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and to complete decomposition of the cyclic sulfone, respectively, 10033-92-8 ; IV, 34206-55-8; deuterium, 7440-51-9 ; 
were collected in a liquid air trap and purified on a vacuum line, 
and the 32S/34S mass ratios were determined as previously de- 
scribed.3o 
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Irradiation of a-phenyl-N-tert-butylnitrone in benzene in the presence of some organometallic reagents traps 
short-lived radicals. The 
inherent quality of a,N-diphenylnitrone to lose oxygen on irradiation allows only one of the above type nitroxide 
radicals. Nitroxide radicals are also formed when the phenylnitrones are irradiated in benzene containing 
alcohols. This reaction apparently does not proceed via the usual trapping mode. The reactions and structures 
of the nitroxides are discussed. 

The nitroxide radical formed is dependent on the amount of oxygen in solution. 

In  a recent study we reported that a-phenylnitronesz 
on irradiation with ultraviolet light gave rise to N -  
benzoylnitroxide  radical^.^ The spin trapping charac- 
teristic of a-phenyl-N-tert-butylnitrone (PBN) has 
been dealt with in a number of papersn4 In the spin 
trapping technique, a reactive free radical adds to PBS 
to produce a stabler nitroxide radical. The hyperfine 
splitting constants (hfsc’s), from esr measurements, of 
the a-hydrogen and nitrogen atoms show slight varia- 
tions with different trapped radicals, R - .  This paper 
describes additional radicals arising from nitrones that 
we have detected under various conditions. 

k 

Results 

Nitroxide Radicals from a-Phenyl-N-tert-butylni- 
trone.-When we irradiated, with ultraviolet light, ben- 
zene solutions of PBX to which organolead and -mer- 
cury compounds had been added, the esr signal obtained 
depended on the degree of deoxygenation of the solution. 
Incompletely deaerated solutions of PBN in benzene 
containing dimethylmercury, diethylmercury, triethyl- 
lead acetate, tetra-n-butyllead, or diphenylmercury 
yielded radicals whose hfsc’s differed from those re- 
ported by Janzen and Blackburn,6*B but still showed 

(1) Presented in part at the 9th National Meeting of the Society for 

(2) I n  this paper the carbon substituents X and Y are prefixed by  a,  and 
Applied Spectroscopy, New Orleans, La., Oct 1970. 

the substituent on the nitrogen (R) is prefixed by  N. 
x 0 -  

\ I  
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Y 
Hyperfine splitting constants from esr measurements referring to the hy- 

(3) A. L. Bluhm and J. Weinstein, J .  Amer. Chem. Soc., Sa, 1444 (1970). 
(4) See E. G. Jantsen, Accounts Chem. Res., 4, 31 (1971), for a review of 

spin trapping including the nitrones and references thereto. 
(5) E. G. Jansen and B. J. Blackburn, J .  Amer. Chem. Soc., 90, 5909 

(1968). 
(6) E. G. Jansen and B. J. Blackburn, (bid., 91, 4481 (1969). 

drogen on the carbon atom &re designated as AaH.  

the typical splitting pattern, a triplet of doublets, 
arising from a sharing of the odd electron between the 
nitrogen and a-hydrogen atoms. When fresh solutions 
were completely deaerated and then irradiated, the 
splitting constants agreed with the values reported. 
The splitting constants are listed in Table I. In  the 

TABLE I 
HYPERFIXE SPLITTING CONSTANTS OF NITROXIDES 

FROM ff-PHENYL-Ar-te7’t-BUTYLNITRONEa 
Radical source  AN^ A ~ H ~  A N .  AaHa  AN^ A ~ H  

(CHs)zHg 13.74 1.99 14.79 3.73 14.82 3.60 
(CHaCH2)zHg 13.80 1.97 14.68 3.25 14.62 3.33 

n-BurPb 13.68 1.97 14.64 3.21 14.62 3.27 
(CeHaIzHg 13.65 1.97 14.47 2.18 14.42 2.21 
( CeH5)aCN=NC6Hje 14.48 2.178 14.43 2.18 

a In  benzene a t  room temperature. The splittings are in gauss. 
b Photolysis of incompletely deoxygenated solutions of PBN and 
radical source. c Photolysis of totally dexoygenated solutions of 
PBN and radical source. d Values from Janeen and Blackburn 
adjusted upwards by 4.4%.6 6 By thermal decomposition. 

