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Abstract: The reaction of stable sterically hindered nitroxyl
radicals with benzylic and allylic substrates was investi-
gated. An allyloxyamine derivative was obtained by the
reaction of 2 molar equiv of a nitroxyl radical with an
unactivated alkene. Experimental and computational evi-
dence is consistent with a low-energy pathway involving
addition of the nitroxyl radical to the double bond followed
by H-atom abstraction from the intermediate by another
equivalent of nitroxyl radical.

Sterically hindered nitroxyl radicals, for example,
2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO), are gen-
erally considered to be both kinetically and thermody-
namically stable free radicals that do not typically
undergo hydrogen atom abstraction reactions with hydro-
carbon substrates. Hydrogen-atom-abstraction reactions
of photochemically excited TEMPO and 4-hydroxy-2,2,6,6-
tetramethylpiperidine-N-oxyl, 1a, are known.1-3 Isolated
reports on thermally initiated hydrogen-atom-abstraction
reactions by sterically hindered nitroxyl radicals have
recently appeared. Hazeldine and co-workers reported
that bis(trifluoromethyl)nitroxide abstracts hydrogen
atoms from various substrates including alkylbenzenes.4
Scaiano5 and Opeida6 have reported on the mechanism
and kinetics, respectively, of the reaction of TEMPO with
benzylic substrates.

The reaction of alkoxy radicals with cyclic alkenes in
the presence of a nitroxyl trapping agent was reported
by Busfield et al.7 In a control experiment in the absence

of alkoxy radicals, Jenkins observed the formation of a
product that was formally the cross-coupling of an allylic
cyclohexenyl radical with nitroxide.8 Jenkins made the
reasonable suggestion that this cyclohexenyl radical was
the result of allylic hydrogen atom abstraction by a
nitroxyl radical. In this paper we report experimental and
computational results that strongly suggest that the
hindered nitroxyl radicals 1a-c react with allylic sub-
strates by a stepwise addition:hydrogen-atom-abstraction
mechanism.

The reaction of 1a-c with the benzylic substrates
2a-c at 130-143 °C (reflux temperature or pressure
vessel) for 2-3 days gave good yields of the corresponding
alkoxyamine derivatives 3a-e and hydroxylamines
4a-c. The reactions were carried out with excess alkyl-
benzene as the reaction solvent. The products formed
are consistent with the previously established mechanism
for this reaction (rate determining benzylic hydrogen
atom abstraction by nitroxyl radical followed by trapping
of the benzylic radical with another mole of nitroxyl
radical).5 The reaction of 1a with ethylbenzene at 133
°C gave a low yield of the corresponding alkoxyamine
derivative 5 (6% recrystallized) and a greater than
theoretical yield of the corresponding hydroxylamine 4a.
This is consistent with the known decomposition of
similar secondary benzylic alkoxyamine derivatives at
the reaction temperature of this study.9 Attempts to
prepare a bis-adduct by the reaction of 2 equiv or more
of 1a with 2a (in melt) or 2b (chlorobenzene solvent)
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SCHEME 1. Alkoxyamine Derivatives Synthesized
by the Reaction of Nitroxyl Radicals with Benzylic
Substrates
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gave extensive decomposition with the chromatographic
isolation of trace amounts of 6a and 6b, respectively. A
reasonable explanation for this observation is that the
rate of the reaction of nitroxyl radical with the substi-
tuted benzylic hydrogen is greater than that with the
methyl hydrogen atom in the intermediate alkoxyamines
3a,b, which leads to decomposition and rearrangement
products.

Scaiano reported that the bis-adduct 7 is formed by
the reaction of 2 mol of TEMPO with styrene.5 Jenkins
observed the formation of 8 in the reaction of a 1H-
isoindol-2-yloxyl radical with the allylic proton containing
substrate cyclohexene (9). The reaction of 1a with 9,
1-octene (10), or cyclooctene (11) gave the corresponding
allylic derivatives 12, 13, and 14, respectively. The acyclic
alkene derivative 13 was obained as a 30:70 cis:trans
isomer mixture. Excess alkene was used as the reaction
solvent. In the reaction of 1a with 9, no evidence was
observed for the formation of the vicinal bis-adduct 15
as in the case of styrene, nor was the formation of the
diadduct 16 observed as a result of reaction at both allylic
positions.

However, unlike the benzylic substrates which re-
quired reaction temperatures greater than 100 °C, the
reaction of 1a with 9 proceeded at 70 °C to give 12.
Indeed, the formation of 12 was observed to slowly form
upon stirring 1a with 9 at room temperature. The
reaction of 1a with an equimolar mixture of 9 and 2b at
70 °C gave only 12 without any evidence for the formation
of 3b. In a more revealing experiment, heating a mixture
of cyclohexene and ethylbenzene that have secondary
allylic and benzylic protons, respectively, at 45 °C led only
to the formation of 12 with no observable 5. These
observations are unexpected if the mechanism of the
reaction is hydrogen atom abstraction by nitroxyl radical
for both benzylic and allylic substrates because the bond
dissociation energy for allylic and benzylic C-H bonds
is expected to be nearly the same.10

