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INTRODUCTION
Nitroso oxides ArNOO, which are formed in the

reaction of triplet nitrenes 

 

3

 

ArN (azide photodegrada-
tion products) with molecular oxygen, are intermedi-

ates in the photooxidation of aromatic azides ArN

 

3

 

 [1, 2].
According to published data [3, 4], the mechanism of
ArN

 

3

 

 photolysis includes the following main steps
(Scheme 1):

 

Scheme 1.

 

 

 

Singlet nitrenes 

 

I

 

 undergo reversible isomerization
with ring enlargement through the corresponding ben-
zazirines into dehydroazepines [3–6] or intersystem
crossing to form triplet nitrenes [5]. Strong electron-
acceptor substituents affect the competition of these
reaction paths of 

 

1

 

ArN

 

 consumption in favor of the lat-
ter. Thus, singlet 4-nitrophenylnitrene (a photolysis

product of 

 

Ic

 

) was almost completely converted into
triplet 4-nitrophenylnitrene [7]. The singlet–triplet (ST)
splitting in nitrenes is noticeably greater than that in
carbenes. For example, 

 

∆

 

E

 

ST

 

 = 11–17 kJ/mol for diphe-
nylcarbene (

 

Ph

 

2

 

C:

 

) [8], whereas 

 

∆

 

E

 

ST

 

 = 75 kJ/mol for
phenylnitrene (PhN

 

:

 

) [9, 10]; because of this, the S  T
transition in nitrenes is practically irreversible. Triplet
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Abstract

 

—The formation of nitroso oxides (ArNOO) 

 

IIa

 

–

 

IIc

 

 and 

 

IIf

 

 was observed in the flash photolysis of
solutions of phenylazide (

 

Ia

 

), 4-methylphenylazide (

 

Ib

 

), 4-nitrophenylazide (

 

Ic

 

), and 4-bromophenylazide (

 

If

 

)
in acetonitrile in the presence of oxygen, and the optical spectra of these nitroso oxides were obtained. The
kinetics of generation (using 

 

IIa

 

 and 

 

IIc

 

 as examples) and decay of nitroso oxides 

 

IIa

 

–

 

IIc

 

 and 

 

IIf

 

 were studied.
The activation parameters of the formation of 

 

IIa

 

 by the reaction of triplet phenylnitrene with molecular oxygen
(

 

 = (9.6 

 

±

 

 0.4) – (18 

 

±

 

 2)/2.303

 

RT

 

 (

 

, l mol

 

–1

 

 s

 

–1

 

; 

 

E

 

a

 

, kJ/mol)) and the unimolecular isomerization of

 

IIa

 

 into dioxaziridine 

 

(

 

 = (9.0 

 

±

 

 0.8) – (56 

 

±

 

 5)/

 

2.303

 

RT

 

 (

 

k

 

iso

 

, l mol

 

–1

 

 s

 

–1

 

; 

 

E

 

a

 

, kJ/mol)) were determined.
The kinetics of formation of the molecular products of 

 

Ia

 

 photooxidation were studied using high-performance
liquid chromatography. Nitrobenzene was the only stable reaction product (except for tars). A reaction scheme
which is consistent with the experimental results was proposed for the photooxidation of 

 

Ia

 

.
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nitrenes undergo further recombination into the corre-
sponding azobenzenes or add 

 

3

 

O

 

2

 

 in aerated solutions
to form nitroso oxides (

 

II

 

):

Nitroso oxides were detected for the first time with
the use of electronic and EPR spectroscopy in low-tem-
perature vitreous matrices [11]. More recently, they were
identified in solutions using flash photolysis [2, 12].
Scarce and discrepant data on the reaction kinetics of
nitroso oxides are limited by the rate constants of for-
mation of 1-pyrenylnitroso oxide [13] and formation
and decay of compounds 

 

IIb

 

–

 

IId

 

 [12]. According to
Brinen and Singh [11], arylnitroso oxides can be con-
sumed in unimolecular reactions to isomerize into
dioxaziridine followed by conversion into a nitro com-
pound or in bimolecular reactions with the formation of
a dimeric peroxide, which undergoes degradation into
either two nitro compound molecules or two nitroso
compound molecules and oxygen (Scheme 2):

 

Scheme 2.

