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In the EPR spectroscopic technique of "spin trapping", 
a transient radical, R-, is "visualized" by allowing it to add to 
a spin trap, T, and so form a persistent spin adduct, RT-.3 

R + T - ^ RT- (1) 

This technique has been used qualitatively to detect and 
identify reactive free radicals for several years.3 However, the 
fact that a spin adduct is observed when a trap is added to some 
particular reaction system is not of as much help in deducing 
the reaction mechanism as might be supposed. This is partly 
because EPR spectroscopy is such an extremely sensitive probe 
for radicals that a spin trapping experiment may yield a 
"positive" result on a minor side reaction, while the main re
action is overlooked if it is nonradical, or even when it does 
involve radicals if they are not readily trapped or yield non-
persistent spin adducts. The ambiguity of a positive result can 
be largely avoided if kinetic data are available regarding the 
rates of spin trapping of the radicals in question and the rates 
at which the spin adducts so formed are themselves destroyed. 
There are relatively few rate data available for spin trap
ping,4"11 and there is even less information available con
cerning the rates at which spin adducts are destroyed. In view 
of the great potential of spin trapping, we have begun a pro
gram to determine accurate rate constants for the trapping of 
some of the more commonly encountered radicals. This, the 
first paper,1 is devoted to the trapping of primary alkyl radicals 
in benzene. 

The 5-hexenyl radical, H-, provides the mainstay for the 
present work. This radical isomerizes irreversibly to yield the 
cyclopentylmethyl radical, C-.12 The rate constant for this 
cyclization, kc, was initially estimated at ambient temperatures 
by combining some product studies of Walling et al.13 with a 
rotating-sector kinetic study of our own on the trialkyltin hy-
dride-alkyl halide reaction.14 We subsequently investigated 
this cyclization by kinetic EPR spectroscopy and obtained 
Arrhenius parameters which confirmed the earlier results.15 
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Since both H- and C- are primary alkyls, the spin adducts that 
they form with any particular spin trap will have similar 
properties, i.e., similar kinetic and thermodynamic stabilities, 
which is an advantage, and similar EPR spectra, which is a 
handicap. However, a nice distinction between the spectra of 
the two spin adducts, HT- and CT-, can be obtained by labeling 
the 5-hexenyl radical with carbon-13 (/ = 1^) in the 1 position. 
In most cases, hyperfine splitting (hfs) by this 13C atom should 
be detectable in the EPR spectrum of HT- because of the 
proximity of the 13C to the orbital containing the unpaired 
electron in this adduct. However, in CT- the 13C will be too 
remote from the unpaired electron to produce any appreciably 
hyperfine splitting. The reaction system depicted in Scheme 
I allows the rate constant for the spin trapping of H- to be 

Scheme I 

H' C-

H + T • HT* 

C '+ T - CT' 

calculated from the trap concentration and the measured ratio 
of the initial rates of formation of the two spin adducts, i.e., 

T _ kc ( d [ H T - ] / d O ^ 0 

[T] Cd[CT-]/d0«-o 
Implicit in this equation is the assumption that all of the alkyl 
radicals formed are captured by the spin trap (vide infra). As 
long as the total concentration of the adducts does not approach 
the steady-state level, this equation is equivalent to 

= MHT-] 
[T][CT-] v ; 
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Thus, the spin trapping rate constant can be evaluated from 
the spin adduct ratio during the early stages of the reaction. 
The ratio must be extrapolated back to zero time if it shows any 
variation. This could occur if the spin trapping were reversible 
(in which case, the [HT-]/[CT-] ratio would decrease with 
time) or if the rate constants for the various processes which 
lead to the destruction of HT- and CT- were not exactly 
equal. 

As our source of 13C labeled H- we have used di([2-13C]-
6-heptenoyl) peroxide (90 at. % 13C) which can be decomposed 
thermally or photochemically. 

[ C H 2 = C H ( C H 2 V 3 C H 2 C ( O ) O ] 2 

— 2CH 2 =CH(CH 2 ) 3
1 3 CH 2 - . + 2CO2 

The spin trapping rate constants obtained in the way outlined 
above have been augmented using the 1-hexyl radical (gen
erated from di-n-heptanoyl peroxide) by competitive experi
ments in which this radical was formed in the presence of two 
spin traps that gave readily distinguishable EPR spectra. The 
spin traps that we have studied (or endeavored to study) can 
conveniently be divided into three categories. (1) Nitroso 
Compounds: 2-methyl-2-nitrosopropane (NtB), (CH3)3-
CNO;1 6 nitrosobenzene (NB), C6H5NO;1 7 nitrosodurene 
(ND), 2,3,5,6-(CH3^C6H-NO;18 and 2,4,6-tri-rer?-butylni-
trosobenzene (Bu'3NB), 2,4,6-[(CHj)3C]3C6H2NO.19 (2) 
Nitrones:205,5-dimethylpyrroline 1-oxide (DMPO), (CH3)2-
C C H 2 C H 2 C H = N ^ O ; 6 methylene-TY-ferf-butyl nitrone 
(MBN), CH2=N(O)C(CH3)-,;24 phenyl-7V-/e/t-butyl nitrone 
(PBN), C 6H 5CH=N(O)C(CH 3) ; , ; 2 2 ' 2 5 phenyl-7V-/e/-7-per-
deuteriobutyl nitrone (PBN-^9);26 and the following ring 
substituted PBNs, 4-methoxy-PBN (4-MeO-PBN),5-6 4-
methyl-PBN (4-Me-PBN),5-6 4-cyano-PBN (4-CN-PBN), 
4-nitro-PBN (4-NO2-PBN),5 '6 2,4,6-trimethoxy-

PBN(2,4,6-(MeO)3-PBN),2 7 and 2,4,6-trimethyl-PBN 
(2,4,6-Me3-PBN).27 (3) Miscellaneous Compounds: 1,1-di-
rerf-butylethylene, [ (CH 3 ) 3 C] 2 C=CH 2 ; 2 8 di-fert-butyl 
thioketone, [ (CH 3 J 3 C] 2 C=S; 2 9 &\-tert-buiy\ selenoketone, 
[ (CH 3 ) 3 C] 2 C=Se; 3 0 4-chlorobenzonitrile oxide, 
C l C 6 H 4 C = N O ; 3 1 2,4,6-trimethoxybenzonitrile oxide, 
(CH 3 O) 3 C 6 H 2 C=NO; 3 2 and 3-phenyi-2-te/7-butyloxazir-
ane, C 6H 5CHONC(CH 3 ) 3 . 3 2 