(CHaCH*),PbOAc 13.75 1.95 14.54 3.30 14.50 3.35 

deoxygenated solutions, the radical which attached to  
the nitrone system was either a methyl, ethyl, n-butyl, 
or phenyl radical, depending on the radical s o u r ~ e . ~ , ~  
The hydrogen and nitrogen coupling constants which 
arose from incompletely deoxygenated solutions showed 
very little variation in value, which may indicate that 
a similar type of reactive species added to the nitrone 
function. We also observed that, when the totally de- 
oxygenated solutions were irradiated briefly, for about 
15 sec, the radicals detected were the ones with smaller 
hfsc’s, shown in Table I. These signals were stable if 
the solutions were kept in the dark. On further irradia- 
tion, about 1-3 min, the nitroxide radicals with larger 
splitting constants were found. In  partially deoxy- 
genated solutions, the nitroxide with larger splitting 
constants was never observed, even after extended ir- 
radiation. Figure 1 shows the changes in the esr spec- 
tra during progressive stages of irradiation of a deoxy- 
genated benzene solution of PBN containing diethyl- 
mercury. Figure l b  shows the esr signal as a mixture 
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TABLE I1 
COMPARISON OF HYPERFINE SPLITTING CONSTANTS OF NITROXIDES ny 

IRRADIATION OF PBN I N  BENZENE WITH ADDITIVESQ 
or-Carbon substituent 

Additive A" A$ on nitroxide radical 

(CH8)z&? 14.79 3.73 CH3 
(CHs)zHgG 13.74 1.99 ox. 
CHaOH + Pb(0Ac)a 13.76 2.00 OCHa 
CHaOH + HzOa 13.87 3.82 CHzOH 
(CHaCHzhH$ 14.68 3.25 CHzCHa 

CHaCHzOH 14.08 2.05 OCHzCHi 
CHiCHzOH + Pb(0Ac)ad 14,Ol 2.03 OCHzCHa 
CHaCHaOH + HzOz 14.07 3.12 CH(CH3)OH 
n-Bu4Pb" 14.64 3.21 n-Bu 
n-BuaPb': 13.65 1.97 oxe 
n-BuOH 13.75 2.10 0-n Bu 
n-BuOH + Pb(0Ac)p' 13.82 2.00 0-n-Bu 

tert-Bu0 K 13.74 2.10 0-tert-Bu 
tert-BuOK + Pb(0Ao)c 13.79 2.01 0-tert-Bu 
tert-BuOK + HZOZ 14.04 3.23 (CHz)(CHa)zCOH 

(CHaCH2)aHgC 13.80 1.97 0x6 

n-BuOH + HzOz 14.17 3.09 CH(CH2CHzCHs)OH 

a In gauss a t  room temperature. Completely deoxygenated 
cussion. 

of two radicals a t  an intermediate point of irradiation. 
Irradiation of the nitrone in the presence of l',l',l'- 
triphenylbenaeneazomethane, a phenyl radical genera- 
tor, yielded only one nitroxide radical independent of 
the degree of deoxygenation, Although we previously 
reported that irradiation of PBN in benzene yielded 
the N-benzoylnitroxide r a d i ~ a l , ~  it was not prominent 
in the signals from solutions containing the reactive 
additives. 

The value of the coupling constants from partially 
deaerated solutions of PBN and the above organometal- 
lics were found to be of the same order as found for 
PBN and scavenged alkoxyl radicals, as shown further 
on. When solutions of PBN in benzene to which 1% 
of an alcohol was added were irradiated, we observed 
splittings also of the same order as those from scavenged 
alkoxyl radicals. The alcohol concentration could be 
increased and the signal would still be observed, but in 
100% alcohol no signal was observed. The alcohol- 
generated radical signals appeared very slowly on ir- 
radiation and were usually not strong. The higher 
instrumental modulation amplitudes used gave rise to 
broader signals. We examined benzene solutions of 
PBN in the presence of ethanol, ethanol and lead tetra- 
acetate, and ethanol and hydrogen peroxide; and simi- 
lar sequences with n-butyl alcohol and tert-butyl alco- 
hol. The h f d s  are shown in Table 11. From the so- 
lutions containing alcohols and lead tetraacetate, very 
strong signals appeared immediately. Forshult, Lager- 
crantz, and Torssel17 used 2-methyl-2-nitrosobutanone-3 
as a scavenger for alkoxyl radicals developed in the re- 
action of alcohols and lead tetraacetate. With PBN 

H 0' 0- 
Pb(OAc), C-N- tert-Bu 

CH-N- tert-Bu I 
OR 4- 

as a radical trap we would expect an analogous reaction. 
The hfsc's for PBN with alcohol present and with alco- 
hol plus lead tetraacetate are identical, and this has led 

(7) S. Forshult, C. Lagercranta, and K. Torssell, Acta Chem. Scand., 23, 
522 (1969). 

