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In contrast, the kinetic energy release distributions for the 
loss of CO from furan and the two pyrones show that a wide 
range of kinetic energies is released upon fragmentation. This 
implies that considerable excess energy is required for these 
[C 4 H 4 O] + - ions to rearrange to the transition state for the 
dissociation step. Indeed, the loss of CO from [furan]+- has 
such a high activation energy21 that the energy level of the 
transition state (~280 kcal mol - 1) makes thermochemically 
feasible the participation of many isomeric [C4H4O]+-
structures (cf. Table I). 

Therefore, for these isomeric [C 4H 4O]+- ions no firm de
ductions can be made from metastable peak characteristics 
concerning the structures of either the reacting or the non-
reacting ions. Pirkle and Dine's deuterium labeling experi
ments3 elegantly demonstrate that the metastably fragmenting 
(but energy rich) [C 4H 4O]+ - ions from 2-pyrone do not un
dergo reversible ring closure. However, this conclusion may 
not be extrapolated to the structure of the ions which give rise 
to the intense peaks at m/z 68 in the normal 70-eV mass spectra 
of both pyrones. These peaks largely consist of [furan]+-
ions. 

Experimental Section 

The collisional activation and the metastable ion (MI) spectra were 
measured on a Vacuum Generators ZAB-2F double-focussing mass 
spectrometer of reversed Nier-Johnson geometry. A 100-juA ionizing 
electron beam of 70 eV and an accelerating potential of 7920 V were 
used; sample reservoir and ion source temperatures were —• 130 0C. 
The magnetic field was set to select the m/z 68 [C4H4O]+- precursor 
ions; ionic products of their metastable decompositions (the MI 
spectrum) occurring in the field free drift region between the magnetic 
and electrostatic analyzers were measured by scanning the electro
static analyzer (ESA) potential under conditions of good energy 
resolution. (Main beam width was 0.10 V at an ESA voltage of 422.1 
V.) Kinetic energy releases were calculated in the usual way and 
corrected for limiting half-height width of the main beam. CA spectra 
were obtained in the same way after introduction of helium as a col
lision gas in the collision chamber near the j3 focal point. An external 
voltage (-320 V) was applied on the chamber to separate the normal 
metastable peaks from the CA peaks. 

Spin trapping3 is an EPR spectroscopic technique that 
has proved immensely valuable in studies of reaction mecha
nisms because it allows transient radicals, R-, to be "visualized" 
by reacting them with a spin trap, T, to form a persistent spin 
adduct, RT-: 

R- + T —*• RT-
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As we have pointed out previously,4 spin trapping will only 
achieve its full potential when quantitative data on the rate 
constants, kT, for trapping of all types of R- radicals become 
available. In our initial studies of spin-trapping rates4 5 we 
worked with primary alkyl radicals. In the present paper, we 
report an extension of this work to secondary alkyls. Our ex
perimental procedure is almost unchanged. In the earlier 
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work4-5 we relied primarily on the cyclization of the 5-hexenyl 
radical and distinguished between the spin adducts of the un-
rear ranged and rearranged pr imary alkyls by means of ' 3 C 
labeling. In the present work we have relied primari ly on the 
cyclization of the secondary 6-hepten-2-yl radical, S-, to form 

^ — 6-
S* P* 

the primary 2-methylcyclopentylcarbinyl radical, P-. In the 
present case, there is no need to distinguish the unrearranged 
and rearranged radicals by isotopic labeling since these radicals 
are self-labeled by having one or two hydrogens, respectively, 
at their radical centers. This rea r rangement is known to be 
irreversible6 and to occur at a ra te that is slightly faster than 
the 5-hexenyl cyclization.6-7 In the presence of a t rap two spin 
adduc t s will be formed: 

S- + T — • ST-

P- + T — PT-

The rate constant for spin t rapping is given by4 

= M d [ S T - V d Q ^ 0 

[ T ] ( d [ P T . ] / d O , - 0 

In deriving this equation it is assumed that all of the alkyl 
radicals formed are captured by the t rap. 4 This means that the 
rate of all other processes which lead to their consumption must 
be much less than the rate of t rapping. In the early stages of 
the reaction only bimolecuiar reactions between alkyl radicals 
( ra te constants ca. 109 M - 1 s ~ ' ) 8 might be able to compete 
with t rapping. 9 An "effective" t r ap will therefore be one for 
which &T [T]([S-] + [P-]) » 10y([S-] + [P-])2 and since t rap 
concentrations can hardly be greater than 1 M this means that 
k r » 109([S-] + [P-]). The limit set by this condition depends 
on the ra te , v„ at which alkyl radicals are produced. Quant i 
tative spin trapping experiments are most easily done with very 
low rates of radical formation, i.e., with a ~ 10~ 8 -10~ 9 M s - 1 . 
This puts an effective lower limit on kT of ca. 102 M - 1 s~ ' , 
though a t rap with such a low kT value would be very ineffi
cient. It is, perhaps, also worth pointing out that if a rear
rangement is to compete with spin trapping then kc~ A'T[T]. 
Therefore rea r rangements that have unimolecular rate con
stants of ca. 102 S - ' can only be used to measure spin trapping 
rate constants with very inefficient traps. More efficient traps 
require faster rea r rangements . 

