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Abstract: The rate constants for isomerization of 2-aryl-2-methylpropyl-l to l-aryl-2-methylpropyl-2 radicals have been 
measured by EPR spectroscopy over a range of temperatures. The radicals were derived by hydrogen abstraction from the 
following compounds: re/7-butylbenzene, 1,3-di-tert-butylbenzene, 4-fert-butylpyridine, 2,6-di-ferr-butylpyridine, and 2-
(m-butylnaphthalene. The rates of isomerization of the radicals derived from the two pyridines and the naphthalene are sig
nificantly faster than the rates of isomerization of the radicals from the two benzenes. 

During the course of an EPR spectroscopic study of radi
cal additions to hindered aromatic compounds,3 we had 
cause to study the reaction of photochemically generated 
re/7-butoxy radicals with 2,6-di-terr-butylpyridine (1). At 

Me;!CO + Me3C -CMe3 

Me3COH + M e 3 C - T ^ j - C M e 2 C H 2 

IU 

,N. 
Me 3 C-TWr - CMe 2 CH 2 

%P 
M e 3 C - T ^ j - C H 2 C M e 2 

IR 

room temperature, the predominant species was the rear
ranged tertiary alkyl radical IR rather than the unrear-
ranged primary alkyl radical IU which must be formed ini
tially. 

Under the same conditions, 1,3-di-terr-butylbenzene (2) 

M e 3 C - T ^ p C M e 3 Me3O -CMe2CH2 

2U 

M e 1 C - T ^ V - CH2CMe2 

2R 

gave predominantly the primary alkyl 2U as we would ex
pect on the basis of previous EPR studies on rerf-butylben-
zene (3).4"8 

The more rapid "neophyl rearrangement" 9 of the pyri
dine intrigued us and prompted a careful kinetic EPR spec
troscopic study of the rearrangements of the primary alkyl 
radicals derived from 1 and 4-te/-f-butylpyridine (4), and 
from 2 and re/-?-butylbenzene (3), and from 2-tert-bu\.y\-
naphthalene (5). 

(^ M „ C ^ M " C ^ g ) Me1C 

The rearrangement of the primary alkyl derived from 3 
(3U) has been studied previously by EPR by Hamilton and 
Fischer.8 These workers generated the radical by the same 
procedure we have used, i.e., photolysis of di-Je/-r-butyl per
oxide solutions of the hydrocarbon.4-10 However, they esti
mated only the activation energy for the rearrangement and 

did not measure the actual rate constants for this reaction. 
Some assumptions were also made in estimating this activa
tion energy. 

We l l a ' 1 2 and others13 '14 have shown that rate constants 
for radical isomerizations l la and /3-scissions12"14 can be 
quite readily obtained by EPR. Measurements of the con
centration of unrearranged (U) and rearranged (R) radi
cals under steady-state conditions can yield the rate con
stant for isomerization of U (A:J) provided the radicals react 
according to the following scheme.11"14 

h 

U + 

U + 

R + 

R 
*,1 

nonradical 
products 

The usual steady-state treatment yields'"5 

[R] 

_ 2frt
R[R] ( 2£ t

UR 

*i[U] *i 

Provided U and R are relatively unhindered and are of 
equal (or near equal) molecular weight, it can be safely as
sumed15-17 that A:t

u = &t
UR = A:t

R. Therefore 

R = 7777 ([R] + [U]) (D 
2A:t

R [U] 

and so ^i can be calculated provided kt
R is measured. 

Experimental Section 

Commercially available materials were purified by normal pro
cedures before use. 

Solutions of the aromatic compounds in di-ferf-butyl peroxide 
(2:3 v/v) were carefully degassed and were then photolyzed in the 
cavity of a Varian E-4 EPR spectrometer. After 15-20 min photol
ysis, the alkylpyridine solutions started to yellow and the radical 
concentrations decreased. Each measurement was therefore made 
on a fresh sample drawn from the same stock solution and using 
the same EPR tube. Relative concentrations of the U and R radi
cals were determined by double integration (by hand) of appropri
ate lines in the first derivative EPR spectrum. Overlap of U and R 
lines caused some problems, particularly with 5 and with 2 and 3 
at low temperatures. However, some R lines never overlapped, and 
so U could be determined by difference from an overlapping region 
of the spectrum. Absolute radical concentrations were calibrated 
against DPPH.18 The kinetic EPR technique has been described 
previously.12'15'18 

Results 

EPR Spectra. The EPR spectral parameters of the un
rearranged and rearranged radicals derived from 1, 2, 3, 4, 
and 5 are given in Table I. 
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Table I. EPR Parameters for the Primary and Tertiary 
Alkyl Radicals Derived from tert-Butyl Substituted 
Benzenes and Pyridines 

.adical 

IU 
IR 
2U 
2R 
3U« 
3Rfl 

4U 
4R 
5U 
5R 

Temp, 0C 

- 4 5 
40 

- 2 0 
90 

- 3 6 
90 

- 4 5 
40 

- 7 0 
50 

a Reference 8. 

