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Introduction

The importance of the Barton reaction for synthetic purpos-
es is the possibility of attacking inactivated hydrogen intra-
molecularly through a 1,5-hydrogen shift. In fact, since the
early 1960s, it has been reported that alkoxyl radicals deriv-
ing from the photolysis of the corresponding alkyl nitrites,
among several possible reactions, can undergo an internal
rearrangement that leads to an alkyl radical. For the forma-
tion of the corresponding nitrosoalkyl derivative, or the hy-
droxamic acid in the synthesis of steroids, the key step com-
monly accepted is the encounter of the alkyl radical and
NO. But, it is now well documented that alkyl nitrites can
themselves act as efficient traps for alkyl radicals,[1–3] and
thus a possible alternative and/or competitive mechanism
accounting for the formation of the nitrosoalkyl derivatives
is hypothesized.

Results and Discussion

In the photolysis of alkyl nitrites, the formation of dialkyl
nitroxides, detectable by EPR spectroscopy, is usually de-
scribed as shown in Equations (5) and (6)[2,3] (Scheme 1),

with the key step of the process being the formation of the
nitrosoalkyl derivative [Eq. (5)], which depends on the con-
centration of both the alkyl radical and the free NO.[4]

In the literature, several photochemical studies on both
the chemical behavior of alkyl nitrites [Eq. (1)] and quanti-
tative estimates of the primary quantum yield (a quite effi-
cient process) in the gas phase have been reported.[5] In par-
ticular, the rapid re-formation of the nitrite from primary
products [Eq. (2)] is stated to be important,[6] as proved by
experiments conducted on RO�NO molecules in the pres-
ence of 15NO,[7] which showed the formation of the corre-
sponding RO�15NO in a high yield. In contrast, studies on
the quantum yield of the photolysis of alkyl nitrites in solu-
tion are not so plentiful.

As stressed before, as the nitrosoalkyl derivatives come
from the interaction of free NO and alkyl radicals,[4] a high
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Scheme 1. The commonly accepted Barton reaction mechanism, and
action of alkyl nitrite as a spin trap.
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concentration of both reactants should be present in the
medium to account for the high yield usually reported.
However, the low ultimate quantum yield[8,9] of the photoly-
sis of alkyl nitrites in solution, for instance 0.25 for the n-
pentyl nitrite and 0.08 for the tert-butyl nitrite, shows that,
on the contrary, the concentration of both reactants is very
small. In particular, the concentration of the free alkyl radi-
cal will depend on alternative competitive processes that
both the parent alkoxyl radical, through intermolecular hy-
drogen abstraction from the solvent, and the alkyl radical
itself, through the self-termination process, can undergo. In
light of all of these considerations, Equation (5) might not
represent an efficient route for the formation of nitrosoalkyl
derivatives.

Previous studies conducted in this laboratory on the pho-
tolysis of alkyl nitrites[1,10] showed that this class of com-
pounds is a very efficient and fast trap for alkyl radicals
[Eq. (7)], leading to the formation of alkyl alkoxy nitroxides
that can decay to nitrosoalkyl derivatives. Thus, for the for-
mation of R�NO, an alternative mechanism involving the
starting nitrite can be hypothesized (Scheme 2). To support
this mechanism, an EPR study on the behavior of different
alkyl nitrites to the photolysis was conducted.

The first alkyl nitrite under investigation was sec-butyl ni-
trite 4. The resulting alkoxyl radical mainly decays through
intramolecular processes, such as b scission and/or a 1,2-hy-
drogen shift,[11] or through a fast[6] recombination with NO.
Furthermore, to suppress intermolecular processes like hy-
drogen abstraction, benzene was used as the solvent.

When a solution of 4 was made to flow continuously
through a cell inside an EPR spectrometer cavity and was
photolyzed at a temperature slightly above the freezing
point of benzene, at least two alkyl alkoxy nitroxides, 5 and
6 (70% and 20%, respectively), were detected (Figure 1);[12]

but, no dialkyl nitroxides, as usually predicted, were ob-
served (Scheme 3).

However, conducting the experiments at a higher temper-
ature, �15–20 8C, dialkyl nitroxide 7 was detected with a
concomitant decrease of radical 6 ; over time, only radicals 5
and 7 (70% and 30%, respectively) remained visible
(Figure 2, Scheme 3).