Registry 
no. 

21894-27-9 

34234-86-1 
34280-33-6 
21894-28-0 

34280-35-8 

34234-87-2 
2 1999-4 1-7 

34234-89-4 

34234-90-7 
34234-91-8 

34234-92-9 
c Partially deoxygenated. No irradiation necessary. e See Dis- 

Figure 1.- phenyl-N-tert-butylnitrone in benzene plus 
diethylmercury. Solution deoxygenated by argon flubhing for 30 
min: (a) after 30 sec irradiation with unfiltered high-pressure 
mercury lamp; (b) after 1.5 min irradiation; (c) after 2 min ir- 
radiation I 

us to believe that irradiation of nitrones in the presence 
of alcohols leads to the same nitroxide in which an 
alkoxyl group is attached at  the (Y carbon. Additional 
evidence is given in this paper in the reaction of other 
nitrones and alcohols. Irradiation of a benzene solu- 
tion of PBN containing only lead tetraacetate gave a 
weak esr signal with splittings about AN 13.3 and AmH 
1.9 G, which may be attributed to  trapping of acetoxy 
radical. 

Hydroxyalkyl radical species have been generated 
and trapped by irradiation of solutions of alcohol, hy- 
drogen peroxide, and 2-methyl-2-nitrosobutanone-3.7 
Utilizing this technique, we irradiated benzene solutions 
of PBN to which were added an alcohol and hydrogen 

hu 
HzOz + 2HO. 
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HO. + CH,CH,OH - H,O + CH,~HOH 

H 0. 

CHJ6HOH + PBN + \ 01-1 C N-tert43u 
I 

CHaCOH 
I 

H 

peroxidc. The splitting constants obtained differed 
from the othcr nitroxidc radicals in which R and RO 
werc attwlicd to the a-carbon position. Thcse values 
for methanol, cthanol, and n-butyl and tert-butyl alco- 
hols are also shown in Table 11. The riitroxide radical 
arising from tert-butyl alcohol and hydrogen peroxide 
wit)h I’BS gavc’ splitting constant values \i hich differed 
from thosc obtained by trapping of the lert-butoxy rad- 
ical generated in the presence of lead tetraacetate 
(Tablc 11). 

Nitroxide Radicals from a,N-Diphenylnitrone. -a,N- 
Diphenylnitrone (DPS)  when employed as a radical 
scavenger gives more complex esr spectra due to thc 
sharing of the odd electron with the N-phenyl proton?. 
However, in most of our experiments, the signals Tvcre 
clean and well resolved, leading to good interpretations. 

Although DE” would be expected to behave similarly 
to PBS, \vc notcd SOJW dif‘fcrencc.s ‘during our studies. 
For example, on irradiation of the nitrones in benzene 
without additives, the signd of the benzoyloxy radical 
from DPN dcveloped rapidly and in good strength. 
In  contrast, thc photoxidation radical from PRY 
showcd more sluggisli dcvelopment.3 When solutions 
of DPN in benzene w r c  irradiated in tlic presence of 
organomcrcury or -1cad compounds, the signal ob- 
served was not dependcnt on the degree of dcoxygena- 
tion, and was attributed to the trapping of either an 
alkoxy1 or an nlliylmctaloxyl group at  the a position. 
The splitting constants, and those from thermal de- 
composition of l’,l’, 1’-triphenylbenzencazomethane in 
DPX-benzene, are listed in Table 111. The hfsds for 

TABLE I11 
HYPERFINE SPLITTING CONSTANTS OF NITROXIDES 

PROM ~ - P I I ~ N Y L - ; \ ~ ~ - P H E N Y L ~ I ~ ~ ~ ~ ~ ~ ~  
An L--- 

(CHaMIg 10.57 2.49 0.90 1.60 
(CI&CH,),Ik 10.60 2.57 0.86 1.64 

n-BurPb 10.,72 2.50 0.85 1.G2 

(I In benzene at. room iempernlnre. The split’tinjis are in 
gmss. 6 Ortho, para, : ~ n d  ineta 11’s from S-l:hen;r.l group. 

