+] 

d[VH] _ , . „ . . . „ 
= ka[U] [ArH2 1 

D[V] _ 
V[HI][ArH2

+ 

= 7* [ArH2
+] + is* [Cu2+] 

df 
d[VII] = fca 

d[V] kc ' ' • kc 

Under our conditions (very low concentration of copper(II) 
salt and high yield of aromat ic alkylation) the second term is 
negligible, and the kinetic equation 3 is obtained for low con-

CH2=CH(CH2)4ArH+ 

vm 
versions (subscript i = initial, f = final). It was experimentally 
confirmed. 

< P M ™ . (3) 

The irreversibility of the cyclization reaction was well evi
denced8 '9 and was further confirmed in the aromatic alkylation 
with dicyclopentylacetyl peroxide; by either thermal or cata
lytic decomposition of the peroxide, only the cyclopentylmethyl 
derivatives were obtained without any formation of the hexenyl 
derivatives. This reaction was therefore utilized to prepare pure 
samples of cyclopentylmethyl derivatives for the quantitative 
analyses. 

In order to prove the irreversibility of the primary alkyl 
radicals addition to protonated heteroaromatic bases, we 
carried out the reaction with or without cupric salt. In the 
presence of cupric salt, the intermediate radical adducts IV are 
very rapidly oxidized: 

R A r H 2
+ - + C u 2 + - ^ R A r H + + C u + + H + (4a) 

The process of Scheme I is characterized by an effective redox 
chain and the reaction may be carried out also at low temper
ature with a catalytic amount of copper(I) salt. 

In the absence of cupric salt the radical adduct rearomati-
zation is mainly determined by a chain process10 characterized 
by the induced decomposition of the acyl peroxide (eq 4b); a 
higher temperature is required in this case. 

R A r H 2
+ - -I- R C O O O C O R 

— R A r H + + R. + C O 2 + R C O O H (4b) 
If the addition of the alkyl radical to the heteroaromatic base 
were reversible in the absence of cupric salt we should have 
expected a higher ratio [V] / [VI I ] because the cyclization of 
II into III is certainly irreversible and reaction 4a is faster than 
reaction 4b. 

In agreement with the irreversibility of the process, we ob
tain the same results in the presence or absence of C u 2 + at the 
same temperatures (60-80 0 C ) with quinoxaline and 4-
methylquinoline. Moreover, the reversibility of the addition 
should be considerably affected by an increase in the temper
ature favoring the cyclization products; that is not the case, as 
will be shown later. On the contrary, with the less reactive 
4-methylpyridine the ratio [VI I ] / [V] at 79 0 C is somewhat 
lower in the absence of C u 2 + , suggesting a certain degree of 
reversibility which increases the cyclopentylmethylation. This 
result suggests too that some of the values of relative rates 
previously3 obtained in homolytic aromatic alkylation by the 
competitive method have to be reexamined on the grounds of 
a possible reversibility, especially when stabilized radicals are 
involved and the radical source is not enough of an oxidant (i.e., 
the use of t-BuO-OBu-t in the homolytic aromatic cyclohex-
ylation11) to rearomatize the radical adducts rapidly (eq 4 and 
5) and to make the whole process irreversible. Nucleophilic 
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Figure 1. Base concentration dependence of the ratio VII/V in Cu'-catalyzed alkylation of same protonated heteroaromatic bases by di-n-heptyl peroxide 
(25 0C, Cu1 = 1.6 X 10"3 M, peroxide 1 1(T2 M, H2SO4 1 M, CH3COOH:H20(l:l)): Q, 4-methylpyridine; A, 4-methylquinoline; x, benzothiazole; 
+, 4-acetylpyridine; • . 4-cyanopyridine; O, quinoxaline. 

Table I. Rates and Relative Arrhenius Parameters for the Addition of Primary Radicals to Some Protonated Heteroaromatic Bases 

Base fea(25°C)" E0 - £a, kcal Log A0/A3. E&,b kcal Log/la* 

4-Methylpyridine 
4-Acetylpyridine 
4-Cyanopyridine 
4-Methylquinoline 
Benzothiazole 
Quinoxaline 

4.1 X 104 

1.3 X 105 

2.5 X 105 

2.2 X 105 

9.9 X 105 

1.8 X 107 

1.95 

2.90 
2.60 

5.00 

1.6 

1.5 
1.6 

1.5 

6.85 

4.9 
5.2 

2.8 

9.2 

9.3 
9.2 

9.3 

" Determined assuming kc = 1 X 105 L mol-1 s -1 . * Determined assuming kc from ref 9. 

carbon-centered free radicals, such as acyl and benzyl, which 
form weaker bonds than alkyl radicals, show in fact features 
of reversibility in the addition to olefins and aromatics.12 

In agreement with the simplification of eq 2 into eq 3, the 
plots of [VII]/[V] against [ArH2

+] afford straight lines 
passing through the origin, Figure 1. The values &a/fcc evalu
ated from the slopes enable us to calculate /ca for several het
eroaromatic bases, knowing the value kc

9 [log (kc/s~l) = 10.7 
- 7.8/9, where 9 = 23RT kcal/mol]. The results at 25 0 C 
are summarized in Table I. 