Experimental Section 

Materials. Diacyl Peroxides. Di([2-13C]-6-heptenoyl) peroxide was 
prepared by the series of reactions shown in Scheme II. Into 6.2 mL 
of a 1.02 N solution of sodium ethoxide in dry ethanol33 was added 
1 g (6.24 mmol) of diethyl [2-13C]malonate (90 at. % 13C, Merck 
Sharp & Dohme) and 1 g (6.7 mmol) of 5-bromopent-l-ene (Chem
ical Samples). The mixture was refluxed for 2 h and cooled, and 30 
mL of H2O was added. Extraction with ether, drying of the organic 
phase, and removal of the solvent yielded crude diethyl [2-13C]-4-
pentenylmalonate. After purification by trap to trap distillation the 
yield was 1.08 g (4.7 mmol, 75%): 1H NMR (CDCl3, h values in parts 
per million downfield from TMS) 1.10-2.16 (t + m, 12 H, CH3 and 
CCH2C), 3.14 (t, 1 H, ?-CH), 4.08 (q, 4 H, OCH2), 4.79-5.04 (m, 
2 H, H2C=C), 5.48-5.89 (m, 1 H, C=CH). 

The malonic ester was decarbethoxylated by the procedure of 
Krapcho and Lovey.34 A solution of 1.08 g of diethyl [2-13C]-4-pen-
tenylmalonate, 0.8 g of NaCl, and 0.4 mL of H2O, in 11 mL of di
methyl sulfoxide was refluxed for 4 h. After cooling, 60 mL of H2O 
was added and the mixture was extracted with ether (3 X 50 mL). The 
organic phase was dried over sodium sulfate, the solvent was removed, 
and the crude ethyl [2-,3C]-6-heptenoate was purified to 96% (VPC) 
by trap to trap distillation: yield, 0.50 g (3.2 mmol, 68%); 1H NMR 
(CDCl3) h 1 .20-2.42 (t + m, 11 H, CH3 and CCH2C), 4.18 (q, 2 H, 
OCH2), 4.90-5.16 (m, 2 H, H2C=C), 5.62-6.04 (m, 1 H, 
C=CH). 

The ethyl [2-13C]-6-heptenoate, 0.48 g, was hydrolized by heating 
to 120 0C for 8 h in a well-stirred vessel with 4 g of KOH in 8 mL of 
H2O. The clear, basic, solution was cooled and extracted twice with 
ether. The aqueous phase was acidified with 2 N HCl and extracted 
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with ether (3 X 50 mL). The ethereal solution was dried (Na2SO4), 
the solvent removed, and the crude [2-13C]-6-heptenoic acid purified 
by trap to trap distillation: yield, 0.32 g (2.5 mmol, 81%); 1H NMR 
(CDCl3) 5 1.31-2.43 (m, 8 H, CCH2C), 4.76-5.06 (m, 2 H, 
H2C=C), 5.50-5.93 (m, 1 H, C=CH), 9.00 (s, 1 H, OH). 

The acid was converted to the diacyl peroxide by Staab's carbon-
yldiimidazole route35 because the previously used acid chloride route 
to this peroxide36,37 was found to be unsatisfactory when starting with 
small quantities of the acid. To a solution of 346 mg (2.13 mmol) of 
A'.iV-carbonyldiimidazole (Aldrich) in 5 mL of tetrahydrofuran was 
added a solution of 278 mg (2.16 mmol) of[2-' 3C]-6-heptenoic acid 
in 2 mL of tetrahydrofuran. The solution was stirred for 30 min at 
room temperature and then cooled in an ice bath, 121 mg (1.07 mmol) 
of H2O2 (in a 30% solution) was added, and the mixture was stirred 
for a further 2 h in the cold. Thereafter, 30 mL of a saturated solution 
of NaCl was added and the reaction solution was extracted with ether 
(3 X 40 mL). The organic layer was washed with a saturated salt so
lution (3 X 30 mL) and dried over Na2SO4. Removal of the solvent 
under vacuum yielded 300 mg of material which, to judge from its 
NMR spectrum, appeared to be reasonably pure di([2-13C]-6-hepte-
noyl) peroxide, the only apparent contaminants being traces of imid
azole and tetrahydrofuran. Titration38 of samples of unlabeled per
oxide prepared in an identical manner showed a peroxide content of 
80-90% in all instances. 1HNMR (CDCl3) showed b 1.30-2.50 (m. 
16 H, CCH2C), 4.75-5.10 (m, 4 H, H2C=C), 5.40-6.10 (m, 2 H, 
C=CH). 

Di-n-heptanoyI peroxide was also prepared by Staab's route35 from 
fl-heptanoic acid. 

Di([2-13C]-acetyl) peroxide was synthesized by the reaction of [2-
13C]acetic anhydride (90 at. % 13C; Merck Sharp & Dohme) with 
sodium peroxide.39 

Spin Traps. 2-Methyl-2-nitrosopropane was prepared by the method 
of Stowell.40 Solutions of this compound were always handled in the 
dark. Nitrosobenzene (Aldrich) was recrystallized from methanol. 
Nitrosodurene was prepared by the procedure of Smith and Taylor.41 

2,4,6-Tri-<err-butylnitrosobenzene was a gift from Professor L. R. 
C. Barclay. 

5,5-Dimethylpyrroline 1-oxide and the following ring substituted 
phenyl-A'-rm-butyl nitrones, 4-MeO-PBN, 4-Me-PBN, 4-CN-PBN, 
and 4-NO2-PBN, where gifts from Professor E. G. Janzen. Meth
ylene- jV-terr-butyl nitrone was prepared as a solution in benzene from 
NtB and diazomethane42 by the method of Baldwin et al.43 and was 
immediately used. Phenyl- JV-terr-butyl nitrone (Eastman) was used 
without purification. 2,4,6-Trimethoxy-PBN, 2,4,6-trimethyl-PBN, 
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and phenyl-iV-ferf-perdeuteriobutyl nitrone were gifts from Dr. K. 
Sommermeyer. 