In an effort to provide some further mechanistic
insight, the activation enthalpies of three potential
reaction pathways were evaluated utilizing semiempirical
UHF/AM1 calculations (see Figure 1). For the purposes
of the calculations, TEMPO was used as a general model
for compound 1a. As pathways b and c have a common
intermediate, the transition states for allylic H-atom
abstraction and nitroxyl radical addition to the double
bond were located (see Figure 2). The calculated enthalpic
barrier to allylic H-atom abstraction from 9 was 37.5 kcal/
mol for the pseudoaxial H-atom. It is noteworthy that
the pseudoaxial abstraction was slightly favored (by
about 1 kcal/mol) over abstraction of a pseudoequatorial
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FIGURE 1. Potential (a) H-abstraction, (b) stepwise nitroxyl
addition-elimination, and (c) nitroxyl addition-H-atom-
abstraction pathways for the reaction of 1a with 9.

FIGURE 2. Calculated Ea for H-atom abstraction and nitroxyl
addition pathways.
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hydrogen. This seems reasonable in light of the overlap
between the developing singly occupied carbon p-orbital
and the adjacent π system of the incipient allylic radical.
In contrast, TEMPO addition to the double bond of 9
proceeded with a calculated enthalpic barrier of only 28.5
kcal/mol (TS1, Figure 2), 9.0 kcal/mol lower than that
calculated for pathway a. These results are consistent
with the formation of only product 12 when equimolar
amounts of 9 and 2b are mixed with 1a at 70 °C, in that
the calculation predicts that addition to the double bond
is faster than allylic (or even benzylic) H-atom abstrac-
tion.

After the formation of the addition product, additional
nitroxyl may react in a stepwise manner to form the bis-
product 15. Indeed, a transition structure for this process
was located. All attempts at locating a termolecular
activated complex, as a result of concerted addition of
2 mol of nitroxyl, failed, and reverted back to the
bimolecular structure. The calculated activation barrier
for this bimolecular coupling was 13.8 kcal/mol, which
probably arises largely from the steric requirements of
a hindered nitroxyl and a secondary alkyl radical. Even
so, this calculated value is too high in comparison to the
previously reported experimental value of 2.3 kcal/mol
for the coupling of TEMPO with R-methylbenzyl radical.11

Quantitative agreement between the experimental and
our calculated value is not to be expected, as semi-
empirical methods, such as AM1, have been parametrized
from ground-state structures, rather than transition
states. Conversely, we have seen that the relative ener-
getics provided by the calculations are fully consistent
with the experimental results (vide infra).

The bis-adduct 15 may ultimately form product 12
through an elimination mechanism involving the â-
hydrogen, in a cyclic transition structure (Figure 3).
Furthermore, this hydrogen may also be abstracted by
an additional nitroxyl radical, followed by homolytic
fragmentation to form the olefin. Both of these pathways
were calculated to be high-energy processes proceeding
with barriers of 56.1 and 41.1 kcal/mol, respectively. In
contrast, reversion of 15 to the mono-addition radical

product was calculated to be a relatively easy process,
proceeding with a calculated barrier of only 30.8 kcal/
mol.

The formation of product 12 can occur directly from
the mono-addition radical product by abstraction of the
H-atom adjacent to the radical site. This relatively low-
energy process, which is driven by the formation of the
double bond, is calculated to proceed with an enthalpic
barrier of 30.9 kcal/mol (TS3, Figure 4).

The relative energetics provided by the calculations
suggest a possible mechanistic pathway for the reaction.
Nitroxyl addition to the double bond, which is faster than
allylic H-atom abstraction, produces the mono-addition
radical product. This product can rapidly undergo a cross-
coupling reaction with another nitroxyl to give the bis-
addition product 15. As the lowest energy pathway from
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FIGURE 3. Calculated Ea of possible reaction pathways
leading to 12 from the vicinal diadduct 15.

FIGURE 4. Calculated Ea for nitroxyl addition-H-atom-
abstraction pathway.

SCHEME 2. Reaction of Nitroxyl 1b with
Mono-adduct 12
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15 is the reversion back to the mono-adduct, an equilib-
rium may be set up between the mono-adduct and 15.
The product 12 can then be formed through an essentially
irreversible [Ea(forward) ) 30.9 kcal/mol; Ea(reverse) )
45.3 kcal/mol] H-atom abstraction from the mono-
adduct.12

In a crossover experiment designed to further ascertain
whether the proposed nitroxyl addition-H-atom-abstrac-
tion mechanism is correct, an equimolar mixture of 12
and the 4-benzyloxy-substituted nitroxyl 1b in benzene
was heated together at 56 °C. Addition of 1b to 12 should
lead to the radical intermediate or transition state 17,
from which either 1a or 1b could eliminate (Scheme 2).
Consistent with the proposed mechanism, a mixture of
1a, 1b, 12, and 18 was obtained.

In general, the calculated and experimental results
provide a detailed mechanistic picture that strongly
supports pathway c (Figure 1), nitroxyl addition followed
by H-atom abstraction, which has not been previously
considered for this reaction. Of greater significance to the
scientific community, the occurrence of low-energy path-

ways for the addition of hindered nitroxyl radicals to
unactivated alkenes has previously been unrecognized
when using nitroxyls as radical traps in mechanistic
studies.13
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