Radical source AN Ortho, para Meta 01 

(CI&CHz)3PbOAc I O .  687 2.56 0.85 1 .64 

(CsHs)rCN=NCsIJ-s 10.62 2.64 0.90 3 . 5 7  

nitrogen and ortho, pnra, and nivta Iiydrogcn atoms 
were of tlic Sam(’ ordcr of magnitude for thc different 
additivcs. The a-hydrogcn vnluc, I ~ O T J - C V C ~ ,  was much 
largcr \r11(11i tlic additive vm a plicnyl radicd prccursor, 
in \vhich casc it is proposed that the species trapped 
was the phenyl group. The a-hydrogcn splittings 
observed with the organometallic additivcs were 
duplicated by irradiating DPN in benzcne con- 
taining various alcohols and were attributed to 
a nitroxidc with XO attnchcd to the a-carbon atom. 
The nntiirc of the XO group is discussed further on. 
In gmmtl, thc a-hydrogm iplittings for XO groups :It- 
taclied at  the a-carbon position were about 1.6 G and 

for R about 3.6 G. This generalization is reinforced 
by the following work. 

In  the presence of alcohols containing lead tetraace- 
tate, benzene solutions of DPN, without irradiation, 
yielded the same coupling constants as observed in 
DPN-benzene solution irradiated with only alcohols 
present. The coupling constants are shown in Table 
IV. We also observed that the hfsds of the nitroxide 
arising from irradiation of the nitrone in benzene with 
tert-butyl hydroperoxide present were identical with 
those obtained with the nitrone in the presence of tert- 
butyl alcohol and tert-butyl alcohol plus lead tetraace- 
tatc. tert-Butyl hydroperoxide decomposes to give 
tert-butoxy and hydroxy radicals. 

a-Alkyl substituted nitroxides, which we were unable 
to prepare by the reaction of DPN and organolead or 
-mercury compounds, as they could be with PBN, were 
obtained by two different procedures. The irradiation 
of organic carboxylic acids in the presence of lead tetra- 
acetate proceeds through a radical processs according 
to the equation 

Pb(0Ac)a 
RCOOH Re + COz 

Ill’ 

Ry this technique Forshult, Lagercrantz, and Torssell 
trapped alkyl radicals using nitroso compounds as 
sca~engcrs .~ When we irradiated a benzene solution 
of DPN to which was added acetic acid and lead tetra- 
acetate, N-c obtained an esr signal with splittings AN 
10.67, A,,pH 2.63 (3 H), AmH 0.93 (2 H), and AaH 3.60 
G (1 H). This signal arises from the nitroxide radical 
with the methyl group joined to the a-carbon atom. 

The experimental esr spect]ra and simulated stick 
patterns arc shown in Figure 2 for the nitroxide radicals 
with a-methyl and a-methoxyl substituents. In  an- 
other experiment, n-butyllithium was added to the 
benzene solution of DPX, follorred by air oxidation. 

n-BuLi + DPN --t 

This technique was used by Janzen and Blackburn to 
form a-alkyl substituted nitroxides from PBN and 
organolithium or Grignard  reagent^.^,^ Previous re- 
ports demonstrated that Grignard reagents added to  
aldonitrones in a 1,3 mannerag The coupling constants 
from butyllithium and DPN were AN 10.71, Ao,BH 
2.71 (3 H), A,l,H 0.90 (2 H), and AaH 3.99 G (1 H). 
With phenyllithium we obtained AN 10.61, A,,pH 2.68 
(3 H), An,H 0.90 (2 H), and AaH 3.59 G (1 H), which 
are the same values as obtained by the trapping of 

(8) R. Criegee in K. Wiberg, “Oxidation in Organic Chemistry,” Academic 
Press, S e w  York, N.  Y . ,  1965, Chapter 5. 

(9) A. Angeli, L. hiessandri, and M. Aha-Manoini, Atti Accad. Nag. 
Lzncez, 80,  546 (1910); Chem. Abstr., 5, 3403 (1911); G. E. Utzinger and 
F. A. Reyenass, Helu. Chzm. Acta, 87, 1892 (1954). 
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Add i t i Y e 

CHaOH 
CHsOH + I?b(OAc)r 
CHaCHzOH 
CHsCHzOH -t- Pb(0Ac)l 
n-BuOH 
n-BuOH + Pb(0Ac)a 

tcrt-BuOH t Pb(0AC)c 
tert-BuOH 

tert-BuOOH 
a I n  benzene a t  room temperature. 