 

Gritsan and Pritchina [12] found that compound 

 

IId

 

was consumed in a bimolecular reaction with a near-
diffusion rate constant. However, Sawaki and coauthors
[14–16], who used a tracer method, found that com-
pounds 

 

IIa

 

, 

 

IIc

 

, and 

 

IIe

 

 isomerized into the corre-
sponding nitrobenzenes through dioxaziridine. The
photoinduced conversion of nitroso oxides (substituted
stilbene derivatives) into dioxaziridines was observed
in 2-methyltetrahydrofuran at 77 K [17].

In this work, to obtain additional data on the kinetics
and mechanisms of reactions with the participation of
nitroso oxides, we studied the kinetics of generation
(using 

 

IIa

 

 and 

 

IIc

 

 as examples) and decay of nitroso
oxides 

 

IIa

 

–

 

IIc

 

 and 

 

IIf

 

 in acetonitrile solutions using

NOO

R

3N

R

O2
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flash photolysis with high-speed spectrophotometric
detection. We also studied the kinetics of formation of
the molecular products of 

 

Ia

 

 photooxidation using
high-performance liquid chromatography (HPLC).

EXPERIMENTAL

Acetonitrile and benzene were purified in accor-
dance with a well-known procedure [18]. Azide 

 

Ia

 

 was
synthesized according to Lindsay and Allen [19],
whereas azides 

 

Ib

 

, 

 

Ic

 

, and 

 

If

 

 were synthesized accord-
ing to Smith and Boyer [20]. Azides Ia, Ib, and If were
distilled in a vacuum; compound Ic and benzophenone
were recrystallized from ethanol. Nitrobenzene was
synthesized in accordance with a published procedure
[21] and recrystallized from ethanol (Tm = 37–38°C;
according to published data, Tm = 38–39°C).

The photooxidation products of Ia were studied
under conditions of continuous photolysis. A DRT-
1000 mercury quartz lamp served as a photolytic light
source; the radiant energy flux was 95–110 W over the
wavelength range 270–380 nm; the distance from a
reactor to the light source was 15 cm. Acetonitrile
(15 ml) and compound Ia (1.25 × 10–4–1.0 × 10–2 mol/l)
were placed in a cylindrical reactor thermostatted at
293 K. Oxygen or air was bubbled through the solution
in the course of photolysis with light at λ = 270–380 nm
(UFS-2 light filter). Sampling was performed at regular
intervals, and the samples were analyzed by HPLC. The
photolysis of nitrobenzene in acetonitrile (1.0 × 10–4 mol/l)
was performed under analogous conditions. In the course
of the reaction, changes in the UV spectrum of the solu-
tion were monitored on a Specord UV–VIS instrument.

The kinetic experiments were performed using a
flash photolysis system with spectrophotometric detec-
tion; the design of this system was described elsewhere
[22]. The reactor was a quartz cell with an optical path
length of l = 10 cm and an inner diameter of ~1 cm. To
prevent azide degradation under exposure to a probe
beam, light in the region of azide absorption was atten-
uated with the use of a BS-4 light filter (transmission
region at λ > 300 nm). The photolysis of arylazide solu-
tions with concentrations of (0.5–5.0) × 10–4 mol/l was
performed with filtered light (UFS-2 light filter; trans-
mission region at λ = 270–380 nm). A BS-7 light filter
(transmission region at λ > 350 nm) was used in ben-
zophenone-photosensitized photolysis.