Experimental Section 

Materials. Diacyl Peroxides. Di(2-methyl-6-heptenoyl) peroxide 
(1) was prepared starting with 5-bromo-l-pentene and diethyl meth-
ylmalonate. Dry ethanol10 (57 mL) was refluxed for 2 h over 3.9 g of 
clean sodium cut into small pieces. After cooling, diethyl methyl-
malonate (29.6 g, 0.17 mol) was added, followed by 5-bromo-1 -pen-
tcne (25 g, 0.168 mol). This mixture was refluxed for 3 h and cooled, 
and 200 mL of H2O was added. Extraction with ether followed by 
distillation yielded 37 g of crude diethyl 4-pentenylmethylmalonate 
(yield 90%)' This was purified by preparative VPC (10 ft 20% O.V. 
101 column at 180 0C) to remove small amounts of impurities (chiefly 
diethyl 4-pentenylmalonate) and 22.3 g of extremely pure (>99.9%) 
diethyl 4-pentenylmethylmalonate was recovered. 'H NiVIR(CDCIj, 
5 values downfield from Me4Si): 1.1-2.3 (t + m. 15 H, CH3 and 
CCH2C), 4.2 (q, 4 H, OCH2) , 4.9-5.2 (m, 2 H, H , C = C ) , 5.5-6.2 
(m, 1 H, C = C H ) . 

This malonic ester (21.8 g, 0.09 mol) was hydrolyzed by heating 
for 12 h at 120 0 C with 30 g of KOH in 100 mL of water.11 The 
aqueous phase was acidified (2 N HCI) and extracted with ether, the 
extract was dried, and, on removal of the solvent, 15.8 g of solid 4-
pentenylmethylmalonic acid was obtained (yield 94%), mp 83.2 0 C. 

1H NMR(CDCl, ):& 1.1-2.3 (s + m. 9 H, CH1 and CCH-.C). 4.9-5.2 
(m, 2 H. H 2 C = C ) . 5.5-6.2 (m, 1 H, C = C H ) , 12.0 (s, 2 H, OH). 

The malonic acid (15 g) was heated to 250 0 C and the decarboxy-
lated 2-methyl-6-heptenoic acid (bp 243 0C) was distilled off con
tinuously. 1H NMR (CDCl3): 5 1.1-1.2 (d, 3 H, CH1) . 1.3-2.8 (m. 
7 H. CH and CCH,C), 4.9-5.2 (m, 2 H, H i C = C ) . 5.5-6.2 (m, 1 H. 
C = C H ) , 12.1 (s. 1 H. OH). 

The 2-methyl-6-hcptenoic acid was converted to di(2-methyl-6-
heptenoyl) peroxide (1) by the carbonyldiimidazole method.4-12 1H 
NMR (CDCl,): & 1.1 -1.2 (d, 3 H. CH3) , 1.3-2.8 (m, 7 H, CH and 
CCH2C), 4.9-5.2 (m, 2 H, H 2 C = C ) , 5.5-6.2 (m. 1 H, C = C H ) . 
Titration:1-1 86 ± 1% peroxide. 

Di(2-methyl-6-heptanoyl) peroxide (2) was prepared by a similar 
procedure starting with l-bromopentanc. 1H NMR (CDCl3): <5 
0.9-1.9 (d, m, 28 H, CH3 , CCH2C). 2.1-2.6 (m, 2 H, CH). Titra
tion: '-' 92 ± 2% peroxide. 

2-Bromo-6-heptene (3) was prepared starting with 5-bromo-1-
pentene (25 g) which was converted (with 4.3 g of Mg in 1 25 mL of 
ether) to the Grignard and this was treated with 12.3 g of freshly 
distilled acctaldchyde. Conventional workup followed by distillation 
gave 10.8 g of pure 6-hepten-2-ol (yield 59%). Reaction of this alcohol 
with PBr3 according to the method of Johnson and Owyang14 gave, 
after distillation, 2.8 g of 2-bromo-6-heptene (yield 28%, purity 96%), 
bp 72 0 C at 20 Torr. After preparative VPC (10 ft. 10%O.V. 101 
column at 1 30 0C) 1.2 g of 99.8% pure bromide was recovered. ' H 
NMR (CDCI3): & 1.5-2.2 (d, m, 9 H, CH3 and CCH2C), 4.0-4.4 
(sextet, I H, CH), 4.8-5.1 (m, 2 H, H i C = C ) , 5.4-6.2 (m, 1 H, 
C = C H ) . 

Spin Traps. The following spin traps were either available from our 
earlier work4 or were prepared by the same methods:4 2-methyl-2-
nitrosopropane (NtB), nitrosodurene (ND), 2,4,6-fri-ferf-butylnitro-
sobenzene (t-Bu^NB), 5,5-dimethylpyrroline 1-oxide (DMPO), 
methylene-\-ferf-butylnitrone (MBN), and phenvl-iV-ferf-butylnitrone 
(PBN). 

