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narrow: we hope that the resultant reversed substituent effect 
may be an observation of use in other mechanistic investigations 
of stereoelectronic control. 
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Liquid-phase autoxidations play an important role in the syn
thesis of oxygenated organic compounds and in the oxidative 
degradation of materials as varied as plastics, lubricating oils, and 
living organisms.3 Although these processes all involve the re
action of free radicals with atmospheric oxygen, there have been 
rather few determinations of the rate constants for these reactions. 
To a large extent, this lack of accurate kinetic data reflects the 
fact that under most conditions the reaction of free radicals with 
oxygen is not the rate-determining step in the propagation of the 
autoxidation chain. That is, of the two propagating steps: 

R- + O2 - ^ - ROO- (1) 

ROO- + RH — ROOH + R- (2) 

it is reaction 2 that is generally rate controlling. A great many 
rate constants have therefore been determined for this reaction.4,5 

The few published rate constants for reaction 1 for carbon-
centered radicals range from as low as 4 X 106 M"1 s"1 all the way 
up to 5 X 109 M"1 s"1 in fluid solution at ambient temperatures.6"17 
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While some of the differences in k0x values may reflect genuine 
differences in reactivity due to differences in radical structure, 
in many cases the differences must reflect either experimental error 
or inaccurate assumptions regarding reactions occurring in com
petition with radical scavenging by oxygen. The most notable 
of the "slow" R- + O2 reactions in solution are those for which 
R- is benzyl or a benzylic type of radical.6"9 Reported6"9 rate 
constants are in the range 2.5-6.8 X 107 M"1 s"1 (though a higher 
value has been found in the gas phase).18 A slow reaction between 
O2 and the benzyl radical might be attributed to the resonance 
stabilization of this radical. However, other resonance-stabilized 
radicals of the allylic and pentadienylic type have been reported 
to react with O2 more rapidly,14 while stabilized hydroxyalkyl 
radicals have k0% values > 109 M"1 s"1.13,19 

The possibility that the benzyl radical has an anomalously low 
reactivity toward oxygen has led us to measure the rate constant 
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Table I. Kinetic Data for the Scavenging of Various Free Radicals by Oxygen at 300 K 

radical solvent kQx, M"1 S- O2 solub.c Tabled 

PhCH2-
PhCH2-
PhCH2-
PhCH2-
PhCH2-
PhCH2-
Me3C-
C-C6H7-
(C2HS)2NCHCH3 

CH3C(OH)CH3 

M-Bu3Ge-
n-Bu3Sn-

hexane 
cyclohexane 
hexadecane 
benzene 
acetonitrile 
2-propanol 
cyclohexane 
benzene 
benzene 
2-propanol 
benzene 
benzene 

(2.78 
(2.36 
(1.04 
(2.88 
(3.42 
(2.51 
(4.93 
(1.64 
(4.9 ± 
(3.92 
(2.50 
(7.5 ± 

±0.32) X 10' 
± 0.22) X 10' 
±0.05) X 10' 
±0.50) X 10' 
±0.17) X 10' 
±0.38) X 10' 
± 0.12) X 10' 
±0.15) X 10' 
3.I)X 10' 

±0.74) X 10' 
±0.34) X 10» 
1.4) X 10' 

308 
308 
308 
308 
308 
308 
308 
337 
337 
308 
308 
337 

317 
317 
317 
317 
317 
317 
320 
315 
360 
355 
315 
380 

0.01477 
0.01153 
0.01725 
0.00919 
0.0080 
0.01074 
0.01153 
0.00919 
0.00919 
0.01074 
0.00919 
0.00919 

II 
III 
IV 
V 
VI 
VII 
VIII 
IX 
X 
XI 
XII 
XIII 

c Molar concentration of oxygen under 1 atm partial pressure, taken from ref 0 Errors reported as twice the standard deviation. b In i 
30. d Supplementary table giving full kinetic details. 

for this reaction at ambient temperatures with high precision, using 
the technique of laser flash photolysis. We have investigated the 
effect of a variety of solvents on the kinetics of this reaction and 
have also measured the rates of reaction with O 2 of a number of 
other stabilized carbon-centered radicals. For comparison, the 
kinetics of the reaction with O 2 of the unstabilized rerf-butyl 
radical has also been examined. In addition we have measured, 
or attempted to measure, the rates of reaction with O2 of several 
heteroatom-centered free radicals. For such species, the only 
kinetic result previously available was contained in a preliminary 
report from this laboratory on the reaction of oxygen with the 
tri-n-butyltin radical.21 