AN Ortho, p5r5 

10.74 2.58 
10.67 2.66 
10.63 2.57 
10.52 2.61 
10.52 3 .3:; 
10.61 2.57  
10.57 2 .  -50 
10.59 2.39 
10.57 2.50 
The bplittiiigs w e  in gauss. 

phenyl radicals from triphcn~lbcnzc~~icazoni~~tli:i~i~~ (Ta- 
ble 111). 

When a bcnzcnc solution of DPK with phenol prcscnt 
\vas irradiated, UT obtained an csr spc’ctrum \villi cou- 
plings AN 10.61, Ao,prl 2.64 (3 H), All?4 0.93 c2 H), and 
A,II l.SO G (1 H). The a-hydrogen splitting \vas of 
the same order as found for the nitroxide with RO 
groups attached at  the a-carbon atom, and suggests 
that the phenoxy1 group was trapped. 

We also irradiated DPN solution in tlic presence of 
ethanol ttnd hydrogen p(>roxide, cq)ocl ing t l i c  wr sig- 
nal of the nitroxide formed by trapping .CH(OH)CHa, 
but the spectra were complicated by the large concen- 
tration of benzoyloxy radical which formcd. 

Other Reactions:-When nitric osidc \ V ; L ~  bricfly 
bubbled through a 5olution of Dl’S in ~ C I ~ Z O I I ~ ,  thc  
esr signal showed splittings A N  10.63, Ao,l,ll 2-62 ( 3  H), 
AInH 0.96 (2 H), and AaH 3.39 G (1 H), rvhich jvere 
characteristic for phenyl radic:il hc:ivenginy. rip- 
parently nitroxyl radical (KO .) abstracts a proton 
from the solvent, and the resultant phenyl radicals are 

trapped. Trcatnient of PBX in :~n :iid:igoiis m:\iiiicr 
yielded n strong signal characteristic of the berizoyloxy 
radical. 

Most other substituted diplit.nyliiitrones hid to 
nitroxides analagous to those from DPN, when irm- 
diated in the presence of alcohols, organolcad, or -nw-  
cury rcagents. For csamplc, a-phenyl-N-p-cl~loro- 
phenylnitronc with eithcr ethanol or diethylmcrcury, 
in bcnacno, yicldcd on irradiation tlir (w sprctrn ni th  
splittings AN 10.40, A0,,I1 2.57 (3 H), and 1.45 G 
(2 H). Uridcr tlic s n m ~  conditions a-(p-nicthos~-phe- 
ny1)-N-phenylnitrone gave A N  10.70, Ao.,,ll 2.3s (3 
H), AlllH 0.90 (2 H), and A,“ 1.6.5 G (1 H); and a- 
plirnyl-a-dcuterio-N-phcnylnitronc gaw -4” 10.64, 
&,,pH 2.37 (3 H), and AmH 0.93 G (2 H). Splittirigs 
due to  the deuterium atom were not resolvnhlc. Hon-- 
ever, a-phenyl-a-cyano-N-phenylnitronc failed to  give 
any signal when treated as above. Only on irradiation 
of a benzene solution with tert-butyl hydroperoxide 
added was a signal observed. This stable signal sho\vcd 
splittings AN 11.19, Ao,pH 2.37 (3 H), and 030 
(2 H), and may be due to the trapping of the tart- 
butoxy radical. 

(?- 

Tt = phenyl, unstable 
I t =  fert-l?utyl. stable 
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during the irradiation of n i t r ~ n e s , ~  and other reports 
have indicated that irradiation of nitrones causes sim- 
ple de~xygenat ion . ’~-~~ Thus, in the case of DPN, 
it may not be possible to  completely void oxygen from 
soliltion owing to this decomposition of the oxazirane. 

It also appears that this oxygen effect may be limited 
to  the nitrones. Experiments using 2-methyl-2- 
nitrosobutanone-3 as a scavenger in poorly and well 
deoxygenated solutions led to  the trapping of only one 
radical arising from alkyl radical scavenging. 

We assign to these nitroxides formed from nitrones in 
partially oxygenated solutions a structure in which XO 
is attached at  the a-carbon atom, and the XO group 
may bc either an alkoxyl or an alkyl metal oxyl group. 
For example, with dimethylmercury additive, the XO 
may be either CH30 or CH3Hg0. The splitting con- 
stants are almost identical with those found in the ni- 
troxidcs with a-alkoxy1 groups. However, differentia- 
tion between a nitroxide with an a-alkoxy1 or a-alkyl 
metal oxyl group for the organometallic produced ni- 
troxidc is not feasible, since it is likely that either system 
would givc splitting values of the same order. It is 
known that alkyl radicals react with other paramag- 
netic molecules, e.g., oxygen, as follows16 

CHa, 
CH,. + 0 2  + CHaOO. + CH300CHI + CH,O. 

and that a similar type of reaction apparently occurs in 
the case of organometallic radicals. l7 

MeIlg. + 02 + MeHgOO. w 
hf eHp . 
MeHgOOHgMe + MeHgO. 