Arrhenius plots give excellent straight lines for several 
heteroaromatic compounds in the temperature range of 15-80 
0 C (Figure 2). Arrhenius parameters are also given in Table 
I. All frequency factors are of the expected similar order of 
magnitude, whereas the activation energies considerably de
crease as the electron deficiency of the heteroaromatic com
pound increases, supporting once again a large contribution 
of the polar form VIII to the transition state, owing to the 
nucleophilic character of the alkyl radicals (R-)-3 

[ArH2
+R-] ** [ArH2-R+] 

VIII 

All the structural factors which stabilize the polar forms VIII 
favor an electron transfer, decrease the activation energy, and 
determine the reactivity and the selectivity of the process. Since 
the alkylation rate constant of protonated quinoxaline is very 
high (Table I), this process can compete even with very fast 
reactions of the alkyl radicals, such as the ligand-transfer ox
idation by cupric chloride (eq 5), whose rate constant (1.1 X 

Log -
*o; 

Figure 2. Temperature dependence of the ratio ka/kc in alkylation of 
same heteroaromatic bases by di-n-heptyl peroxide: D, 4-methylpyridine; 
A, 4-methylquinoline; • , 4-cyanopyridine; O, quinoxaline. 
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Table II. Orientation (%), Partial Rate Factors (J), 

Radical o %(/"„) 

Methyl14 74 
/i-Butyl0 75 (6.52) 

b 72.7(7.8) 
Cyclohexyl" 67 (4.6) 

and Relative Reactivities (KH O C H 3 ' 

m%(fm) 

15 
16.7(1.45) 
19.4(2.1) 
28 (1.9) 

) in Homolytic Alkylation of Anisole 

P%ifp) 

11 
8.3(1.44) 
7.9(1.7) 
5 (0.69) 

KH
0CH> 

2.9 
3.6 
2.3 

" Thermolysis of divaleroyl peroxide at 78 0C. * Thermolysis of divaleroyl peroxide + Cu2+ at 79 °C. 

109 L mol - 1 s - 1 at 25 0 C) is close to the diffusion-controlled 
limit.7 On these grounds we could use a different kinetic 
treatment, based on the redox chains shown in Scheme II. 

Scheme II 
(H-C7H15COO)2 + Cu4 n-C7H15- + CO2 + Cu2-

-I- W-C7H15COO" 

W-C7H15- + CuCl + *< W-C7H15Cl + Cu+ 

IX 

•*+ CO x COk" 
I + I C7H,. 

(5) 

(6) 

H H 

O N+- . 
H C7H16 

00<H +Cuci+ 
H + C7H15 

of the alkyl radicals by electron-transfer or ligand-transfer 
processes, which are much faster reactions than the addition 
of the alkyl radicals to the benzene ring. On the other hand the 
use of 6-heptenoyl peroxide did not work because under all 
conditions, no hexenylation of the benzene ring was observed, 
but only cyclopentylmethylation. That means that the cycli-
zation reaction is much faster than the addition of the alkyl 
radical to the benzene ring and makes this model impracticable 
too. 

We therefore chose the competitive method to determine 
the relative rates between the least reactive heteroaromatic 
base of Table I (4-methylpyridine) and homocyclic aromatics 
by assuming that also in the homocyclic aromatic series the 
homolytic alkylation is irreversible in the presence of cupric 
salt or that the effects of reversibility are minimized anyhow 
by the high rate of reaction 8. 

+ Cu2' + Cu+ + H+ (8) 

C7H15 + Cu+ + HCl 

The reaction of Scheme II is also very clean; only octanoic 
acid and the compounds IX and X are formed. The kinetic 
chains are long enough to allow the use of a small amount of 
copper salt and both the interactions 5 and 6 are irreversible. 
The final yields of IX and X are therefore related to quinoxa-
line and cupric salt concentrations according to 

[IX]f. 
[X] f 

k, [Cu2+]; 
ka [quinoxaline]i (7) 

As cupric chloride is a composite of individual species in so
lution7 (CuCl+ , CuCl2, CuCl 2 - , and CuCl 4

2 - ) , it was im
portant to use experimental conditions very similar to those 
used for the determination ofkt. The chlorine ion was therefore 
supplied by lithium chloride in acetic acid solution. The value 
offca obtained in this way (3.1 X 107 L mol - 1 s_ 1 at 25 0 C) is 
in reasonable agreement with the value 1.8 X 107 L mol - 1 s_ 1 

of Table I considering the high rates involved and the slightly 
different conditions. 

This result further supports the irreversibility of the addition 
of primary alkyl radicals to quinoxaline; namely, if the addition 
were reversible, we should have expected an "apparent" value 
of k& lower than the corresponding value of Table I because 
of the very high value of kt( 1.1 X 109 L mol - 1 s"1 at 25 0 C) 
and the sure irreversibility of reaction 5. 

In order to understand the dramatic difference of behavior 
of the homolytic alkylation in homocyclic aromatics3 it was 
necessary to know the absolute rate constants in this series too. 
Nevertheless, the kinetic models used with the heteroaromatic 
bases proved to be fruitless. In fact the reactions, also in the 
presence of small amounts of cupric salts (acetate, chloride, 
thiocyanate), did not lead to aromatic attack in a significant 
amount for kinetic treatment, but mainly led to the oxidation 

Valeroyl peroxide in the presence and absence of cupric 
acetate was used to determine the relative rates of protonated 
4-methylpyridine, anisole, and benzene toward /z-butyl radical. 
The former was respectively 78 and 281 times more reactive 
than anisole and benzene at 79 0 C in the presence of cupric salt 
and 113 and 330 in the absence of Cu 2 + . The direct competi
tion in the presence of cupric salt gives very poor yields of ar
omatic alkylation because 1-butene, arising from the oxidation 
of the «-butyl radical, is by far the main product of the reac
tion, but it is clean enough to show that anisole is 3.6 times 
more reactive than benzene; in the absence of Cu2 + anisole was 
2.9 times more reactive than benzene in direct competition. 
These values agree very well with those (3.6 and 2.92) indi
rectly derived from the competition of benzene, anisole, and 
4-methylpyridine. The differences of relative rates in the 
presence and absence OfCu2+ can be considered the result of 
the reversibility of the process, which also affects to some ex
tent the isomer distribution (Table II). If we assume that the 
effects of reversibility can be neglected in the presence of Cu2 + 

owing to the very fast reaction 8, we estimate respectively for 
benzene and anisole the rate constants 3.8 X 102 and 1.3 X 103 

L mol - 1 s - 1 at 79 0 C. This order of magnitude agrees with our 
previous results obtained in the alkylation of benzene by n-
nonyl radical;10 in fact 1-phenylnonane and 5-phenylnonane 
were the only alkylation products obtained in 30:1 ratio indi
cating that the intramolecular hydrogen abstraction, for which 
rate constants of 1O - ' -10 S - ' were estimated13 in gas phase, 
competes with the addition to the benzene ring. 