2,6-Di-ferf-butyl-l,4-benzoquinone (Aldrich) was purified by 
preparative VPC (5 ft 5% O.V. 101 column at 160 0C) to remove a 
trace (0.09%) of 2,6-di-rw-butyl-4-methoxyphenol. If this was not 
done, the only EPR signal observed on reaction with diacyl peroxides 
was that due to 2,6-di-re/-?-butyI-4-methoxyphenoxy. 

Measurement of kQ. Although the tin hydride method suggests that 
6-hepten-2-yl cyclizes somewhat more rapidly than 5-hexenyl,bJ we 
fell that it would be worthwhile to measure the rate constant, kc, more 
accurately and over a range of temperature. The technique employed 
is that of kinetic EPR spectroscopy which we have used previously to 
measure the Arrhenius parameters for the cyclization of 5-hexenyl15-16 

and 4-cyanobutyl'7 radicals. The general experimental procedure for 
studying unimolecular radical reactions by this technique has been 
adequately described.1- I8 

General Procedure for Spin Trapping. Samples were prepared in 
quartz EPR tubes by adding aliquots of stock solutions of the spin traps 
to known quantities of the diacyl peroxide as described previously.4-5 

The degassed, frozen solutions were transferred to the preheated cavity 
of a Varian E-4 EPR spectrometer. Spectra were recorded as a 
function of time and ratios of the concentrations of the different spin 
adducts were determined by double integration of nonoverlapping lines 
of known degeneracy in the first derivative spectra. The solvent was 
benzene in all cases and the radicals were produced by thermal de
composition of diacyl peroxides. All spin trapping rate measurements 
were made at 40 0C. 

Dimerization of Nitrosodurene. This spin trap is highly dimerized 
in solution and since only the monomer will be active it is necessary 
to know the equilibrium constant for dimerization. K = [dimer]/ 
[monomer]2. In our earlier work we obtained a value of 1 6 for €750, 
the molar extinction coefficient/cm monomer at 750 nm (which is 
slightly off the band maximum), and a value for K = 286 M - 1 at 22 
0C. Assuming that the temperature coefficient of K would be small 
wc estimated K = 250 ± 25 M - 1 at 40 °C. We subsequently learned 
that this equilibrium constant had also been measured in benzene at 
temperatures from 20 to 40 0 C by Doba, Ichikawa, and Yoshida." 
They obtained f80o (the band maximum) 91 M - 1 c m - ' and a van"t 
Hoff relation which can be represented as log {K/M~]) = -6 .80 + 
14.5/0, where 0 = 2303RT kcal/mol. This gives K = 2140 M"1 at 
40 0 C. This large discrepancy led to additional studies on this equi
librium. A very careful remeasurement in our laboratory at 22 0 C (the 
only temperature available for experimental reasons) gave K = 2000 
± 440 M - 1 with £8oo 47 ± 5 M - ' cm"1. Meanwhile, measurements 

file:///-ferf-butylnitrone
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Scheme I 

Bu^Sn* 

in Professor Yoshida's laboratory20 gave egoo 36 ± 2 M 'cm ' at 29 
0C and, on the assumption that t is temperature independent, the van't 
Hoff relation, log (/C/M"1) = (-8.74 ± 0.10) + (16.1 ± 3.8)/0 at 
temperatures from 25 to 40 0C. This equation yields K = 1565 M - 1 

at 22 0C (which is in satisfactory agreement with our revised value 
considering the difficulties inherent in these experiments) and K = 
322 M -1 at 40 0C. If we combine the two sets of data (without cor
recting for the different e values) we obtain log {K/M~') = -10.72 
+ 18.9/0, which yields K = 303 M"1 at 40 0C. It is this last value that 
we have used in our spin trapping calculations. 

Results 

Measurement of kc. The irreversible cyclization of the sec
ondary 6-hepten-2-yl radical, S-, to the primary 2-methylcy-
clopentylcarbinyl radical, P-, was studied by kinetic EPR 
spectroscopy. The S- radicals were produced by bromine ab
straction from 2-bromo-6-heptene (3) using photochemically 
generated tri-n-butyltin radicals in rt-pentane as the solvent. 
Absolute concentrations (determined by calibration with 
DPPH)21 of S- and P- were measured under steady photolysis 
at temperatures from 183 to 232 K. The overall reaction can 
be represented as shown in Scheme I. Since S- and P- are 
sterically unhindered alkyl radicals of low molecular weight 
the radical-radical reactions all occur at the diffusion-con
trolled limit. Under such circumstances the rate constant ratio, 
kc/2k{

p, is given by15"18 

* c / 2 * , p = [ P - ] ( l + [P-]/[S.]) 