The detection of nitroxides 5 and 6 underlines the capabil-
ity of alkyl nitrites to act as traps for alkyl radicals, whereas
for the formation of nitroxide 7, ambiguous evidence was

available; in fact, both Equations (16) and (17) (Scheme 3)
could account for its presence. Nevertheless, the decay of 6,
but not of 5, shows that by raising the temperature Equation
(14) predominates, and therefore 2-nitroso-2-butanol is the

Scheme 2. The new alternative mechanism for the Barton reaction.

Figure 1. Left: EPR spectrum obtained at �5 8C by photolyzing a solu-
tion of 4 in benzene; != radical 5 and *= radical 6. Right: Computer-si-
mulated spectrum. The length of the arrow represents a magnetic field
unit of 10 G.

Scheme 3. Reactions that can take place during the photolysis of nitrite
4, accounting for the detected radical species.

Figure 2. Left: EPR spectrum obtained at �15–20 8C by photolyzing a
solution of 4 in benzene; != radical 5 and *= radical 7. Right: Comput-
er-simulated spectrum. The length of the arrow represents a magnetic
field unit of 10 G.
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trap that accounts for the formation of 7 [Eq. (17)]. On the
contrary, if nitrosoethyl was the spin trap [Eq. (16)], Equa-
tion (15) should take place; but, the fact that diethyl nitro-
xide was undetected, which should be easily formed, gives
evidence against its involvement.[13,14]

The 4-methylpentyl nitrite 8, whose resulting alkoxyl in-
termediate undergoes the Barton rearrangement, was the
second substrate investigated. When a solution of 8 in ben-
zene was made to flow through a cell inside the EPR spec-
trometer cavity and was photolyzed, at 5 8C, three radical
species were detected: 9, 10, and 12 (15%, 70%, and 15%,
respectively; Scheme 4, Figure 3).

The formation of alkyl alkoxy nitroxide 9 supports, once
again, the role of alkyl nitrite as a spin trap, whilst to ac-
count for dialkyl nitroxide 12, a 1,2-hydrogen shift of the in-
termediate alkoxyl radical[11] [Eq. (23)] followed by the trap-
ping of the new alkyl radical [Eq. (25)] has to occur.

Concerning di-tert-alkyl nitroxide 10, the preponderant
species, the usually accepted mechanism could, in principle,
account for its presence. On the contrary, following our hy-
pothesis, a fast decay[15,16] of 9 to the corresponding 4-
methyl-4-nitroso-1-pentanol should occur [Eq. (21)], due to
low thermodynamic stability. This claim could be validated
by conducting experiments at lower temperatures; in fact,
an increase in the thermodynamic stability of 9 should be
shown. Tests were then carried out in acetonitrile at �47 8C.
The EPR spectra showed the formation of nitroxides 9, 10,
and 11 (35%, 45%, and 20%, respectively; Figure 4).

The marked increase of alkyl alkoxy nitroxide 9 (35% vs
15%) confirmed its enhanced stability at lower tempera-
tures,[17,18] whilst the concomitant decrease of 10 (45% vs
70%) led to the hypothesis that 9 is the parent compound
of 4-methyl-4-nitroso-1-pentanol [Eq. (21)], and in turn the
precursor of 10 [Eq. (22)]. This behavior implies that the
process is reversible. Thus, by raising the temperature again,
an increase of 10 along with a concomitant reduction of 9
could be detected. Experiments carried out at �35 8C con-
firmed this, clearly supporting our assertion. As for nitroxide
11, the oxidation reaction [Eq. (24)] accounts for it
(Figure 5), as reported in the literature,[19] .

At this stage, the study of substrates whose corresponding
alkoxyl radicals can lead to a single alkyl radical seemed to
be decisive. In fact, the formation of a single alkyl alkoxy ni-
troxide could make the mechanism leading to the nitroso
derivatives easier to understand. The 1-methylcyclopentyl
nitrite 13 could fulfil this requirement; the corresponding al-
koxyl radical undergoes a rapid b-scission process to lead to
a single alkyl radical (Scheme 5).

A solution of 13 in isooctane was then investigated at
�50 8C; the EPR spectrum showed the formation of nitro-
xides 14 and 15 (80% and 20%, respectively; Figure 6a). Ni-
troxide 14 confirmed the role of alkyl nitrite as a spin trap,

Scheme 4. Reactions that can take place during the photolysis of nitrite
8, accounting for the detected radical species.