In addition to the low substrate selectivity, a low positional 
selectivity characterizes the alkylation in homocyclic aromatic 
series and contrasts with the high positional and substrate se
lectivity obtained with protonated heteroaromatic bases. This 
low selectivity is in agreement with previous results obtained 
in homolytic methylation'4 and cyclohexylation'' of benzene 
derivatives (Table II), even if, in our opinion, especially the 
data of cyclohexylation should be reexamined bearing in mind 
the probable reversibility. It is interesting that in all cases 
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.LUMO 

_ 1 ± _ H 0 M 0 _ ^ _ S 0 M 0 

It HOMO 

Alky I 
Banzana Pyrldlnlum Ion Radical 

Table III. Partial Rate Factors of Position 2 and Absolute Rates 
(ka) in Homolytic Alkylation by Primary Alkyl Radicals at 79 0C 
in Acidic Medium 

Figure 3. 

anisole is more reactive than benzene; on the contrary with the 
same radicals 4-methoxypyridine is much less reactive than 
pyridine;3 the same substituent therefore has opposite effects 
depending on the nature of the aromatic ring. This behavior 
can be included in the general explanation based on polar ef
fects3 and can be also considered, as will be discussed later on, 
in terms of frontier orbital theory. 

Unprotonated 4-methylpyridine was only 3.95 times more 
reactive than benzene toward n-butyl radical by the competi
tive method at 78 0C; perhaps this value is even slightly higher 
than the actual one because a certain amount of valeric acid 
is formed during the decomposition of the peroxide and the 
protonation of 4-methylpyridine takes place to a small extent. 
This value, however, clearly shows once again the great acti
vating effect that the protonation determines on the reactivity 
of heteroaromatic bases with nucleophilic free radicals. The 
partial rate factors and the rate constants at 79 0C of benzene, 
anisole, unprotonated 4-methylpyridine, and some protonated 
heteroaromatic bases are summarized in Table III. 

These results clearly explain the dramatic difference of 
synthetic interest between homocyclic aromatics and proton
ated heteroaromatic bases. In fact, they indicate that, for 
structural reasons, the homolytic alkylation does not give clean 
substitutions in the homocyclic aromatic series, at least with 
significant conversions of the aromatic substrates. The hy
drogen abstraction rates from C-H bonds of alkyl groups by 
primary alkyl radicals15 are of the same order of magnitude 
as the addition to the benzene ring. That is also confirmed by 
the results obtained with methyl radicals and alkylbenzenes:14 

isopropylbenzene reacts only at the side chain, whereas eth-
ylbenzene and toluene give respectively 97 and 96% of methane 
and small quantities of nuclear attack. Moreover, the very low 
positional and substrate selectivity contributes to further de
crease the synthetic interest in the homocyclic aromatic series 
leading to complex mixtures of reaction products. 

On the contrary, the great synthetic interest of the homolytic 
alkylation of protonated heteroaromatic bases is strictly related 
to the high rates of the addition reactions, which overcome 
other possible side reactions of the alkyl radicals, such as hy
drogen abstraction, and at the same time determine a very high 
positional and substrate selectivity. 

The influence of polar effects was shown to be the main 
cause of this behavior. It was previously30 suggested that a 
transition state similar to a charge-transfer complex is involved, 
and that the degree of charge development in the transition 
state depends on the donor character of the radical and the 
acceptor character of the aromatic ring according to VIII (a 
complete electron transfer being the limit case). Chemical16 

and ESR spectroscopic17 evidences have actually supported 
a complete electron transfer in the cases of strongly nucleo
philic radicals, such as PhC(OH)Ph, and protonated hetero
aromatic bases. The factors affecting the degree of charge 
development in the transition state (the radical and aromatic 
substrate polarities, bond energies, electronic configurations 
of the radicals, etc.) were recently33 discussed; certainly sol
vation effects cannot be ignored in a transition state like VIII, 

Substrate 

Benzene 
Anisole 
4-Methylpyridine" 
4-Methylpyridine 
4-Cyanopyridine 
4-Methylquinoline 
Quinoxaline 

Partial 
rate factor 

1 
7.8 

11.8 
8.4 X 102 

1.4 X 104 

4.5 X 103 

2.1 X 105 

fca, Lmol - 1 s"1 

3.8 X 102 

1.3 X 103 

1.1 X 105 

1.8 X 106 

5.7 X 105 

2.7 X 107 

" Unprotonated base. 

but the used kinetic models are not versatile enough for such 
a study. It was also suggested that a measure of these polarities 
(donor character of the radical and acceptor character of the 
aromatic substrate) can be offered by the corresponding ion
ization potentials.3,18 The phenomenon can also be explained 
in terms of frontier orbitals theory.19 This explanation does not 
differ in substantial aspects from that based on polar effects, 
because the HOMOs and SOMOs energies are roughly given 
by the ionization potentials of the substrate and the free radi
cal. Benzene derivatives have in fact considerably higher 
HOMO and LUMO energies than protonated heteroaromatic 
bases. Thus with nucleophilic alkyl radicals, characterized by 
relatively high-energy SOMO, the important frontier orbital 
will be the LUMO of the protonated heteroaromatic base; the 
strong interactions of SOMO and LUMO determine the high 
reactivity and selectivity. With benzene derivatives we can 
expect relatively weak interactions between the SOMO of the 
alkyl radical and the LUMO and HOMO of the aromatic 
substrate determining a lower reactivity and selectivity (Figure 
3). This behavior, however, represents a failure of the reac
tivity-selectivity principle. The classical high reactivity-low 
selectivity relationship is reversed: in heteroaromatic series a 
high positional and substrate selectivity is associated with high 
rate constants; in benzene series much lower rate constants 
characterize very low positional and substrate selectivities. The 
same conclusion is obtained by comparing the rates and the 
selectivities of the homolytic aromatic arylation with the 
homolytic alkylation. A very low positional and substrate se
lectivity is in fact the most qualifying chafacteristic of the 
homolytic aromatic arylation, even with protonated hetero
aromatic bases.20 It was recently suggested21 that the nonse-
lectivity of phenyl radical attack on aromatic molecules is re
flected in the high rate constants, which have been estimated22 

at 80 0C for benzene in the range of 103-104 L mol-1 s_1 (the 
very low substrate selectivity indicates that the rate constants 
are not considerably different also in the heteroaromatic se
ries). Even if we consider only the heterocyclic series once again 
the reactivity-selectivity principle is therefore reversed; alkyl 
radicals are more reactive and much more selective than aryl 
radicals. 