1,1-Di-tert-butylethylene,28 di-fert-butyl thioketone,29 and di-
tert-butyl selenoketone30 were available from earlier work. 4-ChIo-
robenzonitrile oxide was prepared by treating the corresponding hy-
droxamic acid chloride (obtained by chlorination of 4-chlorobenzal-
doxime44) with triethylamine.45 2,4,6-Trimethoxybenzonitrile oxide46 

and 3-phenyl-2-ferf-butyloxaziridine47 were prepared by literature 
methods. 

iV-n-Hexyl-iV-tert-butylhydroxylamine was prepared by reaction 
of/j-hexylmagnesium bromide with NtB in an argon atmosphere.48 

The reaction mixture was treated with an ammonium chloride solution 
and extracted with ether. The organic phase was dried (Na2S04) and 
transferred to a vacuum line, and the solvent was removed under 
vacuum. The hydroxylamine was isolated by trap to trap distillation. 
Attempts to purify this material by recrystallization of the hydrogen 
oxalate49 were not successful, the product obtained being the salt of 
di-ter/-butyl hydroxylamine. Attempts to purify the N-n-hexyl-N-
rerr-butyl hydroxylamine by HPLC (Waters /̂ CN column, 3% 2-
propanol in «-hexane (v/v) as eluent) were somewhat more successful, 
but a small amount of di-/err-butyl nitroxide was always present as 
an impurity, no matter how carefully light and air were excluded 
during the chromatography. 

General Procedure. Samples were prepared in quartz EPR tubes 
by adding aliquots of stock solutions of the spin traps to known 
quantities of the diacyl peroxide. The solutions were degassed by the 
freeze-thaw procedure and were sealed under 550 Torr of argon. The 
samples were stored in liquid nitrogen until required. All spectra were 
recorded on a Varian E-4 EPR spectrometer. 

Thermal Generation of Radicals. The frozen samples were trans
ferred to the preheated cavity of the spectrometer and spectra were 
recorded as a function of time. The ratios of the concentrations of the 
two spin adducts were determined by double integration of nonover-
lapping lines (of known degeneracy) in the first derivative EPR 
spectra. With the 13C labeled 5-hexenyl radical and any single spin 
trap the lines due to the 13C labeled adduct and to the normal adduct 
were of identical width. The ratio of [uncyclized adduct] /[cyclized 
adduct] could therefore be determined from the ratio of the heights 
of (corresponding) peaks of [labeled adduct]/[unlabeled adduct] after 
correction for (i) the fact that the 5-hexenyl radical was enriched to 
only 90 at. % 13C, and (ii) the fact that the cyclopentylmethyl adduct 
will have natural abundance (1.1%) 13C satellite lines. 

Absolute concentrations of the spin adduct, which were required 
for the steady-state measurements (see below), were determined by 
calibration against DPPH in the usual manner.50 

Rate of Peroxide Decomposition. The rate of decomposition of the 
peroxide was determined by monitoring the initial rate of formation 
of spin adducts.5 With NtB, MBN, ND, and PBN, at low and inter
mediate concentrations (see Table VI) the decay rate was first order 
in peroxide and independent of the trap and of its concentration. In 
benzene at 40 0C the rate constant for decomposition of di-«-hepta-
noyl peroxide to free radicals, k\, was found to be 1.5 X 1O-7 s -1 , in 
good agreement with other data.51 These facts provide strong evidence 
that the spin traps are able to trap all of the radicals produced from 
the peroxide under the conditions used in this work. At the highest trap 
concentrations employed (see Table VI) values of fc, increased by a 
factor of ~2 for all traps, which implies that the traps themselves can 
induce peroxide decomposition. This phenomenon does not, of course, 
influence competitive kinetic data. 

Photochemical Generation of Radicals. UV photolysis of acyl per
oxides is an excellent method for generating alkyl radicals,37 but this 
technique is not usually suited to quantitative work on spin trapping 
because the majority of traps are photolabile.3 However, several po
tential traps which were known to us to be fairly resistant to direct 
photolysis did not give adducts in appreciable yield under thermal 
conditions (presumably because adduct formation is slow relative to 
adduct destruction). Since the rate of radical production by photolysis 
is much higher than the rate by thermolysis (at ~40 0C) the di([2-
13C]-6-heptenoyl) peroxide was photolyzed in the presence of these 
traps. This did not prove particularly helpful in the case of 1,1-di-
?erf-butylethylene, nor in the case of di-rerr-butyl selenoketone (see 
Results), but useful information was obtained with di-rerr-butyl 
thioketone. With this last compound the trapping reaction must be 
readily reversible because the [HT-]/[CT-] ratio decreased rapidly 
with time. That is, the spectrum due to HT- could be detected imme
diately after the start of irradiation, but it was rapidly swamped by 

Scheme III 

\" / '* + S=C[C(CH3Ij]2 = ^ = ^ ^ y - S - C [ C ( C H 3 J J ] 2 

\ ^J>* +S=C[C(CH3Ij]2 • [2^CH2-S-C[C(CH3)3]2 

* 

the spectrum due to CT-, the 13C satellite lines being reduced after 
a few minutes to their natural abundance intensity (2 X 0.55% of the 
12C lines). The overall result is represented in Scheme III. The correct 
[HT-]/[CT-] ratio was obtained as follows. The sample was subjected 
to short light pulses of a fixed duration of 0.52 s which was obtained 
during each rotation of a "rotating sector" disk through the light path. 
The magnetic field was set to coincide first with the maximum of the 
13C peak and then, after an interval long enough for all the signals to 
die away, with the maximum of the 12C peak. The 13C and 12C peak 
heights were recorded as a function of time and extrapolation of their 
ratio back to the start of irradiation yielded the true [HT-]/[CT-] ratio. 
The accessible range in temperature and in trap concentration were 
severely limited by the need to obtain reasonable [HT-]/[CT-] ratios 
and by light absorption by the thione when it was present in high 
concentration. 