Chromatographic analyses were performed on a
Waters 600E instrument with a Waters 484 detector.
Column, µ-Porasil (305 × 4.6 mm) (Waters); mobile
phase, ethyl acetate (2–3 vol %)–hexane; flow rate,
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1−2 ml/min; pressure, 15 MPa; UV detection (280 nm).
The retention times of compound Ia, nitrosobenzene, and
nitrobenzene were 260, 300, and 410 s, respectively.

RESULTS AND DISCUSSION

Identification and Spectroscopic Properties
of Arylnitroso Oxides

In the flash photolysis of acetonitrile solutions of
compound Ia saturated with oxygen or air, optical
absorption in the wavelength region 350–460 nm was
observed, which disappeared in a matter of seconds.
The position of an absorption band maximum (λmax =
410 nm) and the shape of the optical spectrum remained
unchanged with time (Fig. 1). This fact suggests that
this signal corresponds to a single intermediate. In the
flash photolysis of a solution of compound Ia, which
was purged with argon, this signal was not detected.
Taking into account the well-known photolability of Ia
and the necessity of é2 for the formation of the
observed species, we can reliably attribute the optical
absorption detected under conditions of flash photoly-
sis to phenylnitroso oxide IIa.

After a light pulse, the absorbance of IIa increased
in accordance with an exponential law to reach a maxi-
mum value in ~100 ms (Fig. 2a, curve 1); next, it
decreased within ~30 s (Fig. 2b). At λ < 420 nm, the
kinetic curves of consumption of compound IIa exhib-
ited residual absorbance due to the absorption of stable
reaction products. It is likely that products were formed
both during a light pulse and after its termination. This
makes kinetic measurements difficult to perform over
the spectral region at λ < 420 nm. At λ ≥ 420 nm, the
measured absorbance decreased to zero with time; the
curves of consumption of compound IIa correspond to
a first-order rate equation (Fig. 2b).

Intermediate absorbance was also detected in the
flash photolysis of solutions of compounds Ib and If.
The spectroscopic pattern observed was qualitatively
similar to the above behavior in the flash photolysis of
Ia; this fact allowed us to correlate optical signals with
the absorption of nitroso oxides IIb and IIf. The kinetic
curves of consumption of IIb and IIf exhibited residual
absorbance at λ < 430 nm (IIb) and λ < 410 nm (IIf).
The absorption band maxima of compounds IIb and IIf
were at 415 and 420 nm, respectively.

In the flash photolysis of deaerated solutions of
compound Ic, a substance that absorbs light in the
wavelength range 350–460 nm was accumulated during
a light-pulse time. Taking into account the aforemen-
tioned high probability of the generation of triplet
4-nitrophenylnitrene, we can conclude that this sub-
stance is 4,4'-dinitroazobenzene, the recombination
product of triplet nitrenes (Scheme 1). This reaction,
whose rate constant is equal to 1 × 109 l mol–1 s–1 [7],
competes with the reaction of a triplet nitrene with oxy-
gen. Therefore, as the concentration of é2 was
increased, the yield of azobenzene decreased because
the contribution of the latter reaction increased. In the
flash photolysis of a solution of Ic saturated with oxy-
gen, the reaction of a triplet nitrene with O2 became
predominant, and a signal that corresponds to IIc was
detected in the wavelength range specified. The intensity
of this signal decreased practically to zero with time at
λ ≥ 380 nm. The optical spectrum of IIc exhibited two
absorption maxima with approximately equal intensi-
ties at 375 and 420 nm. The consumption of IIc
occurred in accordance with the first-order rate law.

Kinetics of Formation of Arylnitroso Oxides

The kinetics of ArNOO formation under conditions
of the flash photolysis of azides was studied using com-
pounds IIa and IIc as examples. It was found that the
rate of buildup of compound IIa is independent of oxy-
gen concentration in solution. This fact suggests that
the formation of a triplet nitrene is a rate-limiting step
in the generation of IIa. The treatment of the kinetic
curves of buildup of the absorbance of IIa using nonlin-
ear regression analysis in accordance with the equation

(1)

with unknown rate constant kgr and limiting absorbance
A∞ gave kgr = (27.6 ± 0.6) s–1 (293 K). Our results are
consistent with data published by Gritsan and Pritchina
[12], who observed the independence of the rate of for-
mation of IIb from [O2]. A probable reason for this con-
sists in the occurrence of an equilibrium between a sin-
glet nitrene and dehydroazepine (Scheme 1); this equi-
librium is strongly shifted toward the latter.