The validity of the reactivity-selectivity principle has re
cently been cast into doubt by an increasing number of papers23 

concerning ionic reactions, in which the expected inverse re
lationship was not observed. As concerns free-radical reactions 
our suggestion is that the reactivity-selectivity principle cannot 
hold when polar effects play a preeminent role in determining 
the reaction rates. This statement can be derived from the 
Evans-Polanyi rule, but, until recently, significant examples 
of this behavior in free-radical addition reactions have not been 
reported and anyway they have not been interpreted according 
to this statement. Other recent results can be now included, 
in our opinion, in this picture. The homolytic acylation of 
protonated heteroaromatic bases is another very selective 
process of great synthetic interest;3 also in this case the high 
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Table IV. 7r-Electron Density of Mono- and Diprotonated 
Quinoxaline by NMR Analysis and INDO Calculation28 

Monoprotonated 
quinoxaline 

Diprotonated qui noxaline 

Position 

2 

3 
5 
6 
7 
8 

2-3 
5-8 
6-7 

<?(NMR) 

0.874 

0.918 
0.940 
0.922 
0.914 
0.958 
0.873 
0.932 
0.883 

?(INDO) 

0.853 

1.022 
0.965 
0.968 
0.907 
1.036 
0.897 
1.003 
0.870 

selectivity is associated with high reactivity. In fact the absolute 
rate constants evaluated for benzothiazole24 and quinoxaline12 

are respectively 7.1 X 105 and 3.6 X 106Lmor> s '1 at 5 0C. 
As the addition of acyl radicals to heteroaromatic rings has 
features of reversibility12 these data must be considered min
ima values, but in any case they are higher than the rates of 
very unselective reactions, such as homolytic aromatic aryla-
tion and homolytic alkylation in the benzene series (no 
homolytic acylation occurs with benzene derivatives). It may 
be a surprise that the rate of phenyl radical addition to a het
eroaromatic ring is lower than those of alkyl and acyl radicals 
if the difference of the strengths of the bonds formed by these 
radicals25 is considered (i.e., the strengths of the bonds Ph-H, 
RCH2-H, and RCO-H are respectively 112, 98, and 87 
kcal/mol). The fact is explained by the strong polar effects 
observed with alkyl and acyl radicals, which overcome the less 
favorable energetics compared with phenylation. 

Other examples of failure of the RSP are provided by the 
addition of free radicals to olefins. Secondary alkyl radicals 
are generally less reactive and more selective than primary 
alkyl radicals in agreement with the RSP because the ener
getics is less favorable. However, this behavior is reversed in 
the addition reaction to electron-deficient olefins (acrylic 
monomers), owing to important contribution of polar effects; 
secondary alkyl radicals are always more selective, but they 
are also more reactive than primary alkyl radicals owing to 
their higher nucleophilic character.26 Work is in progress to 
determine absolute rate constants in the homolytic aromatic 
alkylation also with secondary and tertiary alkyl radicals. 

Always due to polar effects, in the addition to fluorinated 
olefins, trifluoromethyl radical is the most reactive but also the 
most selective27 in the series -CH3, -CH2F, -CHF2, and 
-CF3. 

A final aspect needs to be discussed. The dramatic difference 
in behavior of the homocyclic and heterocyclic aromatics 
toward alkyl radicals could not be merely the result of the ar
omatic ring's electron deficiency with the consequent different 
extent of polar effects, but should reflect different mechanisms 
in the two series and the comparison should be less significant. 
Recent results of ours, however, confirm that the electron de
ficiency of the aromatic ring is actually the cause of the in
creased reactivity and selectivity. As a protonated heteroaro
matic ring is much more reactive than the benzene ring, the 
homolytic alkylation occurs exclusively in the heterocyclic ring 
of polycyclic compounds3 (quinoline, isoquinoline, acridine, 
benzothiazole, benzimidazole, etc.). Monoprotonated quin
oxaline follows this general behavior and only the pyrazine ring 
is attacked with high rate (Table I). As regards diprotonated 
quinoxaline, the 6 position is as reactive as the 2 position. In 
this last case we do not have so far the absolute rate constants 
of the homolytic alkylation, because it was impossible to use 
the same kinetic model in a very strong acidic medium. 

However, we have qualitative evidences that diprotonated 
quinoxaline reacts even faster with alkyl radicals- than the 
monoprotonated one. In fact, when we generate alkyl radicals 

, 3 5 7 9 H o 

Figure 4. Plot of the ratio (R) of the isomers 2- and 6-cyclohexyl-
quinoxaline vs. Hammett acidity function for the system CH3COOH/ 
H2SO4. 

by intra- or intermolecular reaction by N-chloro amines,4 

under acidic condition, the attack to the diprotonated quin
oxaline competes more effectively either with halogen transfer 
from protonated iV-chloro amines (eq 1) or with other pro
tonated heteroaromatic bases. The effect of the medium acidity 
on the ratios of 2 and 6 isomers in the cyclohexylation of 
quinoxaline by cyclohexane or JV-chlorodimethylamine is 
shown in Figure 4. 