Thus, either one of these oxygen-containing radicals 
could be trapped by the nitrone. It appears that this 
oxygen effcct is seen only when nitrones are used as 
spin traps. Further work in this area is required to 
establish the structure of these nitroxides. 

We assigned to those radicals formed by the irradia- 
tion of benzene solutions of the nitrones in the presence 
of alcohols, structures in which the alkoxy1 group is 
joined at  the a-carbon atom. The coupling constants 
obtained from PBN and DPN under these conditions 
are in good agreement with those obtained from the 
trapping of alkoxyl radicals generated by the treat- 
ment of alcohols with lead tetraacetate.’ The nitrox- 
ides in which allyl and hydroxyalkyl groups are at- 
tached to the a carbon give much different coupling 
constants (Tables I-IV). Reactions of alcohols irra- 
diated in the presence of scavengers has not been pre- 
viously noted in the literature, and this reaction, which 
leads to nitroxide radical, appears to be limited to ni- 
trones. We have not been able to obtain characteristic 
esr signals from the irradiation of 2-methyl-2-nitroso- 
butanone-3 in benzene solution with alcohol present. 
The reaction of the nitrones with alcohols described is 
probably not a radical trapping process, but rather an 
initial addition of the alcohol across the reactive 
C=N+O site, followed by conversion to the nitroxide. 

(13) L. Alessandri, Attz Accad. N a r .  Lzncei, 19, 122 (1910); Chem. Abstr., 

(14) H. Shindo and B. Umezawa, Chem. Pharm. Bull., 10, 492 (1962). 
(15) M. Collonna, Garr. Cham. ItaZ., 91, 34 (1961). 
(16) E. W. R. Staoie, “Atomic and Free Radical Reactions,” 2nd ed, 

(17) See review by N. J. Fresivell and 0. G. Gowenlook, Advan. Free 

6, 276 (1911). 

Vol. 11, Reinhold, New York, N. Y., 1954, Chapter VIII.  

Radzca2 Chem., 1, 39 (1965); R.  A .  Jackson, ib id . ,  3, 231 (1969). 

H 0 .  H OH H 6  
I I  I 1- hu 1 1 

OR1 

RC=NR + R’OH + RC--TUB + RC-NR + I01 I I 
OR1 

We have observed an oxidation similar to that pro- 
posed for the adduct when N-benzoylphenylhydroxyl- 
amine in benzene is irradiated. The reactivity of the 
aldonitrone species to 1,3-addition reactions has been 
noted in the literature.18 The sluggishness of this re- 
action process with PBN as compared to DPK may be 
attributed to an inductive effect of the tert-butyl group, 
which would increase the electron density a t  the double 
bond and make the reaction site less attractive to the 
nucleophilic reagent. 

The nitroxide formed by irradiation of a benzene so- 
lution of PBN with tert-butyl alcohol in the presence of 
hydrogen peroxide (Table 11) is assigned the structure 
with (-CH2) (CH&COH joined at  the a-carbon atom. 
The ( .CH2) (CH8)2COH radical is formed by -abstrac- 
tion of a 0-hydrogen atom by .OH radicals and has been 
observed previously under similar conditions. l9 

The production and trapping of phenyl radicals by 
DPN in the presence of nitric oxide in benzene was 
shown to occur by examination of the hfsc’s, which were 
identical with those obtained from DPK and l’,l’,l’- 
triphenylbenzeneazomethane. Nitric oxide can be- 
have as a radical quencher, but there is also evidence 
that nitric oxide will abstract hydrogen from stable 
molecules, and aryl radicals have been produced in the 
presence of nitric oxide.Z0 

Experimental Section 
Chemicals.-2-tert-Butyl-3-phenyloxazirane and or-phenyl-K- 

tert-butylnitrone were prepared as described by Enimons21 and the 
n,K-diphenylnitrones according to the procedure of Wheeler and 
Gore.22 

Dimethyl-, diethyl-, and diphenylmercury, triethyllead ace- 
tate, and tetra-n-butyllead mrere used as supplied by Alfa Inor- 
ganics. n-Butyllithium was obtained from Foote Mineral Co. 
and l’,l’,l’-triphenylbenzeneazomethane was from Eastman 
Organic Chemicals. 