To obtain a triplet nitrene without the intermediate
formation of 1PhN, we used benzophenone as a triplet
sensitizer for the decomposition of Ia. To prevent the

A A∞ 1 e
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Fig. 1. Optical absorption spectra of compound IIa in an
acetonitrile solution at 293 K: (1) immediately after a pulse,
(2) 2 s after a pulse, and (3) 10 s after.
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photodegradation of Ia, we used a 150-fold amount of
benzophenone with respect to the azide ([PhN3] =
4.0 × 10–4 mol/l and [Ph2CO] = 6.0 × 10–2 mol/l) and a
BS-7 light filter with the transmission region at λ >
350 nm. In this case, the reaction scheme of the forma-
tion of compound IIa is as follows:

Ph2CO  3Ph2CO,

3PhN3  3PhN + N2,

3PhN + 3O2  PhNOO.

Nevertheless, we failed to completely prevent singlet
nitrene formation: the kinetic curves of buildup of com-
pound IIa consisted of two portions, steep (~60%), at
which the [O2] dependence was observed, and gentle,
the occurrence of which we cannot explain.

hν

Ph3
2CO  

quenching

Ph2CO [ PhN3
3],+

O2

I‡

The benzophenone-photosensitized decomposition
of compound Ia was performed at various oxygen con-
centrations in solution; these concentrations were var-
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A

Fig. 2. (a) Kinetic curves of an increase in the absorbance of compound IIa in acetonitrile at 293 K measured at a wavelength of
420 nm in air: (1) in the absence of a sensitizer; [I‡] = 1.25 × 10–4 mol/l; (2) initial portion of the kinetic curve in the benzophenone-
sensitized flash photolysis of Ia and its description with the use of nonlinear regression analysis in accordance with a first-order
equation (solid line); [Ia] = 4.00 × 10–4 mol/l; [Ph2ëé] = 6.0 × 10–2 mol/l. (b) (1) Kinetic curve of decay of the absorbance
of IIa measured at a wavelength of 420 nm at 293 K and (2) its semilogarithmic anamorphosis. Solvent, acetonitrile; [Ia] =
1.25 × 10–4 mol/l.
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0.4 1.2 1.6
[O2] × 103, mol/l
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Fig. 3. Dependence of the effective rate constant of buildup
of compound II‡ on the concentration of oxygen at 293 K.
Solvent, acetonitrile; [Ia] = 4.00 × 10–4 mol/l; [Ph2ëé] =

6.0 × 10–2 mol/l.
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ied with the use of argon–air gas mixtures. The value of
[O2] was calculated based on published data on the sol-
ubility of oxygen in acetonitrile [23]. The oxygen-con-
centration-dependent steep portion of the kinetic curve
of buildup of IIa was treated using Eq. (1) (Fig. 2a,
curve 2), and the effective rate constant keff was found.
The dependence of keff on the concentration of oxygen
was linear (Fig. 3); the absolute rate constant of the
reaction of triplet phenylnitrene with oxygen  =

(2.44 ± 0.09) × 106 l mol–1 s–1 (293 K) was calculated
from the slope of this function.

The activation parameters of the reaction 3PhN + O2
were determined over the temperature range 273–313 K:

 = 9.6 ± 0.4 (l mol–1 s–1); Ea = 18 ± 2 kJ/mol. The
rate constant is consistent with the rate constants of the
reactions of arylnitrenes and oxygen with the forma-
tion of compounds IIb–IId [12] and 1-pyrenylnitroso
oxide [13].