We3 have previously observed good correlations between the 
relative rates of the homolytic alkylation of the 2 position in 
protonated 4-substituted pyridines and the chemical shifts of 
the proton in position 2, suggesting that the main factor con
trolling both the free-radical reactivity and the relative 
shielding of the hydrogen nuclei is the electron density in po
sition 2 of the molecules. 

The experimental and calculated electron densities at dif
ferent carbon atoms of mono- and diprotonated quinoxaline 
are reported in Table IV. 

The data of Figure 4 and Table IV show that the positional 
selectivity of diprotonated quinoxaline toward nucleophilic 
radicals is correlated with the electronic density of the same 
positions. This correlation explains well the increased reactivity 
of the 6 position and once again suggests that the preeminent 
influence of the polar effects determines mainly the great 
difference in behavior between homocyclic and protonated 
heterocyclic aromatics toward nucleophilic carbon-centered 
radicals. These aspects could support the suggestion of a referee 
that a complexation due to SUMO-LUMO interaction 
(possibly a C-T complex) is followed by homolytic attack 
governed by local charge density; this last interaction would 
determine the positional selectivity whereas the C-T complex 
formation would determine the substrate selectivity. 

Experimental Section 
General Methods. Melting and boiling points are uncorrected. 

NMR spectra were run in CCU (Me4Si as internal standard) using 
a Varian A-100 (or A-60) spectrometer. Mass spectra were obtained 
on a Hitachi Perkin-Elmer RMU-6D mass spectrometer at 70 eV 
using an all-glass inlet system at 200 0C. GLC analyses were per
formed on a Hewlett-Packard 5850 chromatograph using the fol
lowing columns: 20 ft X 1A in. 2% XE-60 on Chromosorb G-AW-
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Table V. Alkylation Rates of Protonated Heteroaromatic Bases by 
Di-6-heptenoyl Peroxide" 

Table VI. Temperature Dependences of the Ratio VII/V in the 
Alkylation Reactions of Protonated Heteroaromatic Bases by Di-

Base 

4-Methylpyridine* 

Benzothiazole'' 

4-Cyanopyridine'' 

4-Methylquinolinec 

4-Acetylpyridinef 

Quinoxalined 

M 

0.50 
0.65 
0.83 
1.00 
1.20 
0.050 
0.075 
0.100 
0.150 
0.10 
0.15 
0.20 
0.30 
0.45 
0.50 
0.10 
0.17 
0.20 
0.24 
0.30 
0.40 
0.50 
0.60 
0.10 
0.15 
0.20 
0.30 
0.40 
0.60 
0.035 
0.030 
0.025 
0.020 
0.010 

Products, 
VII 

14 
16 
20 
23 
25 
28 
35 
41 
51 
25 
33 
38 
50 
53 
61 
17 
20 
26 
28 
31 
40 
45 
52 
7 

15 
18 
21 
29 
34 
72 
71 
75 
64 
55 

V 

64 
64 
65 
56 
51 
51 
46 
41 
36 
60 
51 
46 
37 
27 
27 
65 
56 
59 
52 
47 
48 
44 
40 
70 
67 
62 
62 
49 
41 
11 
12 
15 
20 
29 

mol % 
VII/V 

0.22 
0.25 
0.31 
0.41 
0.49 
0.55 
0.76 
1.00 
1.42 
0.42 
0.65 
0.83 
1.35 
1.96 
2.26 
0.25 
0.36 
0.44 
0.54 
0.60 
0.84 
1.02 
1.30 
0.10 
0.22 
0.29 
0.34 
0.59 
0.83 
6.53 
5.92 
5.00 
3.20 
1.90 

ka/ kc 

0.44 
0.39 
0.37 
0.41 
0.43 

11.0 
10.1 
10.0 
9.5 
4.16 
4.34 
4.15 
4.50 
4.36 
4.52 
2.50 
2.12 
2.20 
2.25 
2.00 
2.20 
2.00 
2.18 
1.00 
1.49 
1.45 
1.13 
1.47 
1.38 

186 
197 
200 
160 
190 

6-heptenoyl Peroxide 

Base 

4-Methylquinoline* 

4-Methylpyridinec 

Quinoxaline*' 

4-Cyanopyridine* 

" All the reactions 

a 

Temp, 
0C 

10.5 
13.5 
26.0 
35.0 
46.0 
60.0 
80.0 
25.0 
36.0 
46.0 
60.0 
29.0 
25.0 
36.0 
40.0 
45.5 
61.0 
80.5 
14.0 
25.0 
36.0 
45.5 
60.0 

were run 
eroaromatic base (0.3 M); H2SO 
(1.6 X 10"3M). M-

Products, mol % 
VII 

35 
32 
31 
28 
25 
22 
14 
15 
18 
13 
13 
11 
71 
68 
66 
56 
51 
43 
51 
46 
48 
40 
34 

V 

50 
48 
47 
53 
58 
61 
58 
60 
75 
68 
70 
72 
13 
17 
20 
23 
27 
34 
34 
36 
44 
42 
42 

VII/V 

0.64 
0.67 
0.60 
0.53 
0.43 
0.36 
0.24 
0.253 
0.233 
0.192 
0.186 
0.153 
5.46 
4.00 
3.30 
2.44 
1.89 
1.17 
1.50 
1.28 
1.09 
0.95 
0.81 

in CH3COOH-H2O (1:1) 

fea/fec 

2.30 
2.23 
2.00 
1.68 
1.44 
1.20 
0.80 
0.25 
0.23 
0.19 
0.18 
0.15 

198 
132 
110 
82 
63 
38 
5.25 
4.26 
3.63 
3.16 
2.69 

. * Het-
4 (1 M); peroxide (10~2 M); CuOAc 

Methylpyridine 
oxide (0.1 M); CuOAc (IO"2 M). d < 

(0.83 M);] H2SO4 (2 M); per-
3uinoxaline (0.03 M); 

(1 M); peroxide (2 X 10~3 M); CuOAc (5 X 10" 

(0.04 mol) were dissolved in 50 mL 1 
CH3COOH (60:40) under N2; 

Df degassed 

"4M). 
H2SO4 

mixture CH3CN-
5 mL of a standardized solution of 

" All the reactions were run at 25 0C in CH3COOH-H2O (1:1). 
* Peroxide (10~2 M); CuOAc (1.6 10~3 M); H2SO4 (2 M). ' Peroxide 
(10-2 M); CuOAc (1.6 10~3 M); H2SO4 (1 M). d Peroxide (10"3 M); 
CuOAc (5 X 10-4 M); H2SO4 (1 M). 