Experimental Section 

All experiments were carried out using laser flash photolytic tech
niques and employing for excitation the pulses from either a Molectron 
UV-24 nitrogen laser (337.1 nm, ~ 8 ns, up to 10 mJ/pulse) or a Lu-
monics TE-860-2 excimer laser operated with Xe/HCl mixtures (308 nm, 
~ 5 ns, up to 80 mJ/pulse). Transient absorptions were monitored with 
a computerized system having nanosecond response, which has been 
described previously.22 Samples were contained in Suprasil cells made 
of 7 X 3 mm2 (nitrogen laser) or 7 X 7 mm2 (excimer laser) tubing. 
Mixtures of oxygen and nitrogen of precisely known composition were 
prepared using a Tylan mass flow gas controller-mixer system (reported 
accuracy ±0.1%). Typical flows through the controller were in the range 
20-40 cm3/min. A gas splitter system diverted a small fraction (~ 10%) 
of this flow through the sample in a fine stream of bubbles from a 
hypodermic needle. Particular care was taken to minimize the dead 
volume between the needle and controller and to ensure gas-liquid 
equilibration. The gas mixture was passed through the solution both 
before and during the actual experiment. Typically, the sample was 
exposed to 5-15 laser pulses at ca. 4-s intervals. Increasing or decreasing 
this interval, as well as changes in the number of laser pulses, was found 
not to affect the kinetic measurements. However, preliminary studies in 
which the samples were saturated before, but not during the experiment, 
led to results that were dependent on the number of, and interval be
tween, the laser pulses. This indicated partial oxygen depletion in the 
region of the solution being examined and emphasizes the need to ensure 
gas-liquid equilibration and/or mixing of the solution. 

The radicals studied were those which could be generated by the laser 
flash in an essentially instantaneous process, which gave well-charac
terized signals, and which decayed with simple first-order kinetics in the 
presence of oxygen (or were unaffected by oxygen). Commercially 
available radical precursors and solvents were purified by standard 
techniques. tert-Buty\ phenylperacetate was prepared from tert-buty\ 
hydroperoxide and phenylacetic acid in the usual way.23 

Results 

The measurement of the kinetics of the reaction of benzyl 
radicals with oxygen will be described in some detail to illustrate 
the general procedure that was followed. In this particular case, 
control experiments were carried out to show that the benzyl 
r a d i c a l / 0 2 kinetics did not depend on the radical source. Two 

(21) Scaiano, J. C. J. Am. Chem. Soc. 1980, 102, 5399-5400. 
(22) Scaiano, J. C. / . Am. Chem. Soc. 1980, 102, 7747-7753. 
(23) Bartlett, P. D.; Ruchard, C , J. Am. Chem. Soc, 1960, 82, 

1756-1762. 

precursors were used, 1,3-diphenylacetone and /e/7-butyl phe
nylperacetate, which yield benzyl according to the reactions: 

PhCH 2 COCH 2 Ph - ^ * P h C H 2 C O + PhCH 2 (3) 

P h C H 2 C O — P h C H 2 + CO (4) 

P h C H 2 C ( O ) O O C M e 3 -^* P h C H 2 + CO 2 + Me3CO- (5) 

In these equations only species living 20 ns or more have been 
considered; i.e., the excited states of the precursors24 and the 
PhCH2CO2- radical25 have been ignored because they play no role 
in the kinetic analysis. The P h C H 2 C O radical has a lifetime of 
100-200 ns at room temperature.2 8 The intermediacy of this 
radical can be ignored in the kinetic analysis provided the lifetime 
of the benzyl radical in the presence of oxygen has been "tuned", 
by the use of appropriately low oxygen concentrations, to be 
substantially longer than 200 ns. 