S 

2.0024 
2.0028 
2.0025 
2.0026 
2.0027 
2.0027 
2.0024 
2.0027 
2.0025 
2.0031 

^H1 gauss 

21.58 (2 H); 0.80 (6 H) 
16.83 (2 H); 22.92 (6 H) 
21.72 (2 H); 1.01 (6 H) 
18.60 (2 H); 22.66 (6 H) 
21.85 (2 H); 1.02 (6 H) 
18.80 (2 H); 22.87 (6 H) 
22.10 (2 H); 0.94 (6 H) 
17.71 (2 H); 23.01 (6 H) 
21.71 (2 H); 1.02 (6 H) 
18.44 (2 H); 22.75 (6 H) 

Table II. Determination of k\l2kx
R for ferf-Butylpyridines 

1 and 4 (Concentrations in M Units) 

Temp, 
°K 

235 
246 
254 
273 
284 
291 

[IU] 
X 10' 

5.26 
1.82 
2.72 
2.32 
1.12 
0.92 

1 

[IR] 
X 10' 

0.06 
0.22 
0.34 
0.70 
0.57 
0.92 

*i/2fctR 

X 10' 

0.06 
0.42 
0.38 
0.91 
0.86 
1.9 

[4U] 
X 10' 

0.97 
0.77 
0.70 
0.65 
0.37 
0.41 

4 

[4R] 
X 10' 

0.18 
0.25 
0.45 
0.90 
0.74 
1.02 

£j/2/ttR 
X 10' 

0.21 
0.33 
0.74 
2.15 
2.22 
3.56 

Steady-State Measurements. The experimental data used 
to determine ki/2kt

R via eq 1 for the isomerization of IU 
and 4U are given in Table II and for the isomerization of 
2U and 3U in Table III. The variations of ki/2kt

R with 
temperature can be represented by 

IU: log (ki/2kt
R/M) = (1.4 ± 0.8) - (6.8 ± l.O)/0 (2) 

4U: log (k;/2kt
R/M) = (1.3 ± 0.5) - (6.6 ± O.5)/0 (3) 

2U: log (k,/2kt
R/M) = - (1 .1 ± 1 .3 ) - (11 .7 ± 1.8)/0 

(4) 

3U: log (ki/2kt
R/M) = - (2 .9 ± 2.3) - (14.2 ± 2.9)/6 

(5) 

where 6 = 23RT kcal/mol, and the error limits are stan
dard deviations which probably do not reflect our true er
rors. For 2U and 3U, the errors in the determination of the 
individual ki/2kt

R values are rather greater than for IU 
and 4U. This is a consequence of the greater overlap of the 
U and R radicals' spectra (see Experimental Section) and 
of the low [R]/ [U] ratio produced by the necessity to elimi
nate potential problems arising from methyl radicals.17 The 
errors in the Arrhenius parameters for the isomerization of 
2U and 3U are also greater than for IU and 4U because of 
the smaller range of temperatures that could be safely cov
ered with these radicals. It was only possible to measure k\j 
2k\ for 5U over a 20° temperature range because of the 
overlap of the 5U and 5R spectra (Table IV). 

Kinetic Measurements. We chose to determine 2kiR using 
2U. Although this is an unrearranged radical, its mass and 
size are similar to those of the rearranged radicals that we 
are interested in. It is therefore safe to assume15-17 that the 
rate constants for bimolecular decay of 2U and all the rear
ranged radicals are similar. Values of (2ki)2\j were deter
mined by kinetic EPR spectroscopy12,15'18 under conditions 
identical with those of the steady-state measurements. Even 
at the highest temperatures employed, the corrections for 
the 2U —*• 2R isomerization and for the 2U + 2R reaction 
were probably less than the errors involved in determining 
2ku and so they were not applied. Values of 2kt given in 

Table III. Determination of k-J2kt
R for terf-Butylbenzenes 

2 and 3 (Concentrations in M Units) 

2 3 

Temp, 
0K 

283 
288 
293 
298 
303 
307 

[2U] 
X 10' 

2.42 
2.41 
1.75 
1.65 
1.34 
1.10 

[2R] 
X 10' 

0.16 
0.13 
0.22 
0.30 
0.44 
0.46 

hl2kt
R 

x 10' 

0.17 
0.14 
0.25 
0.36 
0.58 
0.65 

[3U] 
X 10' 

1.71 
1.06 
1.79 
1.09 
1.08 
0.92 

[3R] 
X 10' 

0.07 
0.15 
0.18 
0.29 
0.41 
0.30 

*i/ Ikx R 
X 10' 

0.07 
0.17 
0.20 
0.37 
0.57 
0.40 

Table IV. Determination of k\j2kx
R for 2-ferf-Butylnaphthalene 

(Concentrations in M Units) 

Temp, 0K [5U]XlO' [5R]XlO7 kj/2kt
R X 10' 