In the flash photolysis of Ic, a triplet nitrene was the
main primary product [7]; therefore, the concentration
of oxygen in solution was responsible for the rate of
formation of compound IIc. However, it is difficult to
plot keff as a function of [é2] because the above 4-nitro-
phenylnitrene recombination, which competes with the
test reaction, occurred as the concentration of é2

decreased. Therefore, the value of  was determined
as keff/[O2] only in a solution saturated with oxygen.
Thus, the buildup of IIc is characterized by the rate
constant  = (1.31 ± 0.04) × 106 l mol–1 s–1 (295 K),
which is consistent with published data for 285 K:
(1.1 ± 0.1) × 106 l mol–1 s–1 (solvent: ethanol) and
(8 ± 1) × 105 l mol–1 s–1 (hexane) [12].

A dramatic difference in reactivity between the
interactions of arylnitrenes and aromatic carbenes
(their carbo analogs) with oxygen should be noted.
Thus, in an acetonitrile or Freon 113 solution at room
temperature, the rate constants of formation of diphe-

kO2

Alog

kO2

kO2

nylcarbonyl oxide, 4,4'-dimethyldiphenylcarbonyl
oxide, and fluorenone oxide ( ) are equal to

5.0 × 109, 2.2 × 109, and 1.4 × 109 l mol–1 s–1, respec-
tively [24]. It is likely that this reaction occurs practi-
cally without an activation energy, and it is limited by
the diffusion of reactants to each other. The difference
by three orders of magnitude between the values of 
for carbenes and nitrenes is a consequence of the acti-
vation nature of the interaction of triplet nitrenes with
oxygen. Of course, the mechanism of this reaction
deserves further investigation.

Kinetics of Arylnitroso Oxide Consumption

As mentioned above, the consumption of all the test
arylnitroso oxides occurred in accordance with a first-
order rate equation. Nitroso oxides did not react with par-
ent azides because the rate constants, which were deter-
mined from the slope of lnA as a function of t, remained
unchanged upon varying the concentration of compounds
Ia–Ic and If over the range (0.5–5.0) × 10–4 mol/l. Conse-
quently, the unimolecular consumption of IIa–IIc and
IIf was due to nitroso oxide isomerization into a molec-
ular compound, hypothetically, dioxaziridine. The rate
constants of isomerization kiso were determined from
absorbance values at different wavelengths within the
spectral region in which the accumulation of residual
absorbance due to reaction products was not observed
(see above). In this region, the rate constant kiso was
practically independent of detection wavelength. The
table summarizes the values of kiso for the test nitroso
oxides. The following reaction activation parameters
were determined for IIa at 293–333 K:  =
9.0 ± 0.8 (l mol–1 s–1); Ea = 56 ± 5 kJ/mol.

Note that the difference between the activation ener-
gies of isomerization of IIa and isomeric phenyldiox-
aziridine was 53.9 kJ/mol, as calculated by the
UB3LYP/6-31G(d) method with the use of the Gauss-
ian program [25] and corrected for 298 K. On the other
hand, it is likely that the preexponential factor, which is
lower than the usual values for unimolecular reactions,
reflects a dramatic increase in the entropy of activation
because of the formation of a strained three-membered
ring and a contribution from solvation effects, which
should be considerable for polar species such as nitroso
oxides (according to UB3LYP calculation data, µ =
4.7 D for IIa) and their reaction products.