The experimentally measured S- and P- concentrations are 
listed in Table 1, together with the derived values of &c/2/ct

p. 
This data can be represented by 

log (£ C /2£, P /M) = - ( 2 . 0 ± 0.3) - (4.1 ± O.3)/0 (II) 

The rate constant for the bimolecular self-reaction of the 
rearranged radical, 2A't

p, was measured by the usual method21 

in n-pentane at 240 K. The radical decayed with second-order 
kinetics and with a rate constant of 4.S7 X 109 M - 1 S - ' , which 
indicates that the reaction is diffusion controlled. The variation 
in 2£,p with temperature can therefore be estimated from the 
temperature coefficient of viscosity of the solvent.22 It can be 
represented by 

log (2/Ct1VM-1 s- ' ) = 11.79' 2.34/9 (III) 

P- cyclization From eq II and III, the rate constant for the S 
can be represented by 

log (fcc/s-1) = (9.8 ± 0.3) - (6.4 ± O.3)/0 (IV) 

This equation would seem to be fairly reliable since the 
Arrhenius preexponential factor is in the range found for 
analogous cyclizations, e.g., 109 s M - 1 s~' for 5-hexenyl16and 
1 0 " M - ' s - ' for4-cyanobutyl.17 

Equation IV yields kc = 2.1 X 105 s _ i at 40 0 C, slightly 
faster than the rate constant for the 5-hexenyl cyclization, 
which is 1.78 X 105S -1 at this temperature.16 The ratio of these 
rate constants is 1.18, in good agreement with values of 1.4 at 
406 and 65 0 C 7 measured by the tin hydride method.23 

Measurement of kT. Trapping with 2-Methyl-2-nitroso-

i I i : ' I I i i i I P-N.B 
I i j I '' i S-NtB 

Figure 1. EPR spectrum of adducts formed from I (6.1 X 10-3 M) and 
NtB (1.3 X 10~2 M) in benzene at 40 0C. 

Table I. Radical Concentrations and kc/2k{
p Ratio for the 

Cyclization of 6-Hepten-2-yl Radicals in «-Pentane 

temp, 
K 

183 
188 
192 
196 
205 
209 
214 
227 
232 

[S-] X 10s, 
M 

21.6 
19.9 
18.6 
12.6 
8.6 
7.7 
6.9 
5.6 
4.0 

[P-] X 108, 
M 

9.4 
7.1 
10.4 
12.4 
19.4 
19.3 
19.1 
22.4 
22.0 

kc/2ktX 107, 

M 

1.35 
0.96 
1.62 
2.46 
6.32 
6.77 
7.20 
11.2 
14.3 

propane (NtB). Thermal decomposition of di(2-methyl-6-
heptenoyl) peroxide (1), in benzene at 40 0 C and at a con-

o o 
ti 
C -O- + 2CO2 

I S 

centration of 6.1 X 10 - 3 M in the presence of 1.3 X 10 - 2 M 
NtB, gave an unexpectedly complex EPR spectrum (see Figure 
1). Under the same conditions, di(2-methyl-6-heptanoyl) 
peroxide (2) gave a simple EPR spectrum consisting of a triplet 

+ 2CO2 

2 H 
(aN = 14.8 G) of doublets (aH = 1.8 G). This was obviously 
due to the trapping of the secondary heptan-2-yl radical, H-. 
With this guide it becomes clear that two different primary 
alkyls are formed from S- and are trapped by the NtB to give 
spin adducts having slightly different EPR parameters. The 
formation of two distinguishable P-NtB spin adducts is, to us, 
the surprising result since earlier product studies had already 
shown the S- cyclizes to give both the m-methyl-, P-C[s, and 
trans-melhyl-, P-lrans, cyclopentylcarbinyl radicals25 '27 in a 

rtrans 
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Table II. EPR Parameters for Spin Adducts in Benzene at 40 0C (Hyperfine Splittings in Gauss) 

spin adduct" , N , H * S 

H-NtB 
S-NtB 
PCis-NtB 
P.rans-NtB 
S-ND 
P-ND'' 
S-/-Bu3NB<-
S-Z-Bu3NB*? 
P-f-Bu,NB' /-* 
H-PBN 
H-DMPO 
H-MBN 

14.8 
14.7 
15.4 
15.2 
13.6 
13.3 
10.8 
13.4 
14.1 
14.6 
14.2 
15.2 

1.8 
1.7 

12.6 (Ha), 9.5 (Hb) 
11.3 (Ha),< 9.8 (Hb)< 

6.9 
13.2 (Ha), 9.5 (Hb) 

1.7(3 H)/ 
22.3 

19.5(Ha), 13.5 (Hb), 0.8 (2 H111) 
2.5 

21.8 
11.6 (Ha), 9.2 (Hb) 

2.0059 
2.0061 
2.0061 
2.0061 
2.0061 
2.0061 
2.0041 
2.0062 
2.0062 

h 
h 
h 

"H = heptan-2-yl, S = hepten-2-yl, P = 2-methylcyclopentylcarbinyl; for spin adduct abbreviations see text. * One hydrogen unless otherwise 
specified. ' Best values, estimated by computer simulation. d Cis and trans P-adduct spectra not resolved. " Anilino spin adduct. / (SH + 2 
Hmcia- g Nitroxide spin adduct. " Not measured. 