Benzyl radicals decay by a combination of the reactions: 

P h C H , + P h C H 2 

P h C H , + O , 

Ikx 
PhCH 5 CH 2 Ph 

*o« 
PhCH 2 OO-

(6) 

(7) 

In the absence of oxygen, the decay of the benzyl radicals, 
monitored at 317 nm,29 follows remarkably clean second-order 
kinetics. For our studies it was more convenient to work under 
conditions where reaction 7 predominates. Reaction 6 and the 
other potential radical-radical reactions which destroy benzyl (such 
as reaction 8) 

PhCH 2 OO- + P h C H 2 — P h C H 2 O O C H 2 P h (8) 

can therefore be ignored, and only first-order processes need to 
be taken into consideration. For this reason, our measurements 
at different oxygen concentrations usually exclude a value for [O2] 
= 0. However, such a measurement was always carried out to 
ensure that the criterion of the predominance of reaction 7 over 
reaction 6 was met. Under these conditions the data should follow 
the equation: 

^exptl - ^O + ^Ox [O2] (9) 

where /cexptl (= r _ 1 ) is the measured first-order rate constant for 
radical decay. The constant, Zc0, includes all kinetically first-order 

(24) Engel, P. S. J. Am. Chem. Soc. 1970, 92, 6074-6076. 
(25) The lifetime of this radical is unknown but even benzoyloxy, which 

should be longer lived, is believed to decay in < 10 ns.26-27 

(26) Schwerzel, E.; Lawler, R. G.; Evans, G. T., Chem. Phys. Lett. 1974, 
29, 106-109. 

(27) Stewart, L. C; Scaiano, J. C. J. Am. Chem. Soc. 1983, 105, 
3609-3614. 

(28) Lunazzi, L.; Ingold, K. U.; Scaiano, J. C. J. Phys. Chem. 1983, 87, 
529-530. 

(29) Joschek, H. L; Grossweiner, L. I. J. Am. Chem. Soc. 1966, 88, 
3261-3268. 



Reactions of Free Radicals with Oxygen J. Am. Chem. Soc, Vol. 105, No. 15, 1983 5097 

Figure 1. Determination of the rate constant for the reaction of benzyl 
radicals with oxygen in cyclohexane at 300 K, according to eq 9, using 
1,3-diphenylacetone (A) or PhCH2C(O)OOCMc3 ( • ) as radical pre
cursors. Insert: Representative decay trace for [O2] = 3.97 X 10"4 M, 
obtained using the ketone precursor. 

decay processes other than the reaction with oxygen, as well as 
terms reflecting reversibility (see below), and kQji refers only to 
the forward reaction. The kinetically first-order decay processes, 
which could include, for example, reaction with the solvent, are 
expected to be relatively unimportant; i.e., k0 ~ O. Figure 1 shows 
a typical plot made according to eq 9, the inset being a repre
sentative decay trace for the PhCH2 radical. The correlation 
coefficient for the plot in this figure has a value of 0.9947, which 
is an intermediate rather than an exceptional value. Only one 
measurement in this work led to a correlation coefficient <0.98 
(see supplementary material). 

Oxygen concentrations in solution were based on reported 
solubilities30 at 298 or 300 K and were corrected to allow for the 
vapor pressure of the solvent (see "Explanation of the Tables" in 
the supplementary material). Any difference in solubility between 
298 and 300 K was ignored, and no corrections were introduced 
to allow for solute effects on the sample's vapor pressure or for 
day-to-day variations in atmospheric pressure. 

The kinetic results of the present study are summarized in Table 
I for those radicals which reacted with O2 at a measurable rate. 
Full kinetic details are provided as supplementary material in 
Tables II—XIII. It should be noted that the laser technique 
measures the rate constants for radical scavenging by oxygen, but 
provides no information concerning the mechanism of the reaction. 
Furthermore, the fcexptl values obtained actually represent the 
difference between the forward and reverse reactions; i.e., they 
are really Ic0^[O2] - fc_ox. However, when the data are plotted 
against [O2], the value of fc0, refers only to the forward process. 
Further, the reactions of the radicals listed in Table I are not 
expected to be significantly reversible under our conditions (see 
Discussion). 

The fer/-butyl radicals were generated by photolysis of di-
tert-buty\ ketone: 

Me3CCOCMe3 -^* Me3C + Me3CCO (10) 

They were characterized by their UV spectrum31 and were 
monitored at 320 nm. The pivaloyl radical, Me3CCO, which is 
formed simultaneously with the tert-butyl radical, is known32 to 

(30) Wilhelm, E.; Battino, R. Chem. Rev. 1973, 73, 1-9. Murov, S. L. 
"Handbook of Photochemistry"; Marcel Dekker: New York, 1973; Table 9-3. 
Prausnitz, J. M.; Shair, F. H. AIChE J. 1961, 7, 682-687. Coetzee, J. F.; 
Kolthoff, I. M. J. Am. Chem. Soc. 1957, 79, 6110-6115. Tokunaga, J. J. 
Chem. Eng. Data 1975, 20, 41-46. 

