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ABSTRACT

Ultrafast time-resolved studies of the photochemistry of 2-azidonitrobenzene demonstrate that the lifetimes of excited singlet 2-azidonitrobenzene
and 2-nitrophenylnitrene are 500 fs and 8.3 ps, respectively, in solution at ambient temperature. The singlet nitrene is a discrete intermediate
but is too short lived to undergo bimolecular reactions.

Photolysis of 2-substituted aryl azides often produces cy-
clized products in excellent yields.1 Singlet aryl nitrenes are
thought to be intermediates in these transformations, but if
they exist, they are generally too short lived for bimolecular
chemical trapping reactions or for direct observation by
nanosecond time-resolved spectroscopy. For example, ther-
molysis or photolysis of 2-azidonitrobenzene1 leads cleanly
to benzofuroxan2 and the hypothetical nitrene intermediate
1N has never been intercepted by an external trap.2 In fact,
recent computational studies2f support earlier assertions made
from experiment2d,e that the pyrolysis of1 produces2 by a
concerted one-step mechanism.3 The photolysis of1 yields
2, but we conclude this occurs through a stepwise mecha-
nism.

The putative nitrene intermediate, 2-nitrophenylnitrene1N,
has been studied in its triplet ground state by spectroscopy
of 31N inmobilized in a cryogenic matrix.4 The formation
of 1,2-dinitrosobenzene has also been observed by matrix
spectroscopy.4 However, we are not aware of any prior
studies of1N employing time-resolved techniques in solution.
This has prompted an analysis of the photochemistry of1
using UV-vis transient absorption spectroscopy with nano-
second, picosecond, and femtosecond time resolution. Herein,
we report that the singlet nitrene is a discrete intermediate,
but its lifetime is too short to allow its capture in bimolecular
reactions.

The azide, 2-azidonitrobenzene1, was prepared as previ-
ously reported.5 The photochemistry of1 has been reported
in the literature and revealed that the exclusive stable product
of these reactions was benzofuroxan2.2 To confirm these
findings, characterization by HPLC6 of the photoproducts
resulting from the irradiation of1 (1.6 mM) in acetonitrile
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by low-pressure mercury lamps shows that the only photo-
product is2 at both low (<5%) and high (>90%) conversion
of starting material in agreement with previous reports.

Transient UV-vis absorption spectra were obtained at
different times after the laser pulse using two separate laser
flash photolysis systems. Ultrafast processes were moni-
tored on a femtosecond UV-vis transient absorption spec-
trometer, which will be described in an upcoming full paper.
Longer time-scale events were accessed using a nanosecond
UV-vis transient absorption spectrometer operating in
kinetic (PMT) or spectral (ICCD) mode.7

Transient UV-vis absorption spectra were first obtained
using the nanosecond time-resolved laser flash photolysis
instrument. A deoxygenated solution of1 in acetonitrile (0.14
mM) was excited at 308 nm. A fast growth signal, monitored
at 360 nm, appeared within the laser pulse and showed no
decay over the entire observation window of 50µs. Transient
absorption spectra recorded 100 ns after the laser pulse reveal
a broad absorption centered at 355 nm. This absorption
spectrum was attributed to benzofuroxan2 because of a high
correlation with the steady-state UV spectrum of2, as shown
in Figure 1. Consistent with this assignment was the
observation that the signal was not quenched by the addition
of diethylamine, which traps azirines, ketenimines, and
singlet nitrenes but has very limited reactivity with2.8

To provide temporal information on the fast growth
process, the femtosecond transient absorption technique was
utilized. Femtosecond time-resolved transient absorption
spectra were recorded within a time window from-1 ps to
1 ns following 273 nm excitation of1 in acetonitrile. Figure
2 shows the data obtained in the 360 to 660 nm spectral
range over a time range between 0.2 and 50 ps. A transient
absorption band was observed promptly with a maximum at
420 nm. The transient absorption shifts to 360 nm over 50
ps. A kinetic trace recorded at 420 nm has two time constants
of 400 fs and 8.3 ps as shown in Figure 3 (top). We have
recently reported that the excited states of 2- and 4-azidobi-
phenyl have lifetimes of 450 and 100 fs, respectively.9 For
this reason, the time constant of 400 fs is assigned to the
decay of the excited singlet state of azide1. The 8.3 ps
process is attributed to the disappearance of an intermediate
whose identity will be discussed shortly.

In an attempt to better deconvolute the time constants, a
kinetic trace was recorded at 520 nm. Once again, a single
exponential fit of the decay trace was not possible. A greater
proportion of the signal at 520 nm can now be attributed to
the shorter time constant, relative to 420 nm, and the fit of
the kinetic data at 520 nm is shown in Figure 3 (bottom).
The shorter time constant is now 620 fs, when the longer
time constant was fixed at 8.3 ps, which is again assigned

to the excited singlet state of the azide. Thus, a reasonable
estimate of the excited singlet azide lifetime is∼500 fs. The
excited singlet biphenyl azides absorb broadly (400-550 nm)
in the visible region.9 Thus, transient absorption of the sing-
let excited state of 2-azidonitrobenzene at 420 nm seems
reasonable.