Table III. Spin Trapping 6-Hepten-2-yl, S-, and the Rearranged 
2-Methylcyclopentylcarbinyl, P-. Radicals with NtB in Benzene 
at 40 0C 

[NtB] X 
M 

4.2 
8.4 

12.6 
16.8 
33.6 

103, (dfS-
(d[P 

NtBlM/), 
-NtB]/dO, 

0.133 
0.223 
0.320 
0.456 
1.156 

-o" 
—0 

kT X 10-5,* 
M-' s-' 

66.5 
55.8 
53.3 
57.0 
72.3 

C1X 109,' 
Ms"1 

1.39 
1.19 
0.95 
1.06 
0.94 

" [P-NtB] = [Pcis-NtB] + [Ptrans-NtB]. h Calculated from eq 1 
with A-c = 2.1 X 105S"1. Average value of AT= (61 ± 8) X 105 M - ' 
s -1 . ''Ui = d[S-NtB]/dr + d[P-NtB]/dr. Initial concentration of 1 
= 3.05X 10-3M. 

ratio of ca. 2.7:125 to 2.3:1.26 The ratio of the integrated peak 
areas of either of the outermost, incompletely resolved, pair 
of lines shown in Figure 1 is roughly 2.8:1. This allows us to 
assign the spectrum with the larger (by 1.4 G) overall width 
to Pcis-NtB. 

An additional complication in the Pcjs-NtB (and also in the 
Pirans-NtB) spectrum arises because the 1S-CH2 hydrogens are 

H n O ' 

Q-K-C M e , 

1 C I i NtB 

magnetically inequivalent. This is because Pc,s-NtB, like other 
analogous nitroxides,28-29 is chiral by virtue of the asymmetric 
2-methylcyclopentyl group. The /3-CKh hydrogens are there
fore inequivalent even if there is rapid internal rotation about 
the N-Q3 bond. The EPR parameters for these and the other 
spin adducts generated in this work are summarized in Table 
If. 

The ratios of the initial rates of formation of the S- and P-
spin adducts of NtB are given in Table III at various NtB 
concentrations. Under the experimental conditions employed 
(for which kQ = 2.1 X 105 s - 1 ) the average value of the rate 
constant for the trapping of secondary alkyls by NtB is cal
culated (by eq I) to be (6.1 ±0 .8 ) X 10 6S - 1 . In each of these 
experiments the initial concentration of the diacyl peroxide, 
1, was 3.05 X 10 - 3 M and the total rate of formation of spin 
adducts, v\, was (1.1 ± 0 . 2 ) 1 0 - 9 M~' s - ' . Since this rate does 
not depend on the NtB concentration it is clear that essentially 
all the alkyl radicals generated are trapped in each experiment. 
This rate of radical formation yields a rate constant for the 

decomposition of 1 at 40 0 C of 3.0 X 1O-7 s - 1 . The peroxide 
decomposition is not exactly a "clean" first-order process. 
Measurements at different peroxide concentrations yield, on 
extrapolation to zero peroxide concentration, a rate constant 
of 2.8 X 10- 7S" 1 . 3 0 

Trapping with Nitrosodurene (ND). The EPR spectra of the 
two isomeric cis and trans P -ND adducts cannot be distin
guished (see Table II). As is well-known, this nitroso compound 
is strongly dimerized in solution. The monomer concentration 
was calculated from the total ND concentration (as monomer) 
using an equilibrium constant, K = 303 M - 1 in benzene at 40 
0 C (see Experimental Section). The rate constant for trapping 
was obtained from the ratio of the initial rates of formation of 
S-ND and P-ND (see Table IV). The values of V1 (at [1] = 
3.05 X 10 - 3 M) again indicate that all the alkyl radicals are 
trapped by the ND. 

Trapping with 2,4,6-Tri-terf-butylnitrosobenzene (f-Bu^NB). 
This trap is known to give only nitroxide spin adducts with 
primary alkyl radicals.4,32 However, it has been reported32 that 
with secondary alkyls both nitroxide and anilino spin adducts 
are produced. We have confirmed this observation with the 
secondary alkyls formed by thermal decomposition of both 1 
and 2. Thus, at 40 0 C, 2 gives the H-nitroxide and H-anilino 

-/N/V^J-j^-

Oh-
H-nltroxIde 

T-+^^h-°-'H^ph 
H-anilino 

spin adducts in a ratio of 0.057, independent of the trap con
centration (see Table V). 

The absolute rate constant at 40 0 C for the spin trapping of 
secondary alkyls as their anilino adducts was found to be 3.1 
X IQ5 M - 1 s_ 1 by comparison of the rates of formation of the 
S-anilino and P-nitroxide33 adducts in the usual way (see 
Table VI). Combination of this rate constant with the data in 
Table V yields a value of 0.177 X 105 M - 1 s_ 1 as the rate 
constant for the trapping of secondary alkyls as their nitroxide 
adducts. 