Benzene was Baker and Adamson reagent redistilled and stored 
over sodium-lead alloy (dri-Xa). 

The alcohols were Spectrograde reagents used as supplied. 
Generation and Measurement of Radicals.-Solutions of the 

nitrones approximately 0.03 M in benzene were always freshly 
prepared. To 1 ml of the nitrone solution in a small glass sample 
vial, a drop or a few crystals of the organometallic compound was 
added, the solution was mixed, and then a portion was trans- 
ferred into a 2-mm i.d. quartz esr cell. Deoxygenation was 
effected by passing a fine stream of argon bubbles through the 
solution by means of a drawn-out glass capillary. In  this paper 
a partially deoxygenated solution was one that was treated for 10 
min, and a totally deoxygenated solution was subjected to a 30- 
min deaeration. Except as noted in the text, solutions were 
deaerated for 10 min. 

The radicals formed from the nitrones in the presence of alco- 
hols were obtained from 0.05 M solutions of the nitrone in benzene 
containing 1% of the alcohol. These solutions were deoxy- 
genated for 10 min. 

Irradiations of the solutions were carried out directly in a slotted 
cavity in the esr instrument, by exposing to  the light of an un- 

(18) For example, see reviews: J. Hamer and A. Maoaluso, Chem. Rev., 
64, 473 (1964); G .  R. Delpierre and M. Lamchen, Quart. Rev., Chem. Sac., 
19, 329 (1965). 

(19) R. Livingston and H. Zeldes, J .  Amer. Chem. Soc., 88,  4433 (1966). 
(20) Y .  Rees and G. H. Williams, Advan. Free Radical Chem., 3 ,  199 

(21) W. D. Emmons, J .  Amer. Chem. Soc., 79, 5739 (1957). 
(22) 0. H. Wheeler and P. H. Gore, ibid. ,  78, 3363 (1956). 

(1969). 
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filtered Bausch and Lomb SP 200-W super pressure mercury 
lamp for periods of 10 sec to 2 min. Spectra were measured 
at  room temperature with a Varian V-4600 epr spectrometer 
equipped with a 9-in. magnet. Sweep rates were calibrated by 
the spectrum of p-bensosemiquinone in aqueous ethanol. 

Registry No.-Nitroxide from DPK + phenol, 
34234-97-4; nitroxide from DPN + Ph&?rT=NPh, 
34234-98-5 ; nitroxide from a-phenyl-N-p-chlorophenyl- 
nitrone + EtOH, 34234-99-6; nitroxide from a-phenyl- 
N-p-chlorophenyl nitrone + dimethylmercury, 342- 
35-00-2; nitroxide from a-(p-methoxypheny1)-N-phen- 

ylnitrone + EtOH, 34235-01-3; nitroxide from a- 
(p-methoxypheny1)-N-phenylnitrone + EtnHg, 34235- 
02-4; nitroxide from a-phenyl-a-deuterio-N-phen- 
ylnitrone + EtOH, 34235-03-5; nitroxide from 
a-phenyl-a-deuterio-N-phenylnitrone + EtzHg, 34235- 
04-6; nitroxide from a-phenyl-a-cyano-N-phenylni- 
trone + tert-butyl peroxide, 34235-05-7; nitroxide from 
PYB + Ph2Hg, 21572-75-8; nitroxide from DPN + 
MezHg, 34235-07-9; nitroxide from DPX + EtzHg, 
34235-08-0; nitroxide from DPN + BudPb, 34288- 
72-7. 

Hydrogen Abstraction by the p-Nitrophenyl Radica1112 
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Department of Chemistry, Louisiana State University, Baton Rouge, Louisiana 70803 
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The relative reactivities of a series of organic hydrogen donors were measured toward p-nitrophenyl radicals 
generated from p-nitrophenylazotriphenylmethane (NAT). The relative rate constants k~ for hydrogen ab- 
straction from the donors are reported as kH/kCi values, where kci is the rate constant for chlorine abstraction 
from CCL. Some ArH is produced from the 
ArN=NCPhs type initiators even in pure CCla as solvent, and higher yields are produced at higher viscosities. 
It is shown that ArH is not a cage product. The ArH yields result from hydrogen abstraction from reactive 
hydrogen donors produced by the reaction of the ambident trityl radicals with radicals present in the system. 
These donors include XH from the reaction of trityl with Ar radicals and ZIT from the reaction of trityl with 
a second trityl radical (see structures in paper). Two mechanisms are suggested to rationalize the viscosity 
effect; the more likely one assumes that XH is a cage product and, therefore, that higher yields of XH are produced 
at  higher viscosities. 