(31) Huggenberger, C; Fischer, H. HeIv. Chim. Acta 1981, 64, 338-353. 
(32) Schuh, H.; Hamilton, E. J.; Jr.; Paul, H.; Fischer, H. HeIv. Chim. 

Acta 1974,57, 2011-2024. 

undergo decarbonylation at a rate which is slow in relation to the 
time scale of our experiment. It does not, therefore, intefere with 
the kinetic analysis. The 2-hydroxyprop-2-yl radicals were gen
erated by the photolysis of acetone in 2-propanol viz.: 

MeCOMe - ^ * (MeCOMe) * (11) 

(MeCOMe)* + Me2CHOH — 2Me2COH (12) 

and were characterized by their UV spectrum33 and monitored 
at 355 nm. All the other radicals listed in Table I were generated 
by hydrogen-atom abstraction from appropriate precursors using 
tert-butoxyl radicals photogenerated from di-terr-butyl peroxide. 
These reactions are all sufficiently rapid21,34"37 that radical gen
eration can be formally regarded as an instantaneous process. The 
spectra of all these radicals are known21,33"37 and the monitoring 
wavelengths were chosen accordingly. In a few other systems that 
were examined the rate constants for the radical's reaction with 
oxygen could not be measured. Some details of these experiments 
are given below. 

Somewhat to our surprise,38 the diphenylaminyl radical, Ph2N-, 
was unreactive toward oxygen within the time scale of our ex
periments. This radical was generated by reaction of rert-butoxyl 
with diphenylamine. The spectrum of the transient which was 
formed agreed well with what literature data are available for the 
Ph2N- radical,46-48 there being a strong maximum at 400 nm and 
a weaker maximum at 550 nm. The transient decayed in a few 
microseconds, which rules out the highly persistent Ph2NO radical, 
and was formed too rapidly in degassed solutions to be the (un
known) Ph2NOO- radical. The transient could not be scavenged 
in the time scale monitored (up to 80 lis) even when the solution 
was saturated with 100% oxygen. We conclude that if the Ph2N-
radical does react with O2, the rate constant for this process must 
be less than 107 M"1 s"1. Exploratory experiments in which the 
phenoxyl radical was generated by reaction of fert-butoxyl with 
phenol showed that it too was unreactive toward oxygen on our 
time scale.52 

(33) Porter, G.; Dogra, S. K.; Loutfy, R. 0.; Sugamori, S. E.; Yip, R. W. 
J. Chem. Soc, Faraday Trans. 1, 1973, 69, 1462-1474. 

(34) Effio, A.; Griller, D.; Ingold, K. U.; Scaiano, J. C; Sheng, S. J. J. 
Am. Chem. Soc. 1980,102, 6063-6068. Paul, H.; Small, R. D„ Jr.; Scaiano, 
J. C. Ibid. 1978, 100, 4520-4527. 

(35) Griller, D.; Howard, J. A.; Marriott, P. R.; Scaiano, J. C. J. Am. 
Chem. Soc. 1981, 103, 619-623. 

(36) Scaiano, J. C. J. Phys. Chem. 1981, 85, 2851-2855. 
(37) Chatgilialoglu, C; Ingold, K. U.; Lusztyk, J.; Nazran, A. S.; Scaiano, 

J. C. Organometallics, in press. 
(38) The EPR spectrum of diphenylaminoxyl, Ph2NO-, can be observed 

when diphenylamine is used as an inhibitor of hydrocarbon autoxidations.39-44 

Its formation is generally attributed to reaction between diphenylaminyl and 
peroxyl radicals (Ph2N- + ROO- — Ph2NO- + RO-). Indeed, direct formation 
of Ph2NO- from Ph2N- and O2 has been reported not to occur.42 Nevertheless, 
dialkylaminoxyls are formed in a facile reaction between dialkylaminyls and 
oxygen.45 We therefore felt that such a process might occur with Ph2N-. 