Phenylazide Photooxidation Products

The photooxidative degradation of arylazides was
reported in a number of publications; nevertheless, the
mechanism of this process is poorly understood. Abra-
movitch and Challand [26] studied the photooxidation
of compound Ia in an acetonitrile solution. The reaction
was performed to deep degrees of conversion; in this
case, nitrobenzene was detected as the main product.

kO2

kO2

Alog

Rate constants of the unimolecular decay of arylnitroso ox-
ides in acetonitrile

Arylnitroso oxide T, K kiso, s–1

IIa 293 0.10 ± 0.01

303 0.18 ± 0.01

314 0.39 ± 0.01

324 0.82 ± 0.01

333 1.86 ± 0.08

IIb 295 0.16 ± 0.01

IIc 295 0.092 ± 0.003

IIf 295 0.24 ± 0.02
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On the other hand, Go and Waddel [27] found that the
only stable primary product of the photolysis of Ia in
acetonitrile saturated with oxygen was nitrosobenzene;
next, nitrosobenzene underwent oxidation to nitroben-
zene and reacted with the triplet nitrene to form azoxy-
benzene. In the photooxidation of Id in aprotic sol-
vents, 4-nitroaniline and 4-nitrosoaniline were accumu-
lated simultaneously [1, 2, 12]. It is the authors' opinion
that these compounds are the decomposition products
of a dimeric peroxide formed by the recombination of
IId (Scheme 2). Note that the formation of tarlike sub-
stances in noticeable amounts, probably as a result of
the condensation of dehydroazepine, was reported in all
of the publications.

Contradictory results obtained by different
researchers stimulated us to study the kinetics of forma-
tion of the main photooxidation products of compound
Ia by HPLC. The reaction was performed to >90% con-
version of Ia with various initial concentrations of the
azide. The photolysis was performed in acetonitrile
with continuously bubbling air or oxygen at 293 K. We
found that nitrosobenzene (PhNO) and nitrobenzene
(PhNO2) were the main photooxidation products of Ia.
We did not observe the formation of azobenzene and
azoxybenzene under the conditions of our experiments.
An HPLC chromatogram exhibited peaks with long
retention times, which probably correspond to dehy-
droazepine resins.

Figure 4 demonstrates typical kinetic curves of con-
sumption of compound Ia and of buildup of PhNO and
PhNO2. Note the following most important kinetic reg-
ularities of the test process:

• The azide concentration decreased in accordance
with an exponential law.

• The simultaneous formation of PhNO and PhNO2

was observed in the initial period of the reaction.

• Nitrobenzene was practically the only stable
product (except for tars) of the photooxidation of
compound Ia.

• The concentration of nitrobenzene in the reaction
mixture initially increased, passed through a maximum,
and decreased to zero at the end of the reaction.

• The rates of PhNO formation and consumption
weakly depended on the concentration of oxygen in
solution.

• The yield of nitrobenzene based on consumed Ia
increased with conversion. In this case, the yield of
nitrobenzene early in the reaction (∆[PhNO2]/∆[I‡])t → 0
was practically independent of the initial azide concentra-
tion and equaled ~0.10 (Fig. 5). The total yield of nitroben-
zene (∆[PhNO2]/∆[I‡])t → ∞ for [I‡] = 2.5 × 10–4 mol/l was
~15%, and it somewhat decreased as the initial azide
concentration was increased. The ratio of the rate of
buildup of PhNO2 to the rate of consumption of I‡
∆[PhNO2]/∆[I‡], which was calculated from the slopes
of compound I‡ and PhNO2 concentration curves plot-
ted against time, increased with azide conversion; the
lower the initial azide concentration, the greater the
degree of this increase (Fig. 5).
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Fig. 4. Kinetic curves of (1) consumption of compound I‡
and formation of (2) PhNO and (3) PhNO2 obtained in the
continuous photolysis of a solution of I‡ in acetonitrile.
Oxygen; T = 293 ä; [I‡] = 2.50 × 10–4 mol/l.
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Fig. 5. The time dependence of the yield of nitrobenzene on
consumed I‡. Solvent, acetonitrile; T = 293 K. (1) [Ia] =
1.00 × 10–2 mol/l (bubbling é2); (2) [Ia] = 1.08 × 10–3 mol/l

(bubbling é2); (3) [Ia] = 2.50 × 10–4 mol/l (bubbling air
or O2).
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Mechanism of the Photooxidation of Aromatic Azides

The results of analysis of the products of continuous
photolysis of compound I‡ were supplemented with the
kinetic data of flash experiments. The unimolecular
decay of II‡ through the intermediate formation of phe-

nyldioxaziridine results in nitrobenzene; however, it
cannot explain the formation of PhNO. Consequently,
these products are formed in parallel reactions. A so-
called non-nitrene mechanism [7, 26] can serve as a
source of PhNO, when a triplet-excited azide reacts
with the oxygen molecule; in this case, PhNO is formed
and N2O is liberated.

