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INTRODUCTION

Arylazides and, in particular, their fluorinated ana-
logs are widely used as the light-sensitive reactive
groups of photoaffinity reagents [1, 2], which are
applied to the photomodification of biopolymers. The
mechanism of this photomodification is not under-
stood. However, it is believed that singlet arylnitrenes
formed on the photolysis of arylazides play a key role
in this modification [2].

The irradiation of arylazides results in the elimina-
tion of a nitrogen molecule and the formation of singlet
arylnitrenes—key intermediates which are responsible
for the nature of the subsequent transient species [3–5].
The absorption spectra of singlet phenylnitrene and its
derivatives were first recorded in 1997 [6–8]. The
intramolecular reactions of intersystem crossing to a
triplet ground state and of isomerization to azepine are
the main decay processes of singlet arylnitrenes [3, 4].
Previously, we studied the intramolecular reactions of
singlet fluorinated arylnitrenes (

 

IIS

 

) that appear in the
photolysis of perfluoro-4-biphenylazide (

 

Ia

 

) and

 

N

 

-propyl-4-azido-2,3,5,6-tetrafluorobenzylamide (

 

Ib

 

) [9].

In this work, we studied the reaction kinetics of sin-
glet perfluoro-4-biphenylnitrene (

 

IISa

 

) and 

 

N

 

-propyl-
4-nitreno-2,3,5,6-tetrafluorobenzylamide (

 

IISb

 

) with
various compounds (amines, pyridine, and dimethyl-
sulfoxide (DMSO)), which simulate the functional
groups of biological macromolecules, and recorded the
absorption spectra of transient products using a tech-
nique of laser flash photolysis. Data on the quantum-
chemical calculations of some properties of expected
intermediates were used for interpreting the experi-
mental results.

EXPERIMENTAL

 

Materials

 

Perfluoro-4-biphenylazide was synthesized accord-
ing to the previously published procedure [8]; 

 

N

 

-pro-
pyl-4-azido-2,3,5,6-tetrafluorobenzylamide was kindly
provided by Dr. Sci. (Chem.) O.S. Fedorova (Institute
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Abstract

 

—The kinetics and mechanisms of the reactions of singlet perfluoro-4-biphenylnitrene and 

 

N

 

-propyl-
4-nitreno-2,3,5,6-tetrafluorobenzylamide with various amines, pyridine, and dimethylsulfoxide were studied
by laser flash photolysis. The reactions of singlet arylnitrenes with amines are two-step processes. The primary
step of the process is adduct formation; the rate constant of this reaction is high and lies within the range
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 for the tested secondary amines. The second step (1,2-hydrogen shift) was acceler-
ated in the presence of water.

 

0.02

300
0

400 500 600

 

λ

 

, nm

0.04

 

A
bs

or
ba

nc
e

 

1

2

 

Fig. 1.

 

 Absorption spectra measured (

 

1

 

) 30 and (

 

2

 

) 400 ns after
the laser excitation of 

 

N

 

-propyl-4-azido-2,3,5,6-tetrafluoroben-
zylamide (

 

Ib

 

) in acetonitrile at room temperature.
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of Bioorganic Chemistry, Siberian Division, Russian
Academy of Sciences). Acetonitrile was purified by
refluxing with 

 

P

 

2

 

O

 

5

 

 for 1 h followed by distillation.

 

Flash Photolysis

 

The assembly for laser flash photolysis was
described in detail elsewhere [10]. A solution placed in
a rectangular quartz cuvette (

 

10

 

 × 

 

10

 

 mm) was irradi-
ated with a pulse from a XeCl excimer laser (Lambda
Physik EMG 101; 308 nm; 100 mJ; 17 ns). The detec-
tion system included a DKSSh-120 xenon lamp; two
monochromators; a photomultiplier tube (Hamamatsu
R955); a LeCroy 9310A digital oscillograph; and a sys-
tem of filters, lenses, and shutters. Experimental data
were treated using a computer. The time resolution of
the laser flash-photolysis assembly, which depends on
the duration of a laser pulse, was ~20 ns. The spectral
range was 270–640 nm. A flow system was used in
order to prevent the secondary photolysis of products.
To remove oxygen, argon was bubbled through solu-
tions for 15 min.