(39) Hoskins, R. H. J. Chem. Phys. 1956, 25, 788. 
(40) Thomas, J. R. / . Am. Chem. Soc. 1960, 82, 5955-5956. 
(41) Baird, J. C; Thomas, J. R. J. Chem. Phys. 1961, 35, 1507-1509. 
(42) Thomas, J. R.; Tolman, C. A. J. Am. Chem. Soc. 1962, 84, 

2930-2935. 
(43) Adamic, K.; Dunn, M.; Ingold, K. U. Can. J. Chem. 1969, 47, 

287-294. 
(44) Adamic, K.; Ingold, K. U. Can. J. Chem. 1969, 47, 295-299. 
(45) Roberts, J. R.; Ingold, K. U. J. Am. Chem. Soc. 1973, 95, 3228-3235. 
(46) Zanker, V.; Erhardt, E.; Mantsch, H. Z. Naturforsch. 1967, 226, 

795-805. 
(47) Habersbergova, A.; Janovsky, I.; Kovfim, P. Radiat. Res. Rev. 1972, 

4, 123-231. 
(48) This transient can be neither the 530-nm species, assigned to the 

Ph2NH triplet state,49 nor the amine radical cation, Ph2NH+.50" 
(49) Bensasson, R.; Land, E. J. Trans. Faraday Soc. 1971, 67, 1904-1915. 
(50) Shida, T.; Hamill, W. H. J. Chem. Phys. 1966, 44, 2369-2374. 
(51) Sheerer, R.; Gratzel, M. J. Am. Chem. Soc. 1977, 99, 865-871. 
(52) The highly persistant 2,4,6-tri-/e«-butylphenoxyl radical reacts with 

O2. The products have been identified.5354 The reaction is first order in O2 
and second order in phenoxyl radical.55 The rate constant for reaction can 
be described by the relation by (k/M~2 s"1) = (-14.5 ± 0.9) + (27.2 ± 1.4)/0 
where 0 = 2.3RT kcal/mol.55 
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The transient spectra obtained by terf-butoxyl attack on di-
ethoxyphenylphosphine, 1,4-pentadiene, and methyl linoleate were 
all too weak for detailed kinetic studies. Cumyl radicals were 
produced by the photodecomposition of azocumene. There ap
peared to be other transients formed which underlay the cumyl 
radical signal and interfered with the accurate monitoring of the 
cumyl-oxygen reaction.56 However, it was clear that cumyl reacts 
with oxygen at a rate which is equal to, or not less than 75% of, 
the rate of the benzyl-oxygen reaction. 

Discussion 
Our results show that the rate constants for the reactions of 

carbon-centered radicals with oxygen are not entirely insensitive 
to the nature of the radical, but that such sensitivity is rather small 
(see Table I). In particular, the rate for the reaction of the 
resonance-stabilized benzyl radical with oxygen is not very dif
ferent from the rate for the reaction of the nonstabilized57 tert-
butyl radical. It seems probable that previous reports that benzyl 
and benzylic radicals react with oxygen relatively slowly reflect 
poor equilibration of the system with oxygen, thus leading to partial 
oxygen depletion in the solution. Indeed, in some of our prelim
inary work we found that this could become a critical problem, 
easily leading to errors of one or even two orders of magnitude 
in the calculated rate constant. Naturally, oxygen equilibration 
is particularly important in flash experiments since relatively large 
radical concentrations are produced in a short time. 

We do not wish to imply that all carbon-centered radicals react 
with oxygen at the same rate; clearly they do not. The reso
nance-stabilized radicals react with oxygen at rates which are 
noticeably slower than rates found for the nonstabilized radicals. 
A similar phenomenon has been observed by Hasegawa and 
Patterson14 in a study of the reaction with oxygen of some car
bon-centered radicals derived from fatty acids. 

The reactions with oxygen of radicals that are highly resonance 
stabilized, such as triphenylmethyl58"60 and some pentadienyls 
derived from fatty acids,61"63 are known to be reversible even at 
room temperature. The reactions of nonstabilized radicals, such 
as fez-f-butyl,64 with oxygen are irreversible even at quite elevated 
temperatures. The importance of this peroxyl radical ^-scission 
process, 

R O O - - ^ * R - + O2 (-1) 

in autoxidation and combustion has been emphasized by Benson.65 

Equilibrium constants for reaction 1 can be calculated for car
bon-centered radicals of known stabilization energy.6566 For 
example, for the cumyl radical at 300 K Nangia and Benson66 

have estimated that AS°} = 25.8 cal mol"1 K-1 and AIP1 = 20.2 
kcal/mol, which yield K1 = 8 X 10"10 M. Taking Jt0x to be 3 X 
109 M"1 s_1 at this temperature yields a /c_ox value of 2.4 s"1. This 
rate constant was subsequently measured by Howard et al.67 and 
found to be ca. 2 s"1 at 303 K. Even the more highly reso-