Decay of n-Hexyl- ferf-butyl Nitroxide. These radicals were gen
erated by H atom abstraction from the parent hydroxylamine with 
photochemically generated tert-butoxy radicals.50 The rate constant 
for decay was determined by monitoring the decrease in the nitroxide 
concentration when the light was cut off. The experimental procedure 
has been described previously,50 

Dimerization of Nitrosodurene. In solution, nitrosodurene is known 
to be largely dimerized.18 Since only the monomer will be active as 
a spin trap it was necessary to determine the equilibrium for dimeri
zation, K = [dimer]/[monomer]2. This was done by monitoring the 
optical density of solutions of nitrosodurene in benzene at 22 0C over 
a concentration range from 8 X 10-4 M to a nearly saturated 1.6 X 
10~2 M on a Cary 15 spectrophotometer at a wavelength of 750 nm. 
This wavelength is somewhat below the absorption maximum of the 
monomer, but this was necessitated by the fact that the maximum 
occurs near 800 nm, which is too close to the operating limit of the 
spectrophotometer for accurate measurements to be made. Assuming 
that there is just a simple monomer-dimer equilibrium, that light is 
absorbed only by the monomer, and that Beer's law applies, then K 
can be calculated from the relation52 

Diso D2T5Q - , „ 

Ic 6750' C 

where c is the molar concentration of nitrosodurene (calculated as 
monomer), / is the cell length in centimeters, and D750 and £750 are 
the optical density and molar extinction coefficient per centimeter of 
the monomer at 750 nm, respectively. As implied by this equation, a 
plot of Diso/lc against D2yso/l2c did give a straight line from which 
«750 (= intercept) was found to be 1653 and K (= slope X intercept/2) 
was found to be 286 M-1.55 At 40 0C under spin trapping conditions, 
K is estimated to be 250 ± 25 M - ' . The rather large error in K arises 
from three factors: (i) the instrumental problem referred to above, 
(ii) the low solubility of nitrosodurene, and (iii) the small extinction 
coefficient of the monomer. Fortunately; the nitrosodurene concen
trations that had to be used for spin trapping were quite low, and so 
the uncertainty in K proved to be of small consequence. 

Results 

Competition between Spin Trapping and Cyclization of the 
[l- ,3C]-5-Hexenyl Radical. This competition was studied in 
benzene using the thermally generated radical with 2-
methyl-2-nitrosopropane (NtB), tri-fe/t-butylnitrosobenzene, 
phenyl-/erf-butyl nitrone (PBN), and its tert-buiy\ d? ana
logue. Figure 1 shows part of the spectrum obtained with NtB 
at 40 °C. The approximate magnitude to be expected for the 
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Figure 1. Lowest field lines, corresponding to Vi2 of the total signal in
tensity, in the spectrum obtained by heating a benzene solution of di([2-
l3C]-6-heptenoyl) peroxide, 0.066 M, and 2-methyl-2-nitrosopropane, 
0.032 M, to 40 0C. The center line is due to CT- and the side lines to 
HT-. 

Table I. 13C Hyperfine Splittings (in Gauss) for Some Spin 
Adducts Produced by Trapping the [l-13C]-5-Hexenyl Radical 
and the [13C]Methyl Radical at 40 0C 

Spin trap al3c(HT-) al3c(CH3T-) 

NtB 

ND 

Bu3
1NB 

PBN 

(CHj)3CN=O 5.0 

C6H5CH=N(O)C(CH3)J 
[(CHa)3C]2C=S 

6.8 

3.1 
21.0 

5.1a 

6.95° 

7.7 

3.2* 
23.5C 

" For comparison, a'3c in ( C H 3 ) J C C H 2 C ( C H J ) 2 N ( 0 - ) 1 3 C H 3 is 
6.1 G, in [(CH3)J

13C]2NO- it is 4.38 G, and in C6D5N(O-V3CH3 it 
is 6.0 G; see R. Briere, H. Lemaire, and A. Rassat, J. Chem. Phys., 
48, 1429 (1968). * a"c = 3.15 G.26 c Reference 29. 

13C hfs were determined prior to the kinetic runs by using 13C 
labeled methyl radicals generated by thermal decomposition 
of 13C labeled acetyl peroxide. The 13C hfs obtained are listed 
in Table I. 

The ratio of the HT* and CT* peak heights yields the ratio 
of the concentrations of these two radicals (see Experimental 
Section) and hence, via eq Ib, the rate constant ratio, kT/kc. 
Values of kT/kc are compiled in Table II together with values 
of kT, which are based upon kc obtained from the relation15 

log (fcc/s"1) = 1 0 . 7 - 7 . 8 / 0 

where 6 = 2.3RT kcal/mol. The range of spin trap concen
trations that could be covered was severely limited by the need 
to obtain comparable concentrations of HT- and CT-. The 
temperature range was also somewhat restricted, the lower 
limit being determined by the need for an adequate rate of 
peroxide decomposition and the upper by the boiling point of 
benzene. Except for NtB the [HT-]/[CT-] ratios did not 
change during an experiment. However, with NtB this ratio 
tended to decrease with time (e.g., by ~20% in 30 min at 40 
0 C) . It was therefore necessary to extrapolate the NtB 
[HT-]/[CT-] ratios back to zero time. 