DMCS; 15 ft X V5 in. 10% U.C.C. W on Chromosorb W AW-DMCS. 
Isomer distribution was determined with a 6 ft X '/5 in. 10% DEGS 
on Chromosorb W-AW-DMCS. The retention times of all products 
agreed with those obtained by GLC analysis of independently syn
thesized samples. 

Materials. 4-Methylquinoline, 4-methylpyridine, and 4-acetylpy-
ridine were dried over KOH and distilled. 4-Cyanopyridine and qui-
noxaline were sublimed. Benzothiazole was purified by crystallization 
at -10 0C and distillation. Acetic acid and acetonitrile were refluxed 
over P2Os and distilled. Benzene was distilled twice over Na. Benzo-
nitrile and anisole were distilled before use. The isomeric 0-, m-, and 
p-butylanisole were prepared using standard procedure. 6-Heptenoic 
acid (mp 25-26 0C, bp 80 0C (1 mmHg)) was prepared according to 
the literature29 starting from 1,2,6-hexanetriol, and purified30 through 
6,7-dibromoheptanoic acid. The 6-heptenoic acid was regenerated 
with zinc dust. Cyclopentylacetic acid (bp 125 0C (23 mm)) was 
prepared by catalytic reduction of 2-cyclopentenylacetic acid (bp 95 
0C (2.5 mm)). 

The diacyl peroxides were obtained by the standard method,31 

adding the acyl chlorides in ether to a cooled (—10 0C) solution of 
ether, pyridine, and H2O2. 6-Heptenoyl, cyclopentylacetyl, n-octanoyl, 
and n-valeroyl peroxides, pure at 98-99% (by iodometric titration), 
were stored at —30 0C. Copper(I) acetate was prepared as the ace
tonitrile complex by stirring 1.6 g (8 X 10-3 mol) of Cu(OAc)2-5H20 
with an excess of copper powder in 100 mL of degassed CH3CN-
CH3COOH (6:4) mixture under a slight pressure of N2. The solution 
was standardized against Ce(SO4J2 (0.1 N). 

Alkylation of Heteroaromatic Bases by Diacyl Peroxides. General 
Preparative Procedure for 5-Hexenyl and Cyclopentylmethyl Deriv
atives. The heteroaromatic base (0.02 mol) and concentrated H2SO4 

Cu(I) (0.016 M) was added at room temperature. The peroxide (0.014 
mol), dissolved in 10 mL of acetonitrile, was added to the stirred so
lution. CO2 immediately evolved and the solution was stirred until the 
development of CO2 ceased. 

The solvents were removed under reduced pressure, and the residue 
was dissolved in 30 mL of a stirred and cooled mixture of 30% NaOH, 
NH4Cl, and ether. The ether was separated and the basic solution was 
extracted twice with ether. After removal of the solvent the residue 
was chromatographed over SiO2 or distilled. The overall yields range 
from 60 to 90% based on the peroxide and 80-95% based on the het
eroaromatic base. In all cases the reactions were very clean; with the 
6-heptenoyl peroxide the 5-hexenyl and the cyclopentylmethyl de
rivatives were formed in different ratios determined by the reactivity 
of the heteroaromatic base (see kinetics results); with cyclopentyla
cetyl peroxide only the cyclopentylmethyl derivatives were obtained. 
All the alkyl derivatives of the heteroaromatic bases were isolated as 
pure samples by preparative GLC (15-ft column packed with 10% 
U.C.C). 

2-(5-Hexenyl)-4-methylpyridine: IR cmax 915 cm~'(vinyl); 1H 
NMR § 8.2 (1 H, d, H6), 6.8 (1 H, d, H5), 6.8 (1 H, s, H3), 6.17-5.60 
(m, 1 vinyl H), 5.07-4.68 (m, 2 vinyl H), 2.9 (1 H, t, -CH2Ar), 2.24 
(3 H, s, CH3), 2.0 (m, 2 H, CH2CH=), 1.4-1.9 (m, 4 H); MS m/e 
175 (M'+), 134,103, 93, 92, 39. Anal. Calcd for Ci2HnN: C, 82.23; 
H, 9.78; N, 7.99. Found: C, 82.21; H, 9.27; N, 8.00. 

2-Cyclopentylmethyl-4 methylpyridine: NMR d 8.24 (1 H, d, H6), 
6.7 (1 H, d, H6), 6.8 (1 H, s, H3), 2.66 (2 H, d, CW2CH), 2.1-2.4 (1 
H, m, -CH), 2.24 (3 H, s, CH3), 1.4-1.9 (8 H, m, CH2); MS m/e 175 
(M+-), 146, 132,103, 93, 77, 39. Anal. Calcd for C12H17N: C, 82.23; 
H, 9.78; N, 7.99. Found: C, 82.2; H, 9.8; N, 7.9. 

2-(5-Hexenyl)-4-acetylpyridine: IR 915 cm"1; NMR 6 8.54 (1 H, 
d, H6), 7.40 (1 H, d, H5), 7.43 (1 H, s, H3), 6.15-5.60 (m, 1 vinyl H), 
5.1-4.7 (m, 2 vinyl H), 2.7 (2 H, t, CH2Ar), 2.1 (2 H, td, CiZ2CH=), 
2.5 (3 H, s, COCH3), 1.4-1.9 (4 H, m); MS m/e 203 (M+-), 162, 148, 
135, 77, 57, 43. Anal. Calcd for C13H17NO: C, 76.81; H, 8.43; N, 
6.89. Found: C, 76.74; H, 8.27; N, 6.72. 