A decrease in the concentration of nitrobenzene in
the course of the photooxidation of compound I‡ can be
explained by the photolability of this compound. In a
control experiment, we found that PhNO underwent
photoinduced transformations in the presence of oxy-
gen. However, contrary to a conclusion drawn by Go
and Waddel [27], the formation of nitrobenzene was not
observed in this case (Fig. 6).

The results of our experiments allowed us to gener-
alize Schemes 1 and 2 by supplementing them with the
reactions of excited phenylazide and dehydroazepine.
The tar formation process was simulated by the reac-
tion of dehydroazepine with I‡. To simplify the reaction
scheme, the singlet–triplet conversion of excited PhN3
and PhN was represented as an irreversible process.
This assumption seems reasonable at least for phenylni-
trene with consideration for a great difference between
the energies of the singlet and triplet states of this spe-
cies (see above). Thus, the photooxidation mechanism
proposed for I‡ can be represented as the following
reaction sequence (Scheme 3):

Scheme 3.

N N

O
PhN

O

PhN3
1PhN3

1PhN

3PhN3
3PhN

PhNO + N2O PhNOO PhNO2

khν k3

–N2

k8
'

k–8
'

k8''

k–8''

PhN3

k9

tar

k1 k4

k10

–N2

k2 k5O2 O2

k6 k7

Here, khν is the apparent rate constant of decomposition
of compound I‡. To simplify the kinetic analysis, we
considered two equilibrium steps (between the singlet
nitrene and benzazirine and between benzazirine and
dehydroazepine) as an overall step (between the singlet
nitrene and dehydroazepine). Thus, it should be taken
into account that the rate constants k8 and k–8 are the

products  and , respectively (Scheme 3).
The kinetic analysis of the reaction scheme was per-
formed with the use of a quasi-steady-state approxima-
tion for the concentrations of electronically excited
dehydroazepine, nitroso oxide, and dioxaziridine spe-
cies. In terms of the proposed reaction scheme, the

k8' k8'' k 8–' k 8–''

expression for the rate of nitrobenzene formation has
the form

(2)

where α = k3/(k1 + k3) and γ = k10/(k2[O2] + k10) are the
probabilities of singlet-excited and triplet-excited azide
degradation, respectively. Equation (2) can explain the
weak dependence of the initial rate of nitrobenzene
buildup on the concentration of dissolved oxygen if we
assume that the product k2[O2] is comparable with the
rate constant of triplet-excited azide decay k10. In

d PhNO[ ]
dt

-----------------------
k1

k1 k3+
----------------

k2 O2[ ]
k2 O2[ ] k10+
-----------------------------khν Ia[ ]=

=  1 α–( ) 1 γ–( )khν Ia[ ],
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Fig. 6. Changes in the UV spectra of a PhNO solution in
acetonitrile in the course of continuous photolysis with bub-
bling oxygen at 293 K after (1) 0, (2) 10, (3) 20, (4) 30, and
(5) 40 min. [PhNO] = 1.0 × 10–4 mol/l. A dashed line indi-
cates the UV spectrum of a PhNO2 solution in acetonitrile

(1.0 × 10–4 mol/l).
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kinetic experiments, we found that the initial rate of
PhNO buildup was equal to 6.6 × 10–8 mol l–1 s–1 (air);
in an atmosphere of oxygen, it was 8.7 × 10–8 mol–1 s–1

(é2); that is, an increase in the concentration of é2 by
a factor of 5 resulted in an increase in the rate by a fac-
tor of only 1.32. According to Eq. (2), this corresponds
to the rate constant ratio k2/k10 = 1.5 × 103 l/mol.