Thermal decomposition of the labelled diacyl peroxide did 
not produce any substantial yield of the spin adducts with 
l,l-di-fe/-;-butylethylene, di-tert-butyl thioketone, or di-

Table II. Rate Constants Derived from the Competition between 
Spin Trapping and Cyclization of the [l-13C]-5-Hexenyl Radical 
in Benzene 

Spin trap, 

NtB, 
NtB, 
NtB, 
NtB, 

Bu3 'NB, 
Bu3 'NB, 

PBN, 
PBN, 
PBN, 
PBN, 
PBN, 

PBN-O1C,, 

M 

0.026 
0.032 
0.033 
0.033 
0.30 
0.30 
0.44 
0.44 
0.295 
0.89 
0.89 
0.45 

T, 0 C 

40 
40 
55 
71 
56 
73 
23 
40 
40 
55 
71 
40 

kT/kc, 
M - 1 

50.4 
50.9 
34.8 
20.3 

1.20 
1.03 
1.11 
0.75 
0.75 
0.48 
0.38 
0.69 

feTX 1 0 - 5 , M - 1 S - ' 

89.7 
90.6 
110 
112 

3.94 
6.08 

0.963 
1.34 
1.34 
1.52 
2.10 
1.23 

Table III. Competition between Spin Trapping and Cyclization of 
the [l-l3C]-5-Hexenyl Radical and Di-tert-buly\ Thioketone (0.5 
M) in Toluene" 

T, °C 

- 8 2 
- 4 2 
- 9 5 
- 5 7 
- 7 3 

kT/c, M - ' 

1.92 
0.69 
2.79 
0.74 
1.59 

T, 0 C 

- 3 8 
- 9 4 
- 4 5 
- 8 4 

kJ/c, M- 1 

0.81 
2.34 
0.79 
1.87 

a [Di([2-13C]-6-heptenoyl) peroxide] = 0.07 M. Experiments were 
carried out in a random order, as indicated. 

Table IV. Summary of Kinetic Data for Spin Trapping of the 5-
Hexenyl Radical by Di-tert-butyl Thioketone" 

Solvent Toluene* Isopentanec 

Temp range, K 
£T, kcal/mol 
LOg(^VM-1S-1) 
kT at 25 0C, M-1S" 

178-235 
5.8 ± l.l r f 

8.7 ± L I ' ' 
3 X 10 4 e 

134-210 
6.8 ± L l ' ' 
9.8 ± L I ' ' 
7 X 104^ 

a [Peroxide] = 0.07 M. * Data from Table 111. c Combination of 
data obtained with thioketone concentrations of 0.25 and 0.5 M. 
d Error limits are standard deviations. e Extrapolated value. 

tert-buiy\ selenoketone. However, photolysis of the peroxide 
in the presence of the thioketone (using short light flashes 
because of the reversibility of trapping; see Experimental 
Section) did yield signals from both HT- and CT- from which 
the kT/ke ratio could be determined. Data from a representa
tive experiment are given in Table III and the kinetic data 
obtained with this trap are summarized in Table IV. 

The 13C labeled peroxide was photolyzed in neat di-tert-
butylethylene (6 M) over a temperature range from —40 to + 
60 °C, but at no temperature did the heights of the 13C satellite 
lines exceed those expected from naturally abundant 13C in the 
CT-adduct (i.e., 2 X 0.55% of the 12C lines). It seems certain 
that 5% HT- could have been detected and, therefore, at 25 0 C, 
kT/kc < 8 X 10-3 and kT < 850 M"1 s"1. 

Photolysis of the labeled peroxide with the selenoketone gave 
two radicals, the unlabeled alkyl spin adduct and a second, 
more persistent, radical which unfortunately obscured the 13C 
satellite lines of any labeled adduct. This prevented the spin 
trapping rate constant from being determined. 

Competition between Two Spin Traps. The data obtained 
with the [l-13C]-5-hexenyl radical were extended by com
petitive experiments using pairs of spin traps that gave adducts 
with the 1-hexyl radical which had easily distinguished EPR 
spectra. That is 

CH3(CH2)5- + T 1 - ^ i - C H 3 ( C H 2 ) 5 T r 

CH3(CHz)5- + T 2 - ^ CH3(CH2)5T2-
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Table V. Competitive Spin Trapping of 1-Hexyl in Benzene at 40 
0C 

Scheme IV 

Ti, M X 103 

NtB, 3.8 
NtB, 4.7 
NtB, 3.5 
NtB, 4.0 
NtB, 9.3 
NtB, 4.5 
NtB, 3.8 
NtB, 4.2 
NtB, 3.8 
NtB, 3.8 
NtB, 3.8 
NtB, 3.8 
NtB, 4.2 
NtB, 4.2 
NtB,15 
NtB, 18 
NtB, 20 
PBN, 203 
PBN, 203 
PBN, 407 
PBN, 230 
PBN, 203 
PBN, 203 
PBN, 350 
PBN, 519 
PBN, 164 
PBN, 218 
PBN, 273 
PBN, 59 
PBN, 54 
PBN, 130 

T2, M X 10
3 

PBN, 290 
PBN, 260 
PBN, 111 
PBN, 96 
PBN, 21 

PBN-^9, 256 
4-MeO-PBN, 250 
4-MeO-PBN, 250 
4-Me-PBN, 280 
4-Me-PBN, 280 
4-CN-PBN, 98 
4-CN-PBN, 98 

4-NO2-PBN, 130 
4-NO2-PBN, 130 

Bu3'NB, 139 
Bu3'NB, 84 
Bu3'NB, 62 
ND, 1.77" 
ND, 0.90" 
ND, 1.77a 

ND, 0.90a 

ND, 0.52° 
ND, 0.29" 
DMPO, 44 
DMPO, 44 
MBN, 26 
MBN, 17 
MBN, 8.5 

(MeO)3-PBN, 145 
(MeO)3-PBN, 88 
(MeO)3-PBN, 120 

[T2]/[T,] 

76 
55 
32 
24 
2.3 
57 
66 
60 
74 
74 
26 
26 
31 
31 
9.3 
4.7 
3.1 
0.0087 
0.0044 
0.0043 
0.0039 
0.0026 
0.0014 
0.126 
0.085 
0.158 
0.078 
0.031 
2.5 
1.6 
0.9 

kTl/kT2 

75.5 
83.6 
60.8 
64.8 
60.0 
64.9 
77.0 
78.5 
67.1 
78.9 
52.4 
55.0 
29.5 
33.5 
21.0 
20.2 
16.0 
0.00341 
0.00344 
0.00327 
0.00305 
0.00413 
0.00317 
0.0503 
0.0529 
0.0459 
0.0435 
0.0391 
6.8 
6.4 
8.7 

0 Concentration of nitrosodurene monomer calculated from the 
total concentration of nitrosodurene and the measured (see Experi
mental Section) dimer-monomer equilibrium constant (250 M - 1). 

and hence 

kT] = kr2 ([T2]Jd[CH3(CH2) 5Tr]/dt)^0\ 

V[T1Kd[CH3(CH2)ST2-Vd^ ' *• } 

The 1-hexyl radicals were generated thermally from di-n-
heptanoyl peroxide (0.06 M) in benzene at 40 0 C. A non
competitive experiment was carried out first with all traps for 
which the EPR spectrum of the 1-hexyl adduct (if it were 
formed) was not known. In the competitions the range of spin 
trap concentration ratios was limited by the need to obtain 
comparable concentrations of the two spin adducts. The ex
perimental results are given in Table V. 