2-Cyclopentylmethyl-4-acetylpyridine: NMR S 8.6 (1 H, d, H6), 
7.4 (1 H, d, H5), 7.4 (1 H, d, H3), 2.80 (2 H, d, CW2CH), 2.5 (3 H, 
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Table VH 

Substrates 
(molar ratio) ka (with Cu2+) k.d (without Cu2+) 

Anisole/benzene(2:l) 3.6 ±0.1 2.9 ±0.1 
(1:1) 
Methylpyridine/anisole (1: 78 ± 5 113 ± 6 

15) 
(1:25) 
Methylpyridine/benzene(l: 281 ±20 330 ± 30 

25) 
(1:40) 

s, COCH3), 2.1-2.4 (1 H, m, -CH), 1.4-1.9 (8 H, m); MS m/e 203 
(M+-), 174, 160, 148, 135, 93, 43. Anal. Calcd for Ci3H17NO: C, 
76.81; H, 8.43; N, 6.89. Found: C, 76.71; H, 8.49; N, 6.98. 

2-(5-Hexenyl)-4-cyanopyridine: IR 915 cm-'; NMR 6 8.7 (1 H, 
d, H6), 7.3 (1 H, d, H5), 7.4 (1 H, s, H3), 6.2-5.6 (1 H, m, vinyl H), 
5.1-4.7 (m, 2 vinyl H), 2.8 (2 H, t, CH2AT), 2.1 (2 H, td, CW2CH=), 
1.4-1.9 (4 H, m); MS m/e 188(M+-), 147,/20, 105, 93. Anal. Calcd 
for Ci2H14N2: C, 77.38; H, 7.58; N, 15.04. Found: C, 77.5; H, 7.5; 
N, 15.1. 

2-Cyclopentylmethyl-4-cyanopyridine: NMR 5 8.6 (1 H, d, H6), 
7.3 (1 H, d, H5), 7.4 (1 H, s, H3), 2.82 (2 H, d, CZZ2CH), 2.2-2.5 (1 
H, m,-CH), 1.4-1.9 (8 H, m); MS m/e 188 (M+-), 159, 145, 133, 
120, 106, 93. Anal. Calcd for C12Hi4N2: C, 77.38; H, 7.58; N, 15.04. 
Found: C, 77.46; H, 7.69; N, 15.14. 

2-(5-Hexenyl)-4-methylquinoline: a sample isolated by preparative 
GLC (10% UCC, 200 0C) showed IR 915 cm-' (vinyl); NMR 5 7.15 
(1 H, s, H3), 7.4-8.1 (4 H, m, aromatics), 6.2-5.6 (1 H, m, vinyl), 
5.1-4.7 (m, 2 vinyl H), 2.94 (2 H, t, CH2Ar), 2.60 (3 H, s, CH3), 
2.4-2.0 (2 H, m, CZZ2CH=), 1.4-2.1 (4 H, m); MS m/e 225 (M+-), 
184, 170,157, 115, 93. Anal. Calcd for C16Hi9N: C, 85.28; H, 8.50; 
N, 6.22. Found: C, 85.40; H, 8.25; N, 6.31. 

2-(Cyclopentylmethyl)-4-methylquinoiine: NMR S 7.2 (1 H, s, H3), 
7.4-8.1 (4 H, m, Ar), 2.9 (2 H, d, CZZ2CH), 2.58 (3 H, s, CH3), 
2.3-2.5(1 H, m, CH); MS m/e 225 (M+-), 196, 184,182, 170, 157, 
142,115. Anal. Calcd for C16H19N: C, 85.28; H, 8.50; N, 6.22. Found: 
C, 85.3; H, 8.6; N, 6.3. 

2-(5-Hexenyl)benzothiazole: a sample isolated by preparative GLC 
(10% UCC, 190 0C) showed IR 915 cm"1 (vinyl); NMR 8 7.5-8.0 
(4 H, m, Ar), 6.2-5.5 (1 H, m, vinyl), 5.1-4.7 (m, 2 vinyl H), 2.8 (2 
H, t, CH2Ar), 2.4-2.1 (2 H, m, CZZ2CH=), 1.4-2.1 (4 H, m); MS 
m/e 217 (M+-), 176, 162, 148, 147, 109, 91, 76. Anal. Calcd for 
C3Hi5NS: C, 71.38; H, 6.95; N, 6.44. Found: C, 71.3; H, 7.0; N, 
6.5. 

2-Cyclopentylmethylbenzothiazole: NMR S 7.5-8.0 (4 H, m, Ar), 
2.9 (2 H, d, CZZ2CH), 2.2-2.5 (1 H, m, CH), 1.4-1.9 (8 H, m); MS 
m/e 217 (M+-), 188, 174, 160, 148, 93, 91, 55. Anal. Calcd for 
Ci3Hi5NS: C, 71.38; H, 6.95; N= 6/44/ Found: C, 71.5; H, 7.0; N, 
6.4. 

2-(5-Hexenyl)quinoxaline: a sample isolated by preparative GLC 
(UCC, 200 °C) showed IR Kmax 915 cm"1 (vinyl); NMR b 8.50 (1 H, 
s, H3), 7.60-8.20 (4 H, m, H5 6 7 8), 6.2-5.6 (1 H, m, vinyl), 5.1-4.7 
(2 H, m, vinyl), 2.80 (2 H, t, CH2Ar), 1.5-2.2 (6 H, m); MS m/e 212 
(M+-), 171, 157,144, 93, 91, 55. Anal. Calcd forC|4H,6N2: C, 79.21; 
H, 7.60; N, 13.20. Found: C, 79.1; H, 7.5; H, 13.2. 