The problems in calculation of k ~ / k ~ 1  values are discussed. 

One of the most useful methods for probing the re- 
activity, polar nature, steric sensitivity, and other 
identifying features of free radicals is to measure their 
relative rate constants for hydrogen abstraction 
from a series of typical organic hydrogen donors. 
This approach has been used, for example, in studies, of 
the phenyl r a d i ~ a l , ~ . ~  aromatic the methyl 
radical,6b and the hydrogen atom.' A convenient 
method for determining such a series of relative rate 
constants involves generating the radical in a mixture 
of the hydrogen donor R H  and carbon tetrachloride 
(eq 1 and 2). In  this paper we report data obtained in 
this way for the phenyl and p-nitrophenyl radicals. 

RH + Are + R.  + ArH (1) 

CCl4 + Ar. CCla- + ArCl (2 1 
These radicals were generated by thermolysis a t  60" of 
the appropriate phenylazotriphenylmethane (PAT) 
type of intiator, PAT itself for the phenyl radical and 
NAT, p-NO&eHJJ=NCPha, for the p-nitrophenyl rad- 
ical. We previously reported6& some data for phenyl, 
p-bromophenyl, p-methylphenyl, and p-nitrophenyl, 

kH 

kC1 

(1) Reactions of Radicals. 42. 
(2) This work was supported in part by a U. S. Public Health Service 

(3) (a) John Simon Guggenheim Fellow, 1970-1971; (b) postdoctoral 
( c )  Research Participant in an Atomic 

(4) W. A. Pryor, "Free Radicals," McGraw-Hill, New York, N. Y., 1966, 

(5) A. F. Trotman-Dickenson, Advan. Free Radical Chem., 1, (1965). 
(6) (a) W. A. Pryor, J. T .  Echols, Jr., and K. Smith, J .  Amer. Chem. Soc., 

88,  1189 (1966); (b) W. A. Pryor, D. F. Fuller, and J. P .  Stanley, i h i d . ,  
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(7) W. A. Pryor, J. P. Stanley, and M. G. Griffith, Sczence, 169, 181 
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Chapter 12. 

and Bridger and Russells have reported extensive data 
for the phenyl radical. We here wish to clarify the cage 
chemistry of PAT-type initiators and also to report 
additional relative rate constants for hydrogen atom 
abstraction by the p-nitrophenyl radical. 

Results and Discussion 

The Cage Chemistry of PAT and NAT.-Cage pro- 
cesses have been part'icularly troublesome to identifyg-10 
for PAT and similar initiators. Previously6" we 
presented data on the yield of nitrobenzene (ArH) from 
KAT. We showed that the extrapolated yield of 
ArH appeared t'o be finite (-3%) at  infinite dilution 
of NAT, in agreement with earlier reports on PAT,8i10a 
and that the thermolysis of NAT in solvents of higher 
viscosity led to higher yields of ArH. These facts 
seemed to imply that ArH is a cage product. Argu- 
ments against ArH being a cage product are based on 
the observation that carbon disulfide or a solution of 
iodine in CC14 results in the elimination of ArH.11112 
It is now clear that the implication of these scavenging 
experiments is correct and that ArH is not a cage prod- 
uct. 

Our evidence indicating t'hat ArH is not a cage prod- 
uct can be summarized as follows. (1) Using a new, 
more sensit'ive gas chromatograph, we have been able 

(8) R. F. Bridger and G. A. Russell, ibid., 86, 3754 (1963). 
(9) (a) E. L. Eliel, M. Eberhardt, 0. Simamura, and 8. Meyerson, 

Tetrahedron Lett., 749 (1962); (b) D. H. Hey, M. J. Perkins, and G. H. 
Williams, ihid., 445 (1963); (0) J. G. Garst and R. S. Cole, ihid., 679 (1963); 
(d) G. A. Russell and R. F. Bridger, ihid., 737 (1963). 

(10) (a) W. A. Pryor and H. Guard, J .  Amer. Chem. SOC.,  86, 1150 (1964); 
(b) W. A. Pryor and K. Smith, ibid., 89, 1741 (1967). 

(11) Figure 3 of ref 6a. 
(12) I t  is possible that a trace ( < O , l % )  of ArH is formed under these 

circumstances, but the amount is too small to estimate accurately. 