A number of potential spin traps proved unsatisfactory for 
quantitative work for one reason or another. Thus, 2,4,6-tri-
methyl-PBN gave only a weak and short-lived EPR signal. 
Presumably the alkyl spin adduct is formed relatively slowly 
but decomposes rapidly, probably by an intra- or intermolec-
ular hydrogen atom transfer from a mesityl methyl group to 
the nitroxide oxygen.58 Nitrosobenzene was found to be ther
mally (as well as photochemically) unstable at 40 0 C, the only 
EPR spectrum ever obtained being that due to diphenyl ni
troxide. 4-Chlorobenzonitrile oxide (which is thermally un
stable45) and 2,4,6-trimethoxybenzonitrile oxide are both 
rather insoluble in benzene (maximum concentration <0.05 
M) and the iminoxy radicals which are formed by trapping 

R. -I- A r C = N ^ O — A r ( R ) C = N - O -

are not very persistent. Some nitroxide radicals are also formed 
from both nitrile oxides. 3-Phenyl-2-?erf-butyloxaziridine, 
which is an isomer of PBN, did not trap primary alkyl radicals 
under our conditions. 

(RO(O)O)2. - ^ R - + CO2 

R- + T -^- RT-

R- + RT- -**• Products 

RT- -I- RT- ^5*- Products 

(1) 

(2) 

(3) 

Steady-State Experiments. Additional rate constants can 
be obtained by measuring the steady-state concentration of the 
spin adduct59 at different concentrations of spin trap. Thus, 
nitroxide radicals are known to trap alkyl radicals and to un
dergo bimolecular self-reactions. The overall situation for a 
nitroso or nitrone spin trap can therefore be represented by 
reaction Scheme IV. Applying the usual steady-state treatment 
to these reactions yields eq III. 

/cT[T] - /c2[RT-]ss _ 2Jc1 [ R T - ] s s 2 

*T[T] + Ai2[RT-], 
(III) 

The rate of radical formation, v„ can be determined by 
measuring the initial rate of formation of the spin adduct.5 

There is some induced decomposition of the peroxide at high 
concentrations of spin trap (see Experimental Section). For 
the calculation of 2£;3 according to eq V we used the average 
of the Uj values measured at the highest concentrations of the 
various traps, viz., 2 X 1O-8 M s - 1 (which corresponds to k[ = 
3 X 10 - 7 s_ 1) . Since kT, D1, and [T], are all known quantities 
the rate constants for the two remaining reactions in Scheme 
IV can be readily evaluated. This is most simply accomplished 
by plotting [RT-]SS against [T]. The initial slope of such a plot 
yields ki via eq IV, and the limiting value of [RT-]ss at high [T] 
yields 2ky via eq V.60 Once these two rate constants have been 
determined the theoretical curve for [RT-]ss = / [T] can be 
calculated via eq III.61 

/d[RT-] s s \ = ^ 

\ d[T] / r -*o k2 

( [ R T - W r - = (v,/2k3) V2 

(IV) 

(V) 

The results of our steady-state measurements with four spin 
traps in benzene at 40 0 C are listed in Table VI, together with 
the calculated values of [RT-]SS at each experimental trap 
concentration. The rate constants used for the theoretical 
calculations are summarized in Table VII. It should be noted 
that with the NtB and MNB we have deliberately utilized 
identical (averaged) values for k2 and Ik3. This is because it 
seems highly probable that the spin adducts from these two 
traps will exhibit almost identical kinetic properties since they 
differ by only a single CH2 unit in the n-alkyl chain. Plots of 
[RT-]SS v[T] for these two traps are shown in Figure 2. For all 
four traps there is reasonable agreement between experiment 
and theory (see Table VI and Figure 2)—which is extremely 
gratifying. 

Bimolecular Self-Reaction of n-Hexyl-terf- butyl Nitroxide. 
In order to check at least one of the 2k} values found by the 
foregoing steady-state method, we attempted a direct mea
surement of the rate of the bimolecular self-reaction of n-
hexyl-?ert-butyl nitroxide. The radical was generated photo
chemically from the parent hydroxylamine (see Experimental 
Section) but the exact value of Ik3 could not be determined 
because we were unable to prepare this hydroxylamine un-
contaminated by traces of 7V,7V-di-/erf-butylhydroxylamine 
and di-rert-butyl nitroxide.63 The effect of these impurities was 
to accelerate the decay of the «-hexyl-/er?-butyl nitroxide. 
Under conditions of minimum impurities we were able to es
tablish that n-hexyl-rert-butyl nitroxide decayed with second 
order kinetics and that 2&3 < 246 ± 47 M - 1 s _ l at 40 0 C in 
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Table VIII. Summary of the Rate Constants for Spin Trapping of 
Primary Alkyls in Benzene at 40 0C 

[ T ] x l 0 3 (M) 

Figure 2. Steady-state concentrations of H-he-xyl-NtB (filled circles) and 
n-hexyl-MBN (open circles) as a function of trap concentration. 