Competition between Two Spin Traps. The EPR spectra for 
the ST- and PT- adducts with nitrones are not sufficiently 
different for kT values to be measured directly. However, these 
rate constants can be measured by competitive experiments, 
as described previously,4-5 using a trap for which kT has already 
been determined. The results of these experiments using H-
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Table IV. Spin Trapping S- and P- Radicals with ND in Benzene at 40 0C 

4979 

total [ND] 
X 103, M 

1.9 
20.2 
40.4 

monomer [ND]" 
X 10-\ M 

1.3 
6.68 

10.0 

(d[S-ND 
(d[P-ND 

/ d / ) , - o 
/dO,~o 

0.254 
1.26 
1.96 

F x 10--V 
M - ' s - ' 

411 
395 
412 

t'i X 10V 
M s " 1 

1.23 
1.42 
0.98 

" Based on K = 303 M -1 (see text). b Calculated from eq I with k<. 
X IO--1 M. 

: 2.1 X 105S-'. Average kT = (406 ± 8) X 105 M"1 s_1. ' [1] =3.05 

Scheme II 

NtB 

PBN 

radicals from 3.3 X 1O-3 M 2 in benzene at 40 0 C are sum
marized in Scheme II. Arrows connect pairs of traps used in 
competition and point from the more reactive to the less re
active trap. Rate constant ratios are given on each arrow.34 

They are all averages of four or more individual competitive 
measurements at relative trap concentrations varying by at 
least an order of magnitude. 

The validity of Scheme 11 is attested to by its internal con
sistency and by the satisfactory agreement between these rate 
constant ratios for the nitroso traps and those obtained using 
the S- —* P- rearrangement. The absolute rate constants for 
secondary alkyl radical spin trapping by all the foregoing traps 
are summarized in Table VII. 

Trapping with 2,6-Di-ferf-butyl-l,4-benzoquinone. Roginskii 
and Belyakov3-1 recently reported that this quinone is a useful 
trap for thermally generated alkyl radicals.36 The spin adducts 
formed with a number of tertiary37 and secondary alkyls 
showed hyperfine splittings by two (meta) and three (2-meta 
+ a-H of secondary alkyl) equivalent hydrogens, respectively, 
which indicates that they are the corresponding 4-alkoxy-
2,6-di-?er/-butylphenoxy radicals. 

R, C + 0 <r- >co-^rf-o' Qn ( 2H) ' 1.0 G 

R 2 C H + 0 = ( > = C - * • R-CHO ̂ - a (3H) ~ 1.0 G 

Thermal decomposition of 2 in the presence of this quinone 
gave the expected adduct having three equivalent hydrogens 
(aH (3 H) = 0.9 G). Competition with NtB in benzene at 40 
0 C yielded a rate constant for the trapping of H- of 0.93 X 105 

M - 1 S - 1 , which is somewhat smaller than the value of 8 X 105 

M - 1 s _ l reported35 for the secondary alkyl radicals derived 
from w-decane at 50 0 C. An attempt to confirm our value via 
peroxide 1 and the S* —• P- rearrangement yielded a complex 
EPR spectrum (overall width = 3.2 G, six lines) which ap
peared to derive from more than one radical. A similar, but not 
quite identical, spectrum was obtained with n-heptanoyl per
oxide (which yields n-hexyl radicals) and with acetyl peroxide 
(methyl radicals). Roginskii and Belyakov35 also reported that 
methyl (from the decomposition of tert-butoxy) gave a com
plex spectrum (which is probably not the same as that we ob
tained). They suggest that one of their observed radicals cor
responds to methyl addition to the 3 position of the quinone. 
The present results suggest that primary alkyls are also suffi
ciently unhindered to add to this position.34 Certainly, in the 
case of benzoquinone itself, primary alkyls add to the ring very 

Table V. Spin Trapping H- with I-

[J-Bu3NB] 
X 103, M 

3.76 
7.5 

30.1 

Table VI. Spin Trapping S- and P 
Benzene at 40 0 C 

Ir-Bu3NB] (d[S-anilino]/d/), 
X 103, M (d[P-nitrox]/dr), 

30.8 0.054 
120 0.163 
308 0.404 

Bu3NB in Benzene at 40 0 C 

(d[H-nitrox]/d/) ,- .0 

(d[H-anilino]/dO,-o 

0.0570 
0.0563 
0.0573 

Radicals with T-Bu3NB in 

^ 0 F a n i l i n o " v, X 109,* 
•o X 1 0 - \ M - ' s - ' M s - ' 

3.71 0.91 
2.86 0.83 
2.75 0.98 

" Calculated from eq I with A:c = 2.1 X 105S"1. Average kT = (3.11 
±0.43) X 105M-1 s- [1] = 3.05 X IO-3 M. 