The identity of the intermediate that gives rise to the longer
time constant of 8.3 ps was investigated by time-dependent
density functional (TD-DFT) calculations using the Gauss-
ian03 suite of programs.10 The geometries of the triplet, open-
shell singlet, and closed-shell singlet of1N were optimized
at the UB3LYP/6-311+G(d,p) level of theory. The triplet
was found to be the ground state being 12.5 kcal/mol lower
in energy than the open-shell singlet which was the lowest
energy singlet by 20.4 kcal/mol. The UV-vis spectra of the
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Figure 1. (top) Steady-state UV spectrum of2. (middle) Transient
spectrum produced by nanosecond LFP (308 nm) of1 in deoxy-
genated acetonitrile solution recorded 100 ns after the laser pulse.
(bottom) The transient spectrum observed 1 ns after the femtosecond
laser photolysis (273 nm) of1 in acetonitrile.
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three states were estimated using TD-DFT calculations at
the same level of theory. In the experimental spectral
window, the strongest predicted transitions will be at 376,
393, and 444 nm for the triplet, the closed-shell singlet, and
the open-shell singlet nitrene, respectively. Singlet aryl
nitrenes often have absorption bands with maxima ranging
from 320 to 410 nm.11 Ortho-substituted aryl nitrenes have
bands that are red-shifted compared to the isomeric meta-
and para-substituted aryl nitrenes, and nitro-substituted
aromatics have even further red-shifted absorption bands
(e.g., nitrobenzene which hasλmax of 252 nm compared to
180 nm for benzene).12 Considering the computational results
and the related experimental data, it seems reasonable to
expect that the singlet1N absorption maximum will be
between 380 and 450 nm.

The excited singlet azide and singlet nitrene are expected
to contribute to the kinetic trace measured at 420 nm, and
this is consistent with the observed biexponential decay.
Therefore, the intermediate associated with the 8.3 ps time
constant is assigned to the open-shell singlet of1N. This
conclusion is fortified by the observation that singlet 2-bi-
phenylnitrene, which can undergo an intramolecular ring

closure to form carbazole, has a similar lifetime in solution
of 16 ps.9 The lifetime of nitrene1N is 8.3 ps, which
corresponds to a decay (ring closure) rate constant of 1.2×
1011 s-1. This rate constant is at least an order of magnitude
faster than the diffusion controlled rate constant for bimo-
lecular reactions in the least viscous solvents. Thus, this
nitrene cannot be efficiently intercepted by a bimolecular
trapping reaction.

It should be noted that singlet 4-biphenylnitrene9 and a
dichloro derivative13 both undergo vibrational cooling in
acetonitrile with a time constant of 11 ps. Population loss
of singlet 2-nitrophenylnitrene proceeds on the same time
scale as vibrational cooling, and thus, we may actually be
monitoring the decay of vibrationally excited rather than
thermally relaxed singlet 2-nitrophenylnitrene.

We conclude that the transient spectrum recorded 200 fs
after the laser pulse is due to a mixture of the azide singlet
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Figure 2. Transient absorption spectra recorded from 0.2 to 50 ps
after the photoexcitation (273 nm) of1 in acetonitrile.

Figure 3. Time-resolved transient absorption measurements in
acetonitrile after photoexcitation (273 nm) of1. (top) Transient
absorption decay recorded at 420 nm. (bottom) Transient absorption
decay recorded at 520 nm. The solid curves are nonlinear least-
squares fits to the experimental points (instrument response function
of 350 fs).
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excited state (major) and the singlet nitrene (minor). The
spectrum recorded 2 ps after the laser pulse is due in very
large part to the singlet nitrene (Figure 2) with a small
contribution from benzofuroxan2 below 400 nm. The
transient absorption recorded 1 ns after the laser pulse is
shown in Figure 1, and although the available spectral
window truncates much of the absorption band, the observed
spectrum does correlate with that of heterocycle2. The lack
of absorption past 400 nm indicates that the nitrene has
completely reacted within 1 ns, presumably, to form ben-
zofuroxan2.

In summary, femtosecond time-resolved data on the
photolysis of1 are reported. The photolysis of1 yields2 in
the following stepwise mechanism. The photoexcited singlet
state of the azide, which has a lifetime of 500 fs, extrudes

nitrogen to form singlet nitrene1N. The lifetime of1N is
8.3 ps, and1N cleanly undergoes ring closure to form2.
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