Table VI. Spin Adduct Steady-State Concentrations at Different 
Trap Concentrations in Benzene at 40 °C" 

[RT-]SS X 106, M 

Trap 

NtB 
NtB 
NtB 
NtB 
NtB 

MBN 
MBN 
MBN 
MBN 
MBN 
MBN 
MBN 
MBN 
MBN 

ND 
ND 
ND 
ND 
ND 

PBN 
PBN 
PBN 
PBN 
PBN 
PBN 
PBN 

[T] X 103, M 

28.4 
14.2 
5.7 
2.8 
0.28 

64.4 
12.9 
5.1 
2.6 
2.5 
1.0 
0.64 
0.51 
0.26 
2.79c 

1.53c 

0.90c 

0.24c 

0.12 
813 
407 
163 
98 
81 
16 
8.1 

Obsd 

11.6 
13.0 
10.8 
10.8 
3.2 
9.6 

11.3 
9.3 
8.4 
7.9 
6.8 
6.0 
5.0 
2.4 

18.8 
18.1 
14.4 
9.2 
4.5 

105 
92 
55 
32 
27 

6.7 
3.5 

Calcd* 

12.4 
12.2 
11.7 
10.9 
5.2 

12.4 
11.4 
10.1 
8.6 
8.5 
5.9 
4.5 
3.8 
2.2 

18.6 
17.7 
16.4 
11.5 
8.2 

106 
85 
54 
37 
32 

7.1 
3.5 

" [Di-/i-heptanoyl peroxide] = 0.066 M.6 From data in Table VII; 
see text. c Concentration of monomer. 

Table VII. Kinetic Data Used to Calculate Spin Adduct Steady-
State via Eq III for Table VI 

Trap 
kT X 10" 

M - ' s -
k2X 10"8 

M- 1 S- ' 
2ki 

M-
v{X 108, 

Ms" 1 

NtB 
MBN 
ND 
PBN 

9.0 
3.1 

39 
0.13 

3.5 
3.5 
4.2 
3.0 

125 
125 

50 
1 

2 
2 
2 
2 

benzene. This is in not unreasonable agreement with the value 
of 125 M - 1 s_ 1 found by the steady-state method. 

Discussion 

The rate constants for the spin trapping of primary alkyl 
radicals were determined by two independent methods for the 

Spin trap Method" 
/cTX10-5, 

M- ' s " 1 

2-Methyl-2-nitrosopropane (NtB) A, B 
Nitrosodurene (ND) B 
Tri-fert-butylnitrosobenzene B 

(Bu'3NB) 
Dimethylpyrroline 1-oxide (DMPO) B 
Methylene-rerr-butyl nitrone (MBN) B 
Phenyl-ferr-butyl nitrone (PBN) A, B 
PBN-^9 A, B 
4-MeO-PBN B 
4-Me-PBN B 
4-CN-PBN B 
4-NO2-PBN B 
(MeO)3-PBN B 
l,l-Di-;er?-butylethylene A 
Di-?er(-butyl thioketone A 

" A, competition with 5-hexenyl cyclization; B, competition between 
spin traps. * Neat material. c In toluene, extrapolated value. 

Table IX. Relative Rates of Spin Trapping for Some Different 
Radicals" 

90.2 
394 

4.7 

25.8 
31-3 

1.33 

1.3i 
1.I6 

1.24 

1.68 

2.86 

0.182 

<0.015* 
0.445^ 

Spin Trap 

NtB 
DMPO 
MBN 
PBN 
4-MeO-PBN 
4-Me-PBN 
4-NO2-PBN 
(£T)PBN X 

lfj-6 I 

C6H5C-
(O)O-* 

(D* 
2.3 
1.6 
0.45 
~40;' 

(CH3)3-

co-cJ 

0.27? 
91 

55-91 

(D* 
1.0 
0.62 
1.6 

- 5 . 5 * 

(CH3)3C-

ocoe 

~1.0 

(D* 

1.1-5.5' 

n-Alkyl/ 

68 
19 
24 

(D* 
0.87 
0.93 
2.2 
0.13 

a At 40 0C unless otherwise noted. * Reference 5. c Reference 6. 
d At 25 0C. e Reference 8. / This work. * This particular value may 
be too low by as much as a factor of 100; see ref 11. * Assumed. ' M - ' 
S-1 units.) See ref 7. * Estimated to be »60 X 106M-1S"1 for CH3O-
trapping; see ref 10. ' See ref 9. 

two most commonly employed traps, viz., 2-methyl-2-nitro-
sopropane (NtB) and phenyl-rerf-butyl nitrone (PBN). The 
ratio, (&T)NtB/(£T)pBN, °f ^ e averaged rate constants de
termined by way of the 5-hexenyl cyclization is 67.3, while 
direct competition between the traps for the 1-hexyl radical 
gave a mean ratio of 68.9. The excellent agreement between 
these numbers implies that our experimental procedures are 
fairly reliable. We believe that the relative kT values are 
probably accurate to ca. ±30% in most cases. The error is 
rather large because it is difficult to measure initial rates of spin 
adduct formation. At the start of the reaction the signal to noise 
ratio is unfavorable while, as the reaction progresses and the 
signals increase in strength, the extrapolation back to zero time 
becomes less and less reliable. The absolute values of kr at 40 
0C, which are summarized in Table VIII, are probably reliable 
to no more than about a factor of 2 because of uncertainty in 
the precise value of the rate constant for the 5-hexenyl cycli
zation.15 

Examination of the rate constants listed in Table VIII, and 
comparison with the limited data available for other radicals 
(Table IX), reveals the following facts about the spin trapping 
of primary alkyls. 

(1) Nitroso compounds would, in general, appear to be 
better, i.e., faster, traps for «-alkyls than nitrones. This be
havior contrasts with that reported8 for rerr-butoxycarbonyl 
which is rather undiscriminating and with that reported6 for 
tert-b\itoxy radicals. However, in the case of alkoxy adducts 
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there would appear to be some doubt as to the reliability of the 
data.1 XM Differences in trapping abilities are clearly a factor 
to be considered when selecting a spin trap for a particular 
task. 