Table VII. Summary of Rate Constants for Spin Trapping Alkyl 
Radicals in Benzene 

kTX 10-5,M-1S-' 

spin trap 

2-methyl-2-nitrosopropane (NtB) 
nitrosodurene (ND) 
tri-?m-butylnitrosobenzene 

(/-Bu3NB)-nitroxide 
(/-Bu3NB)-anilino 

dimethylpyrroline 1-oxide (DMPO) 
methylene-fe/7-butylnitrone (MBN) 
phenyl-/e/-f-butylnitrone (PBN) 
2.6-di-fm-butyl-l,4-ben7.oquinone 

prim" 
4O0C 

90 
407^ 

4.7 

f 
26 
31 

1.3 
h 

secft 

4O0C 

61 
406 

0.18 
3.1 
4.2 

13 
0.68 
0.93 

tert'' 
2 6 0 C 

33 
900'' 

f 
2.3 

g 
g 

<0.l 
g 

" Reference 4. * This work. ' Reference 19. '' Recalculated taking 
K = 303 M - 1 . e Revised value, ref 20. J Not observed. « Not mea
sured. '' Complex reaction; see text. 

rapidly.40 The rate constant for this reaction has been esti
mated40 to be 2 X 107 M - ' s - ' at 69 0 C. 

RCH2 H 

RCH2 + °=<f^Vo _ O=^)=O 

Trapping Tertiary Alkyl Radicals. We could not devise an 
unequivocal method for measuring kJ for tertiary alkyl radi
cals. However, relative kT values were obtained for the tertiary 
2-phenylprop-2-yl (cumyl) radical which was generated by the 
thermal decomposition of azocumene41'42 in benzene at 40 0 C 
in the presence of pairs of spin traps. 

C6H5C(CHj)2N= =NC(CH3)2C6H5 — 2C6H5C(CH3)2 
+ N, 

These data are summarized in Table VIII together with rel
ative kr values for the primary and secondary alkyl radicals. 
In comparing the relative kT values for these three types of 
radical, it must be remembered that the primary and secondary 
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Table VIII. Relative Rate Constants for Spin Trapping Alkyl 
Radicals in Benzene at 40 0C 

sec" 
spin prim" 6-hepten-2- tertA 

trap 5-hexenyl yl cuniyl 

NtB (100)' (100)' (100)' 
ND 450 670 110 
r-Bu3NB-nitroxide 5.2 0.3 
/-Bu3NB-anilino 5.1 4.8 
DMPO 29 6.9 1.9'' 
MBN 34 21 12 
PBN 1.4 1.1 0.0027'' 

" From Table VIl. h This work. ' Assumed. '' For the cumyl radical 
(AT)DMPO/(AT)PBN « 700. However, under the same experimental 
conditions the less hindered (CH.ihCCN radical (derived from azo-
bisisobutyronitrile) gave a ratio of only ca. 34. 

radicals are nonstabilized alkyls whereas the tertiary is a res
onance-stabilized benzylic radical.43 

Discussion 

The absolute rate constants for the spin trapping of secon
dary alkyl radicals in benzene at 40 0 C are summarized in 
Table VII. As with the trapping of primary alkyls4 relative kT 

values are probably accurate to ±30% but absolute values are 
probably reliable to no more than a factor of 2. The present 
data are compared with the rate constants measured previously 
for trapping primary alkyls under the same conditions4 and 
with those reported by Doba et al.19 for tert-buty\ trapping in 
benzene at 26 °C. In the latter work the tert-buty\ radicals 
were generated by photolysis of the 2-methyl-2-nitrosopropane 
spin trap. The relative rate constants obtained in competitive 
experiments were put on an absolute scale by an intermolecular 
competition with a reaction having a known rate constant, viz., 
H-atom abstraction by tert-butyl from tri-«-butyltin hydride.24 

We believe that our own experimental procedure is inherently 
the more reliable. However, there is obviously general agree
ment between our results and those of Doba et al.19 (see Table 
VII), which is extremely gratifying. The overall picture for 
primary, secondary, and tertiary alkyl radicals reveals that, 
with one exception, /:T

prim > &Tsec > £Tten, just as would be 
expected (see Table VII). The one exception is ND, which is 
by far the most reactive trap, and we presume that experi
mental problems have hidden a similar trend in this case. 

The relative reactivities of the various spin traps toward 
secondary alkyls (see Table VIII) are rather similar to those 
found for primary alkyls and discussed previously.4 The most 
surprising result is the relatively low reactivity of PBN toward 
the cumyl radical. This might be due to steric factors (cf. 
footnote d, Table VIII) or to the fact that cumyl is a reso
nance-stabilized alkyl radical. 

Tri-Zerf-butylnitrosobenzene is an extremely interesting trap 
because the [(r-Bu3NB)-nitroxide]/[/-Bu3NB)-anilino] spin 
adduct ratio, 7, is so highly dependent on the steric bulk of the 
attacking alkyl radical. Even with secondary alkyls 7 is not a 
constant. Thus, with hept-2-yl 7 = 0.057, whereas Terabe and 
Konaka32 have reported 7 values of 0.5 and 3 for n-PrCHOH 
and EtCHOH, respectively, while MeCHOH gave only the 
nitroxide adduct. Another interesting result is that the total 
rate constant for trapping hept-2-yl (viz., 3.28 X 105 M - 1 s_1) 
is not much smaller than the rate constant for trapping a pri
mary alkyl (viz., 4.7 X 105 M - 1 s~'). It would appear, there
fore, that the steric influence of the two ortho tert-butyl groups 
manifests itself primarily as a "directing" effect and only to 
a much lesser extent does it retard the rate of radical addition 
(cf. also relative and "absolute" values of k1 for tertiary al
kyls). The possibility that primary alkyls also yield some anilino 

radicals initially, but that these rearrange rapidly to the ni
troxide, cannot be entirely ignored. 