The yield of nitrobenzene based on consumed azide 

(3)

can be calculated only early in the reaction because
nitrobenzene is labile under conditions of photolysis
(see Fig. 4 and the text above). From experimental data,
we found that this value is 0.21 or 0.16 in an atmo-
sphere of oxygen or air, respectively.

From a kinetic analysis of Scheme 3, it is easy to
derive the following expression for the ratio between
the rates of nitrobenzene buildup and I‡ consumption:

(4)

where (1 – δ) = k–8/(k–8 + k9[Ia]) is the probability of
dehydroazepine conversion into singlet nitrene. At the
initial point in time, we can assume that k9[I‡]0 � k–8;
whence it follows that

(5)

where β = k4/(k4 + k8) is the probability of the singlet–
triplet transition for phenylnitrene. Equation (5)
explains the independence of the initial yield of PhNO2
on azide concentration, as illustrated in Fig. 5.

Equation (4) is in qualitative agreement with the
experimentally observed ratio between the rates of
PhNO2 buildup and I‡ consumption (Fig. 5). Indeed, an
increase in [I‡] decreased the value of (1 – δ); in this
case, the denominator in Eq. (4) increased and, conse-
quently, the nitrobenzene yield d[PhNO2]/d[Ia]
decreased with azide concentration. At complete con-
version of I‡, the ratio between rates has the form

(6)

Taking into account that α + (1 – α)γ = 1 – (1 –
α)(1 – γ), the limiting yield of nitrobenzene based on
consumed azide is 0.84 (air) or 0.79 (é2), which does
not contradict experimental results (Fig. 5).

Scheme 3 is consistent with the kinetic results
obtained under conditions of flash photolysis of com-
pound I‡. Thus, it is evident that kiso = k6. The indepen-
dence of the rate of nitroso oxide buildup on the con-
centration of oxygen under conditions of nonsensitized
photolysis of compound I‡ can be explained as
described below. In the flash photolysis of an azide, a
high non-steady-state concentration of dehydroazepine

∆ PhNO[ ]
∆ Ia[ ]

----------------------- 1 α–( ) 1 γ–( )=

d PhNO2[ ]
d Ia[ ]

-------------------------
αk4

k4 k8+( ) 1 δ–( )k8–
------------------------------------------------ 1 α–( )γ ,+=

d PhNO2[ ]
d Ia[ ]0

-------------------------
∆ PhNO2[ ]

∆ Ia[ ]
-------------------------- 

 
t 0→

αβ 1 α–( )γ ,+= =

∆ PhNO2[ ]
∆ Ia[ ]

-------------------------- 
 

t ∞→
α 1 α–( )γ .+=

(DHA) was accumulated as a result of fast processes;
the consumption of DHA through a reaction sequence
resulted in the formation of IIa:

PhN3  …  DHA,

DHA  1PhN:  3PhN:  PhNOO; (7)

It follows from pulse experiments that in the
absence of Ph2CO the rate constant of a limiting step is
kgr = 27.6 s–1. In the photosensitized photolysis of Ia,
the rate of formation of compound IIa increased by
more than two orders of magnitude: k5 =  = 2.44 ×
106 l mol–1 s–1; that is, in an atmosphere of oxygen, the
effective first-order rate constant is k5[O2] = 3.76 × 103 s–1.
Consequently, under conditions of the flash photolysis
of compound Ia, the quasi-steady-state principle can be
applied to the concentrations of singlet and triplet
nitrenes. Then, for the rate of nitroso oxide buildup, we
obtain

(8)

Consequently, the rate of buildup of compound IIa is
limited by the rate of consumption of dehydroazepine,
and the experimentally measured value is kgr = βk–8.
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