(53) Blanchard, H. S. / . Org. Chem. 1960, 25, 264-266. 
(54) Horswill, E. C; Ingold, K. U. Can. J. Chem. 1966, 44, 269-276. 
(55) Griva, A. P.; Denisov, E. T. Int. J. Chem. Kinet. 1973, 5, 869-877. 
(56) The interfering transient might be the cis-azo compound or, less 

probably, a diazenyl radical. See: Engel, P. S. Chem. Rev. 1980, 80, 99-150. 
(57) Griller, D.; Ingold, K. U. Ace. Chem. Res. 1976, 9, 13-19. 
(58) Ayers, C. L.; Janzen, E. G.; Johnston, F. J. J. Am. Chem. Soc. 1966, 

88, 2610-2612. 
(59) Janzen, E. G.; Johnston, F. J.; Ayers, C. L. J. Am. Chem. Soc. 1967, 

89, 1176-1183. 
(60) Howard, J. A.; Ingold, K. U. Can. J. Chem. 1968, 46, 2655-2660. 
(61) Chan, H. W. S.; Levett, G.; Matthew, J. A. J. Chem. Soc, Chem. 

Commun. 1978, 756-757; Chem. Phys. Lipids 1979, 24, 245-256. 
(62) Porter, N. A.; Weber, B. A.; Weenen, H.; Khan, J. A. / . Am. Chem. 

Soc. 1980, 102, 5597-5601. 
(63) Porter, N. A.; Lehman, L. S. Weber, B. A.; Smith, K. J. J. Am. 

Chem. Soc. 1981, 103, 6447-6455. 
(64) Bolsman, T. A. B. M.; Brouwer, D. M. Reel. Trav. Chim. Pays-Bas 

1978, 97, 320. 
(65) Benson, S. W. J. Am. Chem. Soc. 1965, 57, 972-979; Prog. Energy 

Combust. Sci. 1981, 7, 125-134; Oxid. Commun. 1982, 2, 169-188. 
(66) Nangia, P. S.; Benson, S. W. Int. J. Chem. Kinet. 1980, 12, 29-42. 
(67) Howard, J. A.; Bennett, J. E.; Brunton, G. Can. J. Chem. 1981, 59, 

2253-2260. 

nance-stabilized 1,1-diphenylethyl radical has a AL1 value of only 
ca. 1.7 X 103 s""1 at 303 K.68 It would therefore appear that for 
benzyl and the other carbon-centered radicals studied in this work 
the reversibility of reaction 1 is unimportant on the time scale 
of our experimental measurements of fc0x. 

The reactions of benzyl radicals with oxygen are somewhat 
slower in solvents of low viscosity than would be expected for 
diffusion-controlled process.69 The reaction tends to become 
diffusion-controlled in the more viscous solvents. Thus, comparing 
only the saturated hydrocarbon solvents, hexane, cyclohexane, and 
hexadecane, the k0x are 2.78, 2.36, and 1.04 X 109 M"1 s_1, 
respectively; the viscosities (at 293 K)) are 0.31, 0.98, and 3.34 
cP, respectively. Solvent polarizability, polarity, and ability to 
hydrogen bond have essentially no effect on k0x values: e.g., 
benzene, ko* = 2.88 X 109 M"1 s"1, Tj298 = 0.65 cP; acetonitrile, 
Jt0x = 3.42 X 109 M"1 s_1, Tj298 = 0.36 cP; 2-propanol, k0x = 2.51 
X 109 M-' s"1, T)293 = 2.86 cP. 

For some carbon-centered radicals the reaction with oxygen 
may yield the hydroperoxyl radical rather than the peroxyl radical 
corresponding to a simple addition of oxygen. From product 
studies this is known to be the case for the cyclohexadienyl rad
ical.70'71 

C6H7- + O2 - C6H6 + HOO- (13) 

This reaction apparently involves a direct abstraction of the H 
atom.72 However, the products are determined by the fact that 
the oxygen addition process, 

C6H7- + O2 *± C6H7OO- (14) 

is probably reversible under autoxidation conditions.72 Our 
measured value of k0% for cyclohexadienyl represents the sum of 
the rate constants for all forward reactions, regardless of mech
anism. 