Future work in this field will be directed toward measuring 
the rates of trapping of heteroatom-centered free radicals. 
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Introduction 

Reductive elimination is a crucial step in low-energy tran
sition-metal mediated transformations of organic compounds 
to products in which new carbon-carbon bonds have been 
generated.'-2 Although there is considerable mechanistic in
formation on oxidative addition reactions of organic com
pounds to low valent transition-metal complexes,3-5 there is 
much less information concerning the reverse, reductive 
elimination reaction. 

Trialkyltriphenylphosphinegold complexes reductively 
eliminate cis methyl groups by a first-order process.6 Diaryl-7 

and arylmethylbis(triphenylphosphine)nickel complexes7'8 

decompose to give coupled products. However, the rate of the 
entire catalytic cycle is faster than the simple reductive elim
ination step of two organic groups attached to nickel, so that 
an induction of the reductive elimination by a prior electron-
transfer process from nickel has been proposed.8 Diaryl-
bis(phosphine)platinum complexes decompose by a concerted 
coupling mechanism, as evidenced by the absence of crossover 
products or products derived from radical intermediates.9 

(37) The trapping of thermally generated fert-butyl radicals has been indepen
dently confirmed (Chen, K. S.; Foster, T.; Wan, J. K. S. Private communi
cation). This quinone would also appear to have great potential as a spin 
trap for metal-centered radicals. 

(38) Alkyl addition to the 4 position followed by a ring expansion is another 
possibility suggested by recent work by Nishinaga et al.39 
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come by recrystallization of the azocumene. The original material must 
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(43) Attempts to measure relative kT values for Me3C- generated by thermal 
decomposition of Me3COOC(O)CMe3 were frustrated by the simultaneous 
formation of Me3CO- and Me- spin adducts with several of the traps. We 
were unable to prepare pure Me3CC(O)OOC(O)CMe3. 

Reductive elimination reactions also take place with six-
coordinate di- and trialkylplatinum(lV) complexes.10 In cer
tain other di- or trimethyl metal complexes, a elimination is 
observed instead." Dinuclear reductive elimination takes place 
in osmium clusters.12 Critical mechanistic studies on the re
ductive elimination of diorganopalladium complexes are 
scarce,7'13 yet palladium has been demonstrated to catalyze 
a large number of different coupling reactions in which the 
reductive elimination step probably has a crucial role.14 

Results and Discussion 

Reactions of Benzylpalladium Complexes with Meth\ llithium 
and with Tetramethyltin. (a) Reactions. With the purpose of 
studying the stereochemistry of reductive elimination from 
palladium(II) complexes, a study of the sequence outlined in 
Scheme I was undertaken. 

The oxidative addition of optically active a-deuteriobenzyl 
chloride to tetrakis(triphenylphosphine)palladium(0) ( l ) is 
known15 to proceed with 74% net inversion of configuration 
at the benzylic carbon, whereas the oxidative addition of 
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Abstract: Coupling products are obtained in good yields from the reaction of tetraorganotin compounds or Grignard reagents 
and organohalogenopalladium(II) complexes provided that a benzyl bromide is present. Low yields are obtained in the absence 
of the benzyl bromides, in which case other decomposition pathways (e.g., a elimination) take place, even in the presence of 
electron acceptors (e.g., oxygen, /n-dinitrobenzene). The first step in the reaction of benzylhalogenobis(triphenylphosphine)-
palladium(II) complexes with MeM (M = SnMe3, MgBr) is metathesis of the benzyl ligand rather than the halogen. This 
unique carbon-for-carbon transmetalation takes place at 25 0C and is facilitated by electron-donating substituents on the ben
zyl ligand. The products of this reaction subsequently react at higher temperature in the presence of a benzyl bromide to afford 
ethylbenzene. Optically active chloro-(a-deuteriobenzyl)bis(triphenylphosphine)palladium yields, upon reaction with tetra
methyltin in the presence of /i-nitrobenzyl bromide, optically active a-deuterioethylbenzene in which overall retention of con
figuration at carbon has resulted. m-Dimethylbis(triphenylphosphine)palladiurn(II) reacts with benzyl bromide at 25 0C to 
afford ethylbenzene and bromomethylbis(triphenylphosphine)palladium(ll) rather than ethane. When optically active a-deu
teriobenzyl bromide is used in this reaction, optically active a-deuterioethylbenzene is formed, and inversion of configuration 
at carbon takes place. The reductive elimination process is proposed to take place preferentially from a palladium(IV) interme
diate with retention of configuration at carbon. 
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