237 0.67 0.90 2.1 
248 0.46 0.73 1.9 
256 0.32 0.83 3.0 

Table V. Rate Constants for the Bimolecular Self-Reaction of 2U 

Temp, °K 2kt x IQ'8, M~' s~' 

232 1.5 
242 2.7 
250 3.5 
269 8.0 
279 12 
287 14 
289 15 
298 18 

Table V can be represented by 

log (2A:t/M-' S^)2U = 13.1(±0.3) - 5.2(±O.3)/0 (6) 

where the error limits are again standard deviations which 
do not reflect our real potential errors. The apparent activa
tion energy for this reaction, which we presume is diffusion 
controlled, is about twice as large as the activation energy 
that would be calculated from the temperature coefficient 
of the solution's macroscopic viscosity. High (ca. 5 kcal) 
values for Et have been reported previously for Me2COH in 
Me2CHOH1 9 and for cyclopentylmethyl in a mixed sol
vent,1 l a but lower Et values are more common20 and more 
believable. While we do not understand (and therefore re
main somewhat suspicious of) eq 6, we believe it is the most 
appropriate equation to combine with eq 2-5 in order to ob
tain Arrhenius parameters for the neophyl rearrangements. 

Discussion 

Estimations of the rate constants for radical-molecule re
actions can be greatly assisted by a knowledge of the rate 
constants for the irreversible isomerization of an appropri
ate radical.21 This is the second23 of a planned series of pa
pers on the rates of irreversible isomerization of alkyl radi
cals. The radicals have been chosen to cover as wide a range 
of k\ values as possible in order to maximize their utility in 
other systems. The neophyl rearrangements reported herein 
are the slowest isomerizations that could be conveniently 
studied by EPR techniques. 

The isomerization of 4U may be somewhat faster than 
the isomerization of IU, but the difference is probably 
within our true experimental error. Combination of eq 2 
and 6 yields 

log (Ari/s-1) = (11.7 ± 1 .1) - (12 .0 ± 1.3)/0 

4i = 8 X 10 2 S- ' a t 25° for IU 
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Combination of eq 3 and 6 yields 

log (^/s"1) = (11.8 ±0 .8 ) - (11 .8 ±O.8)/0 

ki= 1.4 X 103S-1 at 25° for 4U 

The isomerizations of 2U and 3U proceed at equal rates. 
Since the errors involved in determining k\/2ki for these 
two radicals were larger than for W and 4U (see above), 
we have made the reasonable assumption that the preexpo-
nential factors for isomerization of 2U and 3U are equal to 
the mean of the values found for IU and 4U. With this as
sumption, we obtain 

log (yti/s"1) = (11.75± 1.0)- (13.6 ± \.0)/d 

ki = 59 s-' at 25° for 2U and 3U 

For 5U we again assume the preexponential factor for 
isomerization is IO11-75 and obtain 

log(Jfci/s-') = (11.7s ± 1.0)-(11.3 ± l.O)/0 

ki = 2.9X 103S-'at 25° for 5U 

The activation energy for isomerization of the "parent" 
neophyl radical, 3U, is somewhat higher than the value of 
10.3 ± 2.2 kcal/mol reported by Hamilton and Fischer.8 

However, all these isomerizations probably proceed via a 
cyclohexadienyl-like transition state.9 

Ar 
V 

Me"y 
Me 

C - C 

H 

Me Ar 
V / 
c—c~. „ 

/ VH 

Me H 
For such a process, we estimate24 that, in the transition 
state, the radical will have lost about 8 gibbs/mol by the 
loss of two rotational degrees of freedom and will have 
gained about 2 gibbs/mol from changes in various vibra
tional frequencies. The calculated A factor for these isom
erizations at the mean temperature of our experiments is, 
therefore, 1013J - 106/46 = 101 1 8A/- ' sec-1. The agree
ment between this estimate and our experimental value (for 
the butylpyridines) implies that our rate constants and acti
vation energies are reasonably reliable. 

The higher rates of isomerization of the pyridines and the 
naphthalene can also be rationalized in terms of a cyclohex
adienyl-like transition state since both compounds are 
somewhat more reactive than benzene toward homolytic 
substitution.25 

R- + HAr RAr 

Thus, the partial rate factors26 for the phenylation of pyri
dine at the 2, 3, and 4 positions are 1.83, 1.0, and 1.18, re
spectively,27 and those for methylation are about 3.1, 1.0, 

and 1.7.28 The partial rate factor for the phenylation of 
naphthalene at the 2-position is 1.43.29 In view of these rate 
factors, we were somewhat surprised that we could not de
tect any really significant difference in the rates of isomer
ization of IU and 4U. However, the measured partial rate 
factors may not accurately reflect differences in the reac
tivities of the pyridine ring positions since the molecular 
products of substitution may be formed with varying ef
ficiencies from the intermediate cyclohexadienyl radicals. 
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