A similar uncertainty applies to the reactions with oxygen of 
the (C2Hs)2NCHCH3 and (CH3)2COH radicals. Thus, it has 
been shown by kinetic analysis and by radical trapping experiments 
that HOO- is the major chain carrying peroxyl radical in the 
autoxidation of triethylamine.73 There is also experimental ev
idence for the participation of HOO- as a chain carrying radical 
in alcohol autoxidations.74"76 Our kinetic data for these radicals 
do not distinguish addition and H-atom abstraction by oxygen. 

The rate constant for the reaction of W-Bu3Sn- with O2, 7.5 X 
109 M"1 s'1, is larger than the value reported previously;21 probably 
there was poor gas-liquid equilibration in the earlier experiments. 
The high fcox value for H-Bu3Sn- contrasts with the Zc0x value of 
2.5 X 109 M"1 s"1 found for «-Bu3Ge- (which is similar to the values 
found for carbon-centered radicals). It seems unlikely that this 
difference could be related to the unusual structure with two 
magnetically equivalent oxygen atoms which has been assigned 
to the tri-«-butylstannylperoxyl radical on the basis of its EPR 
spectrum.77,78 We suggest that heavy atom effects due to the 
tin lead to a relaxation of the "one-third" spin selection rule 
applicable to radical-oxygen interactions.69 

Finally, we note that, with the exception of a few recent 
measurements using time-resolved techniques, most kinetic studies 

(68) Howard, J. A.; Chenier, J. H. B.; Yamada, T. Can J. Chem. 1982, 
60, 2566-2572. 

(69) There is a spin selection factor of 1/3 for a reaction between a doublet 
and a triplet which leads to a doublet product. 

(70) Criegee, R. In "Houben-Weyl Methoden der Organischen Chemie", 
4th ed.; Muller, E., Ed.; George Thieme Verlag; Stuttgart, 1953; Vol. 8, p 
16. 

(71) Howard, J. A.; Ingold, K. U. Can. J. Chem. 1967, 45, 785-792. 
(72) Hendry, D. G.; Schuetzle, D. J. Am. Chem. Soc. 1975, 97, 

7123-7127. 
(73) Howard, J. A.; Yamada, T. J. Am. Chem. Soc. 1981,103, 7102-7106. 
(74) Andre, J. C; Lemaire, J. Bull. Soc. Chim. Fr. 1969, 4231-4236. 
(75) Howard, J. A.; Korcek, S. Can. J. Chem. 1970, 48, 2165-2171. 
(76) Vidoczy, T.; Danoczy, E.; Gal, D. J. Phys. Chem. 1974, 78, 828-833. 
(77) Howard, J. A.; Tait, J. C. J. Am. Chem. Soc. 1977, 99, 8349. 
(78) Howard, J. A.; Tait, J. C; Tong, S. B. Can. J. Chem. 1979, 57, 

2761-2766. 



J. Am. Chem. Soc. 1983, 105, 5099-5105 5099 

of the reactions of carbon-centered radicals with oxygen have 
yielded Jk0x values that are lower, often considerably lower, than 
the correct values. Conclusions and any other rate constants that 
have been based on "low" k0x values may require substantial 
revision. 

Note Added in Proof. A direct determination of the equilibrium 
constant and thermodynamic parameters for the gas-phase re
action, allyl + O2 ^ allylperoxyl, have recently been reported.79 

(79) See: Morgan, C. A.; Pilling, M. J.; Tulloch, J. M.; Ruiz, R. P.; Bayes, 
K. D. /. Chem. Soc, Faraday Trans. 2 1982, 78, 1323-1330. 
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Abstract: 13C NMR measurements have been made in Me2SO-^6 solutions of some carbohydrates (methyl a-D-gluco- and 
galactopyranosides, melibiose, maltose, and 0-cyclodextrin) in which exchangeable protons have been partially deuterated. 
Signals from single carbon atoms are observed as a series of multiplets (singlets to octets) with intensity ratios that vary 
quantitatively with OH:OD ratios. Partial deuteration of exchangeable protons in molecules permits direct observation of 
the different isotopomers measured under conditions of slow exchange and the resonance line separations can be analyzed 
in terms of the two-bond (0) and three-bond (7) isotope effects that contribute to the deuterium-induced secondary isotope 
shift. Magnitudes of /3 and 7 effects are found to vary with configuration of carbon atoms, and substitution and hydrogen 
bonding of hydroxyl groups. Signal multiplets and magnitudes of isotope effects are used to assign the spectra of carbohydrates 
as shown for both a- and /3-forms of the al-—»6-linked (melibiose) and al-*4-linked (maltose) reducing disaccharides. The 
method also confirms the presence and direction of intramolecular hydrogen bonding in al—»4 glucosides (i.e., 02'-02'-H-O-CS) 
by observation of an isotope effect on C2' transmitted through a hydrogen bond. Measurements by NMR spectroscopy of 
secondary isotope multiplets of partially labeled entities (SIMPLE NMR) have widespread application for signal assignment 
and for studying isotope effects in molecules. 