In the experiments on flash photolysis, the intensity
of probing light was measured before and after laser

irradiation. Because a portion of the initial substance
was converted into intermediate products under expo-
sure to laser radiation, the resulting spectrum was the
difference between the spectra of formed intermediates
and the consumed reagent.

 

Quantum-Chemical Calculations

 

The quantum-chemical calculations of the geome-
try, electronic structure, and energy were performed
by the PM3 method [11]. Solvation was taken into
account in the calculations using the model of point
dipoles [12].

RESULTS

According to recent data [8, 9], the mechanism of
primary processes in the photolysis of fluorinated ary-
lazides 

 

Ia

 

 and 

 

Ib

 

 is described by Scheme 1. The
isomerization of singlet arylnitrenes 

 

IIS

 

 to azepines
(

 

IV

 

) is a two-step process [5, 13]. The primary step of
the isomerization of a singlet arylnitrene to azirine (

 

III

 

)
is a rate-limiting step [5, 8, 9, 13].

 

The laser flash photolysis of arylazides 

 

Ia

 

 and 

 

Ib

 

 in
acetonitrile resulted in the appearance of transient
absorption in the UV and visible regions of the spec-
trum immediately after a laser pulse. As an example,
Fig. 1 demonstrates the absorption spectrum recorded
in the course of the laser flash photolysis of arylazide 

 

Ib

 

(spectrum 

 

1

 

). This absorption was attributed to singlet
arylnitrene 

 

IISb

 

 [9]. The kinetic curves of decay of the
absorption of singlet arylnitrenes 

 

IISa

 

 and 

 

IISb

 

 are
described by an exponential function of time (Fig. 2,
curve 

 

1

 

). An increase in the absorption with maximums
at 410 and 530 nm was also observed (Fig. 1, spectrum 

 

2

 

).
The band with 

 

λ

 

max

 

 = 530 nm in the spectrum of mod-
erate absorption corresponds to triplet nitrene 

 

IITb

 

.
Triplet nitrene 

 

IITb

 

 and azepine 

 

IVb

 

 contribute to the
absorption band at 

 

λ

 

max

 

 = 410 nm. The characteristic

times of decay of singlet nitrenes 

 

IISa

 

 and 

 

IISb

 

 and the
characteristic times of appearance of the products
(

 

IITa

 

, 

 

IITb

 

, 

 

IVa

 

, and 

 

IVb

 

) are within the experimental
error (Fig. 2).

The lifetimes of singlet arylnitrenes 

 

IISa

 

 and 

 

IISb

 

in acetonitrile at room temperature are similar and
equal to 210 

 

±

 

 20 ns. The lifetimes of arylnitrenes 

 

IISa

 

and 

 

IISb

 

 were dramatically shortened upon the intro-
duction of various additives into solutions of arylazides

 

Ia

 

 and 

 

Ib

 

.

In an inert solvent of acetonitrile in the absence of
additives, the observed rate constant of decay of singlet
arylnitrenes (

 

k

 

obs

 

) is equal to the sum of the rate con-
stants of intersystem crossing (

 

k

 

isc

 

) and isomerization to
azirine (

 

k

 

R

 

) (Scheme 1). In the presence of additives
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(Q), the rate constant of decay of a singlet arylnitrene
can be written as

where [Q] is the concentration of the test additive.

kobs kisc kR kQ Q[ ] ,+ +=

 

Indeed, linear relationships between the observed
rate constants of decay of singlet arylnitrenes and the
concentrations of additives were observed experimen-
tally (Fig. 3). The table summarizes the rate constants
(

 

k

 

Q

 

) of bimolecular reactions with various additives
calculated from these relationships.