(2) Aromatic nitroso compounds trap n-alkyls faster than 
nitrosoalkanes (ND > NtB) unless steric hindrance is very 
pronounced (Bu3

1NB). In fact, nitrosodurene has the highest 
kT of any trap examined, but this does not necessarily imply 
that it will be the best trap to use on all (alkyl radical) occasions 
since the utility of a trap depends also on many other factors. 
(For example, the ease with which the trapped radical can be 
identified, the persistence of the spin adduct (i.e. k2, 2A:3, etc.), 
the thermal and photo-stability of the trap, and so on.) The 
great reactivity of moderately hindered nitrosoaromatics can 
probably be attributed to stabilization65 of the spin adducts 
by derealization of the unpaired electron into the aromatic 
ring. That is, alkylaromatic nitroxides must be stabilized to 
a greater extent than dialkyl nitroxides (but this does not imply 
that they will necessarily be more persistent).65 

(3) Aliphatic nitrones trap n-alkyls faster than aromatic 
nitrones. The same is true for their trapping of the tert-butoxy 
radical.6 Two factors are probably responsible for the greater 
reactivity of the aliphatic nitrones. In the first place, both al
iphatic nitrones are sterically less crowded than any of the 
aromatic nitrones examined. The fact that steric hindrance can 
play an important role in these reactions is made obvious by 
the kT values for PBN and (MeO)3-PBN. In this connection, 
it is interesting to note that the two aliphatic nitrones are of 
similar effectiveness in trapping both n-alkyl and ?er?-butoxy 
radicals. Secondly, adduct formation by the aromatic nitrones 
will be disfavored because conjugation between the C = N 
double bond and the aromatic ring must be disrupted. 

(4) Electron-withdrawing groups enhance and electron-
donating roups reduce the rate of n-alkyl addition to substi
tuted PBNs, though the effect is not large (p = 0.2 ± 0.1 with 
"para- values). This is just the opposite to the polar effect ob
served by Janzen et al.5 with benzoyloxy radicals (p = -0 .47 
with <7Para

+ values). However, it is interesting to note that these 
workers predicted "one might anticipate a less negative slope 
(maybe positive) for a nucleophilic radical". It would appear 
that n-alkyl radicals are sufficiently nucleophilic to bear out 
this prediction, it being well known that alkyl are more nu
cleophilic than the majority of reactive free radicals.66 We 
presume that the polar effects we observe are due mainly to the 
influence of the substituents on the stabilities of the PBNs in 
their ground states. That is, the ground states will be stabilized 
(i.e., made less reactive) by electron-donating substituents 
(because these stabilize the + N - O - bond) and will be de
stabilized (i.e., made more reactive) by electron-withdrawing 
substituents. The more commonly observed effect of substit
uents in stabilizing/destabilizing charge separated transition 
states69^71 is probably of much less significance. 

(5) Effective spin traps have high kr values. The absolute 
rate constants obtained in the present work are in the general 
range found for the trapping of other radicals (see Table IX; 
other kT values include C6H5- + PBN, 1.2 X 107 M - 1 s _ 1 7 

and (Me3CO)2CH + NtB, 0.9-4.5 X 106 M~' s"1 9 ) . Some 
kT values for the reaction 

R- + R N = O — R2NO-

in the gas phase are also in this general range,72 e.g., 4 X 107 

M - ' s - ' for R = CD3 at 25 0 C. 
Because primary alkyls are trapped rapidly, the activation 

energies for spin trapping must be small. This was confirmed 
for four spin traps (see Tables IV and X). The pre-exponential 
factors for trapping by di-?e/7-butyl thioketone, NtB, and PBN 
are (within their accuracy) in the general range to be expected 
for radical additions to double bonds.73 However, the pre-

Table X. Arrhenius Parameters for Spin Trapping /!-Alkyl 
Radicals in Benzene 

Spin trap 

NtB 
Bu3'NB 
PBN 

Temp range, K 

313-344 
313-346 
300-344 

£T, kcal/ 
mol" 

2.0 
1.0 
3.2 

log (AT/U~ 

8.4 
6.5 
7.3 

1 S - ' ) " 

" Error limits have not been computed because they would not be 
justified in view of the small temperature ranges covered and the 
limited number of experimental points. 

exponential factor for tri-rert-butylnitrosobenzene appears to 
be well below this range which implies that the steric effect of 
the two ortho tert-buty[ groups manifests itself more in the 
entropy, than in the enthalpy, of activation. That is, although 
there is only a small potential energy barrier to be surmounted, 
the reaction is slow because adduct formation requires a fairly 
exact configuration of the reactants. 

There is satisfactory agreement between the measured and 
calculated values of the steady-state spin adduct concentrations 
at different trap concentrations (see Table VI and Figure 2). 
For these four traps (NtB, MBN, ND, and PBN,) therefore 
the overall system is adequately described by the reactions 
shown in Scheme IV and some reliance can be placed on the 
rate constants derived from these measurements, i.e., the k2 

and 2Ar3 values given in Table VII. Thus, the rate constants for 
reaction of the nitroxide spin adducts with the n-hexyl radical 
all lie in the range 3-5 X 108 M - 1 s_1 . They are therefore in 
excellent agreement with rate constants that have been found 
for the addition of various other alkyl radicals to sterically 
hindered dialkyl nitroxides,74"77 e.g., 4 X 1 0 8 M - 1 s_ 1 for the 
addition of cyclopentyl to 2,2,6,6-tetramethyl-4-oxopiperi-
dine-A^-oxyl.77 Similarly, the rate constants for the bimolecular 
self-reactions of these spin adducts are all well within the very 
wide range of values78 that have been encountered with other 
nitroxides.50-79 These reactions involve an irreversible dis
propor t ionate to form the nitrone and the corresponding 
hydroxylamine,50 i.e., 

2RiR 2 CHN(0-)R 3 — R i R 2 C = N ( O ) R 3 

+ RiR 2 CHN(OH)R 3 

The rate constants are greatly reduced by steric protection of 
the hydrogen atom(s) available for transfer,78 and it must be 
this factor that is responsible for the decrease in 2Ar3 from 125 
M - 1 S - 1 for the NtB and MBN adducts, through 50 M - s _ 1 

for the ND adduct, to 1 M" 1 s"1 for PBN adduct. A direct 
attempt to measure 2Ar3 for n-hexyl-ferf-butyl nitroxide (the 
NtB adduct) was not very successful (it gave 2Ar3 < 246 M - 1 

s_ 1; see Results), but it did serve to confirm that the indirect 
value of 125 M - 1 s _ 1 is not seriously in error. 
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