Figure 3. Left: EPR spectrum obtained at �5 8C by photolyzing a solu-
tion of 8 in benzene; != radical 9, ^= radical 10, and *= radical 12.
Right: Computer-simulated spectrum. The length of the arrow represents
a magnetic field unit of 10 G.

Figure 4. Left: EPR spectrum obtained at �47 8C by photolyzing a solu-
tion of 8 in acetonitrile; != radical 9—the hyperfine splitting due to the
hydrogen atoms in the g position (-CH2�O-) are now manifest—^= radi-
cal 10, and *= radical 11. Right: Computer-simulated spectrum. The
length of the arrow represents a magnetic field unit of 10 G.
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whilst for nitroxide 15 we needed to prove the mechanism
of its formation. The evidence obtained with previous sub-
strates indicated that by conducting experiments at different
temperatures we could verify if any relationship existed be-
tween the two. So, tests were conducted at higher tempera-
tures, in particular at �30 8C (Figure 6b) and at room tem-
perature (Figure 6c). The increase of dialkyl nitroxide 15 at
the expense of the alkyl alkoxy nitroxide 14 was evidenced.
This result strongly supported our hypothesis, that is, the de-
pendence of the stability of alkyl alkoxy nitroxides[18] on
temperature, and the role of
these species as precursors of
the dialkyl nitroxides through
the formation of the intermedi-
ate nitrosoalkyl derivatives
[Eqs. (27)–(29)].

The latter experiment
strengthened the idea that the
substrates that are able to lead
exclusively to a single and un-
equivocal radical intermediate
were those able to give defini-
tive proof for the mechanism of
formation of the nitrosoalkyl
intermediate. So, we thought it
was necessary to confirm this
result by investigating similar
substrates. For this purpose, 4-
pentenyl nitrite 16 was taken
into consideration. In fact, the
corresponding 4-pentenyloxyl
intermediate can undergo a fast
rearrangement to the 2-tetrahy-
drofurylmethyl radical, the sole
ending radical species, through
a 5-exo-trig intramolecular ring
closure.

The first experiment was car-
ried out on a solution of 4-

penten-1-ol in slightly aerated acetonitrile, in the presence
of tBuONO: under these conditions 16 is formed by trans-
nitrosation[20] [Eq. (30), Scheme 6].

When this solution was made to flow through a cell inside
the EPR spectrometer cavity and was photolyzed, at �30 8C,
the spectrum showed the presence of nitroxide 17 exclusive-
ly (Figure 7). The detection of only this nitroxide enables us
to stress several points of our hypothesis. Because the cycli-
zation of the 4-pentenyloxyl radical is a process character-
ized by a high reaction rate[21] [Eq. (34)], it is possible to
consider the 2-tetrahydrofurylmethyl radical as the exclusive
ending radical species of the photolysis of 4-pentenyl nitrite,

Figure 5. Left: EPR spectrum obtained at �35 8C by photolyzing a solu-
tion of 8 in acetonitrile; != radical 9—the central group is masked by
radical 10—^= radical 10, *= radical 11, and *= radical 12. Right: Com-
puter-simulated spectrum. The length of the arrow represents a magnetic
field unit of 10 G.

Scheme 5. Reactions that can take place during the photolysis of nitrite
13, accounting for the detected radical species.

Figure 6. Left: ESR spectra obtained by photolyzing a solution of 13 in isooctane: a) at �50 8C; b) at �30 8C;
c) at room temperature. The relative concentration of the radical species, 14 (!) and 15 (*), increases in favor
of 15 by increasing the temperature. Right: Computer-simulated spectra. The length of the arrow represents a
magnetic field unit of 10 G.
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and therefore the quantum yield of the process is �1.
Meanwhile, the fact that di-2-tetrahydrofurylmethyl nitro-
xide 18 was undetected, which should be derived from the
direct involvement of the likely 2-tetrahydrofurylmethyl ni-
troso derivative, led us to the conclusion that the trapping of
alkyl radicals by NO [Eq. (35)] is less efficient than that by
an alkyl nitrite, and in particular, than that by a tert-alkyl ni-
trite [Eq. (36)]. Lastly, the sole detection of 17, with no dia-
lkyl nitroxides (usually reported to be the main radical spe-
cies) confirmed the high stability of the alkyl tert-alkoxy ni-
troxides at low temperatures.