It is well known [4, 14] that fluorinated singlet
arylnitrenes react with pyridine to form corresponding
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Fig. 2. Kinetic curves of (1) decay of singlet N-propyl-4-
nitreno-2,3,5,6-tetrafluorobenzylamide (λmax = 470 nm)
and (2) formation of the corresponding triplet nitrene and
dehydroazepine (λmax = 410 nm) in acetonitrile at room
temperature. The zero time corresponds to the instant of
supplying a laser pulse. Zigzag lines indicate experimental
data, and smooth lines show the approximation of experi-
mental curves by exponential functions of time.

Fig. 3. Observed rate constant of decay of singlet perfluoro-
4-biphenylnitrene (IISa) in acetonitrile at room temperature
as a function of (1) dimethylsulfoxide or (2) imidazole con-
centration.

Rate constants of bimolecular reactions of singlet perfluoro-4-biphenylnitrene (IISa), N-propyl-4-nitreno-2,3,5,6-tetrafluo-
robenzylamide (IISb), and perfluorophenylnitrene (IISc) with various chemicals

Additive (Q)

kQ, l mol–1 s–1

IISa IISb IISc*

Diethylamine – – 1.9 × 108

Piperidine (2.0 ± 0.2) × 108 (1.9 ± 0.2) × 108
–

Morpholine (1.9 ± 0.2) × 108 (1.8 ± 0.2) × 108
–

Imidazole (4.0 ± 0.4) × 107 (3.9 ± 0.4) × 107
–

N-Methylimidazole (7.6 ± 0.7) × 107 – –

DMSO (2.0 ± 0.2) × 108 (2.2 ± 0.2) × 108 1.9 × 108

Pyridine (1.6 ± 0.2) × 107 (1.7 ± 0.2) × 107 5.8 × 107

* The rate constants were calculated from published data [14] with the use of the rate constant of the reaction with pyridine taken from [8].
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ylides (V) as stable adducts (Scheme 2). These ylides
exhibit a highly intense absorption band with λmax ~
400 nm. Hydrazines (VI), which do not exhibit detect-
able absorption in the visible and near-UV regions of
the spectrum, are formed in high yields upon the pho-
tolysis of fluorinated arylazides in the presence of
diethylamine [14].

X

N N
– +

N

X

1N

X

HNNR2

HNR2
F F F

Scheme 2.

V IIS VI

We found that the formation of hydrazines VIa and
VIb in the reactions of singlet arylnitrenes IISa and
IISb with secondary amines is a multistep process. In
the laser flash photolysis of azides Ia and Ib in the pres-
ence of amines (piperidine and morpholine), the
absorption decay of the corresponding singlet arylni-
trenes (Fig. 4, spectrum 1) was accompanied by the
appearance of an intermediate product, which exhibited
intense absorption at λmax = 320 nm (Fig. 4, spectrum 2).
In contrast to the adducts of singlet arylnitrenes with
pyridine, this intermediate was unstable, and it was
transformed into a compound that exhibited weak
absorption in the near-UV region of the spectrum in a
time of about 2.5 µs (Fig. 4, spectrum 3).

DISCUSSION

Previously [4, 14], the products of the reactions of
singlet perfluorophenylnitrene Ib with various com-
pounds such as pyridine, diethylamine, DMSO, tet-
rahydrofuran, benzene, toluene, and tetramethylethyl-
ene were isolated and identified. The ratios of the rate
constants of the reactions of singlet perfluorophenylni-
trene IISb with these additives to the rate constant of
the reaction with pyridine were estimated in studies of
the dependence of the yield of pyridine ylide Vb on the
concentrations of other additives. More recently [8], the
rate constant of the reaction of arylnitrene IISc
with pyridine was measured to be equal to (5.8 ± 1.0) ×
107 l mol–1 s–1. With the use of this value and published
data [14], we estimated the rate constants of the reac-
tions of singlet perfluorophenylnitrene IISc with vari-
ous additives (see the table).