2-CycIopentylmethylquinoxaline: NMR 5 8.51 (1 H, s, H3), 
7.60-8.20 (4 H, m, aromatics), 2.95 (2 H, t, CZZ2CH), 1.4-1.9 (8 H, 
m); MS m/e 212 (M+-), 183, 169, 144, 93, 55. Anal. Calcd for 
Ci4Hi6N2: C, 79.21; H, 7.60; N, 13.20. Found: C, 79.2; H, 7.50; N, 
13.11. 

Kinetics. General Procedure. The following standard solutions were 
prepared: (1) heteroaromatic base (0.01-1.2 M) in H2SO4 (0.6-2 M), 
CH3COOH-H2O (1:1); (2) diacyl peroxide (0.01 M) in acetic acid; 
(3) copper(I) acetate (1.6-10-3 M) in CH3CN-CH3COOH (6:4). 
These solutions were placed in a thermostatic bath and flushed with 
N2 for 10 min. Then to 10 mL of the solution (1) were added first 1 
mL of the solution (2) and then 1 mL of the solution (3). The mixture 
was kept on thermostatic bath for 2 h under N2, then cooled at 0 0C, 
basified with 10% NaOH solution, extracted three times with 5 mL 
of ether, and dried on Na2SO4. After addition of an internal standard, 
the joined ethereal extracts were analyzed by GLC. In Tables V and 
VI are reported the resulting values of VII/V ratios concerning the 

influence of the concentrations and of the temperature. All data are 
an average result of two independent reactions. 

AIkylation of Quinoxaline by Di-n-octanoyl Peroxide in the Pres
ence of CuCh. A standard solution was prepared as follows: quin
oxaline (0.6 M), H2SO4 (1.2 M), CuCl2 (6 X 10~3 M), and LiCl (5 
X 10-2 M) in CH3COOH-H2O (1:1). To 50 mL of this standard 
solution, flushed with N2 at 25 0C in a thermostatic bath, was added 
1 mL of a solution of di-w-octanoyl peroxide (0.3 M) in acetic acid and 
the decomposition of the peroxide was initiated for addition of 6 mL 
of a solution of copper(I) acetate (1.6 X 10-3 M). The reaction was 
kept for 2 h at 25 0C. Then «-octyl chloride and «-butylquinoxaline 
were added as internal standards. The resulting mixture was basified 
at 0 0C and extracted twice with pentane. The analyses were per
formed on a 10% U.C.C. column at 90 0C for n-heptyl chloride (1) 
and at 220 0C for «-heptylquinoxaline (2), A value of 0.32 for the 
molar ratio (1 ):(2) is the average result of three independent runs. 

Competitive Experiments. As source of «-butyl radical was used 
di-rt-valeroyl peroxide. The peroxide (1 X 1O-3 M) was added to a 
solution of two substracts for a total of 0.11 mol, acetic acid (12 mL) 
and trifluoroacetic acid (1 mL). 

When Cu(OAc)2 (0.12 X 10~3 M) was added to the solution, the 
yield in butyl derivatives was much lower and it has been necessary 
to increase the quantity of peroxide (5.6 X 1O-3 M). The mixture was 
kept at 79 0C for 2.5 h under N2, then cooled at 0 0C, basified with 
30% NaOH solution, extracted three times with ether, and dried on 
Na2SO4. The ethereal solutions were analyzed by GLC using either 
10% U.C.C. or 10% DEGS columns. Two runs were conducted for 
each system and an average result was taken for the two runs. The 
substrates molar ratio, the resulting values of relative rate (K) with 
or without Cu2+, and the accuracy in determining each value are re
ported in Table VII. 
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Both Schleyer's group3 and ours4 proposed sets of compound 
and solvent parameters for equations of the type 

log kA - log kB = sNA
B + mYA

B (2) 

Here k\ and k& are rate constants for reaction in solvents A 
and B, NA

B is the change in solvent nucleophilicity, YA
B is the 

change in solvent ionizing power, and s (1 in Schleyer's paper) 
and n are sensitivity parameters characteristic of the com
pound. In still another treatment33 the solvent response of 
solvolytic rates is regarded as occupying a spectrum the ex
tremes of which are represented by the reaction of methyl and 
adamantyl derivatives. 

Curiously a successful treatment of solvolytic rates involving 
an equation comparable to eq 2 was used by Swain, Moseley, 
and Bown approximately 22 years ago,7 but it has not been 
extended as new solvents and compounds were explored. The 
correlation of Swain, Moseley, and Bown also involves two 
solvent parameters, d\ and d2, and two compound parameters, 
c\ and C2-

log ^ - log k0 = cxd\ + c2d2 (3) 

The rate constant, ko, refers to the reaction in the standard 
solvent, 80% ethanol, also chosen as the solvent of zero Y value 
in the Winstein-Grunwald-Jones equation,8 

log k - log k0 = mY (4) 

As Streitwieser9 and others have pointed out, the choice of 
parameters for ferf-butyl chloride, c\ ~ 1 and d\ = \, has made 
the Swain-Moseley-Bown parameters of "no theoretical sig
nificance". Various authors of textbooks recorded them,10 but 
no meaningful interpretation ever was found. In 1972 we re
ported in preliminary form a resolution of this dilemma which 
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Abstract: In 1956 Swain, Moseley, and Bown correlated the rates of solvolysis of a variety of alkyl and acyl derivatives through 
the equation log k/ko = C\d\ + c2d2- The equation has now been transformed to the form log k/ko = sN + mY, where the sol
vent parameter Y is a measure of ionizing power and N appears to represent either nucleophilicity or electrophilicity. Com
pounds whose reactions are sensitive to electrophilicity exhibit negative sensitivity parameters, s. The reaction of pentamethy-
leneiodonium hexafluoroantimonate (1) with aqueous solutions of nucleophiles or pairs of nucleophiles generated a nucleophil
icity scale encompassing both anionic and uncharged nucleophiles. The scale shows a linear correlation with that generated 
by reactions of methyl iodide. It is inferred that the charge type of both nucleophiles and substrates is unimportant for SN2 re
actions in H?0. 
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