A second experiment was conducted on a solution of 4-
penten-1-ol in slightly aerated acetonitrile and tert-butylper-
oxide, through which pure NO gas was bubbled. Under
these conditions, 4-pentenyl nitrite 16 was formed by reac-
tion of the alcohol with the NO/O2 mixture[22] [Eq. (30)].
When this solution was made to flow through a cell inside
the EPR spectrometer cavity and was photolyzed, at �47 8C,
the spectrum showed the formation of nitroxides 17 and 18,
almost in equal amounts.

This result definitely proves that the recombination reac-
tion between an alkoxyl radical and NO, the reverse of
Equation (31), occurs,[6,23] and that the corresponding nitrite,
tBuONO in this case, acts efficiently as a trap for alkyl radi-
cals [Eq. (36)]. However, the detection of nitroxide 18
seems in contrast to the result obtained in the previous ex-
periment. In particular, the high thermodynamic stability of
17 at low temperatures could not account for the formation
of the 2-tetrahydrofurylmethyl nitroso derivative [Eq. (37)],
precursor of 18, at least in that amount. But, the high quan-
tity of NO now present in the medium (pure NO gas added)
most probably leads to the direct formation of the 2-tetrahy-
drofurylmethyl nitroso derivative [Eq. (35)] and then 18
[Eq. (38)].

To validate the latter hypothesis, that is, the direct forma-
tion of a nitrosoalkyl derivative only when a high concentra-
tion of NO is available [Eq. (5)], an experiment was carried
out with 4-penten-1-ol dissolved in acetonitrile, slightly aer-
ated, through which pure NO gas was bubbled. Under these
conditions nitrite 16 was formed by interaction of the corre-
sponding alcohol and the NO/O2 mixture [Eq. (30)].[22]

When this solution was investigated at �47 8C, the EPR
spectrum showed the presence of nitroxide 18 exclusively
(Figure 8).

The coupling of NO with the 2-tetrahydrofurylmethyl rad-
ical, the sole ending radical species,[24] is now the most likely
reaction [Eq. (35)], and then 2-(nitrosomethyl)tetrahydro-
furan the precursor of nitroxide 18 [Eq. (38)].

Conclusion

The behavior of several alkyl nitrites during photolysis was
studied in different solvents and at different temperatures.
All the results led to the conclusion that the starting alkyl
nitrite, acting as a spin trap[26] of alkyl radicals deriving from
possible reactions that the intermediate alkoxyl radical can
undergo, has a crucial role in the entire process. In particu-
lar, it has been proved that the intermediate alkyl alkoxy ni-
troxides have to be considered the precursors of the nitro-

Scheme 6. Reactions that can take place during the photolysis of nitrite
16, generated in different ways.

Figure 7. Left: EPR spectrum of radical 17 detected at �30 8C by photo-
lyzing a solution of 16 in slightly aerated acetonitrile with 4-penten-1-ol
and tBuONO. Right: Computer-simulated spectrum. The length of the
arrow represents a magnetic field unit of 10 G.

Figure 8. Left: EPR spectrum of radical 18 detected at �47 8C by photo-
lyzing a solution of 16 in slightly aerated acetonitrile with 4-penten-1-ol
and NO. Right: Computer-simulated spectrum. The length of the arrow
represents a magnetic field unit of 10 G.
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soalkyl derivatives, the main ending products. Actually,
these species must be seen as the final products of the entire
process, and not, unless a very high concentration of NO is
present in the medium, the result of a direct reaction of
alkyl radical intermediates with NO, which is in contrast to
the commonly accepted mechanism of the Barton reaction.
Furthermore, it has been clearly shown that the formation
of the dialkyl nitroxides, which predominate at high temper-
atures, and the alkyl alkoxy nitroxides, which predominate
at low temperatures, is under thermodynamic control.

Experimental Section

Materials : Nitrites were synthesized from the corresponding alcohols fol-
lowing the standard procedures reported in the literature,[22,25] and distil-
led under vacuum before use. The acetonitrile used was of 99.9+%
purity.

EPR experiments : The solutions containing the reactants (10–50L10�3
m)

were purged with gaseous N2 for at least 45 min before use. The mixtures
were then made to flow continuously (flow rate 2.0–3.5 mLmin�1)
through a flat quartz cell (0.3 mm width) inside an EPR spectrometer
cavity, and were directly irradiated with a 500 W high-pressure mercury
lamp. An EPR spectrometer equipped with a variable-temperature con-
trol system was used. Relative radical concentrations and hyperfine-split-
ting assignments were obtained by means of computer simulations.
Table 1 shows the hyperfine coupling constants of the detected radical
species.
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