The results of this work and the estimates based on
published data [14] suggest that singlet fluorinated
arylnitrenes efficiently react with secondary amines
(diethylamine, piperidine, and morpholine). In this
case, the reaction rate constants are almost independent
of the nature of arylnitrenes IISa–IISc and secondary
amines, and they are equal to ~2 × 108 l mol–1 s–1.

The reactions of singlet arylnitrenes with DMSO are
also efficient. The rate constants of reactions with
DMSO are independent of the nature of arylnitrenes
IISa–IISc, and they are almost equal to the rate con-
stants of the reactions with amines.

It is well known [4, 14] that hydrazine VIc is the
final product of the photolysis of pentafluoropheny-
lazide Ic in the presence of diethylamine (Scheme 2). It
is also reasonable to suggest the formation of hydra-
zines VIa and VIb in the reactions of singlet arylni-
trenes IISa and IISb with amines (Scheme 3). The
absorption spectrum of the final product (Fig. 4, spec-
trum 3) is consistent with this hypothesis.
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Fig. 4. Absorption spectra measured in the laser flash pho-
tolysis of azide Ia in acetonitrile at room temperature:
(1) spectrum of singlet nitrene IISa 30 s after a laser pulse
in the absence of morpholine, (2) spectrum of an adduct
measured in the presence of morpholine (0.1 mol/l) 200 ns
after a laser pulse, and (3) spectrum measured in the pres-
ence of morpholine (0.1 mol/l) 10 µs after a laser pulse.
Inset: (a) the kinetics of decay of the adduct, as detected at
λmax = 320 nm (spectrum 2).
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Here, kH is the rate constant of isomerization with pro-
ton transfer (1,2-hydrogen shift).

Adduct VII is the most likely precursor, which
exhibits intense absorption with λmax = 320 nm (Fig. 4,
spectrum 2), of hydrazine VI (see Scheme 3). Indeed,
calculations performed by the PM3 method demon-
strated that adduct VII corresponds to a minimum in
the potential-energy surface. The calculations also
demonstrated that the formation of adduct VIIa by a
reaction between singlet nitrene IISa and piperidine
followed by the isomerization reaction of VIIa to form
hydrazine VIa are thermodynamically consistent. The
enthalpies of these reactions are negative and equal to

respectively, for the reactions in a gas phase.
The solvent effect is insignificant, and the enthalpies

of the reactions in acetonitrile are equal to

Similar estimates of the enthalpy of formation of
pyridine ylide resulted in values of – 46.3 and
−45.5 kcal/mol with and without regard for the solvent
effect, respectively.

We also evaluated the positions of the long-wave-
length absorption band maximums of the adducts of
arylnitrene IISb with piperidine and pyridine. The
excitation energy was estimated as the difference
between the energies of the first excited state and the
ground state of the adducts, as calculated by the PM3
method. This estimate resulted in λmax = 343 nm for the
long-wavelength absorption band of an adduct of IISb
with pyridine; this value is consistent with experimental
data (~400 nm). The positions of long-wavelength maxi-
mums for adducts of IISb with piperidine and of IISa with
morpholine were estimated at 326 and 329 nm, respec-
tively. These estimate are in good agreement with our
experimental data (Fig. 4, spectrum 2).

Thus, our calculations suggest that hydrazine results
from the formation of intermediate adduct VII fol-
lowed by the migration of a hydrogen atom (1,2-hydro-
gen shift). It is well known [15] that the intramolecular
reaction of 1,2-hydrogen shift is significantly acceler-
ated in the presence of basic catalysts such as triethy-
lamine, alcohols, and water. Indeed, the rates of decay
of the adducts of nitrenes IISa and IISb with morpho-
line (VIIa and VIIb) increased by factors of 2 and 2.3,

respectively, on the addition of water (3.3 vol %). This
fact is also consistent with the proposed mechanism
(Scheme 3) of the reactions of singlet arylnitrenes with
amines.
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