Isotope effects are well-established in NMR spectroscopy.1 

Primary isotope shifts have not been extensively studied because 
access to multinuclear NMR spectroscopy would normally be 
required; e.g., for the hydrogen atom the primary isotope shift 
[6("H) - 5(1H), n = 2, 3] is determined by results of 1H, 2H, 
and/or 3H NMR spectroscopy2 of isotopically labeled species 
(isotopomers). A secondary isotope shift, 8(X"H) - 5(X1H), is 
observed in isotopomers by NMR spectroscopy of the X nucleus 
(X = 1H, 13C, etc.). More work has been done with secondary 
isotope shifts because measurement, although depending on the 
availability of isotopomers, is achieved by observation of the 
secondary nucleus X. Use of the latter phenomenon is greatly 
facilitated if isotopic replacement is readily accomplished as with 
exchangeable protons, e.g., OH, NH, and SH groups, and ap
plication of the method depends on whether the protons are in 
fast or slow exchange.3"7 For example, Feeney and co-workers3 

(1) R. A. Bernheim and H. Batiz-Hernandez, Prog. Nucl. Magn. Reson. 
Spectrosc. 3, 63-85 (1967). 

(2) L. J. Altaian, D. Laungani, G. Gunnarsson, H. Wennerstrom, and S. 
Forsen, /. Am. Chem. Soc, 100, 8264-8266 (1978). 

(3) J. Feeney, P. Partington, and G. C. K. Roberts, J. Magn. Reson., 13, 
268-274 (1974). 

(4) H. K. Ladner, J. J. Led, and D. M. Grant, J. Magn. Reson., 20, 
530-534 (1975). 

(5) R. A. Newmark and J. R. Hill, J. Magn. Reson., 21, 1-7 (1976). 
(6) D. Gagnaire and M. Vincendon, /. Chem. Soc, Chem. Commun., 

509-510 (1977). 

demonstrated that deuterium isotope effects could be observed 
by 13C carbonyl resonances in peptides with slowly exchanging 
vicinal N-D bonds in a 50:50 H2O-D2O solution whereas Grant 
and co-workers4 showed that the isotope effect can be used to 
differentiate between carbonyl groups associated with rapidly 
exchanging OH groups and those associated with slowly ex
changing amide NH groups. Indeed, when the rate of proton 
exchange of amides in dipolar aprotic solvents is slowed down, 
resolution of individual 1 3C=O signals corresponding to the 
O=CNH 2 , O=CNHD, and O=CND 2 species is possible.5 

Similar work was attempted with carbohydrates by Vincendon 
and co-workers6,7 where the hydroxyl group exchange rate was 
slowed down by working in dimethyl sulfoxide (Me2SO-^6) and 
the consequent broadening of carbon atoms substituted with 
hydroxyl groups served to identify them, though no information 
was derived to enable individual C-OH resonances to be assigned. 

Assignment of 13C NMR signals of carbohydrates8 may be 
made by chemical substitution or empirical correlations9"11 by 

(7) D. Gagnaire, D. Mancier, and M. Vincendon, Org. Magn. Reson., 11, 
344-349 (1978). 

(8) K. Bock and H. Thogerson, Annu. Rep. NMR Spectrosc. 13, 1-57 
(1982). 

(9) A. S. Perlin, B. Casu, and H. J. Koch, Can. J. Chem., 48, 2596-2606 
(1970). 

(10) D. E. Dorman and J. D. Roberts, J. Am. Chem. Soc, 93, 4463-4472 
(1971); 92, 1355-1361 (1970). 
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