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Time-resolved resonance Raman spectra for triplet 4-methoxyphenyl nitrene and 4-ethoxyphenyl nitrene and
their dimerization reaction to form azo dimer products in acetonitrile solution on the nanosecond time scale
are reported. As the 4-methoxyphenyl nitrene and 4-ethoxyphenyl nitrene Raman bands decay, the Raman
bands for the azo dimer products increase in intensity. The triplet 4-methoxyphenyl nitrene and 4-ethoxyphenyl
nitrene species and their reaction to produce azo products are compared to a recent study of the 2-fluorenyl
nitrene species and its reaction to form dehydroazepine ring-expansion products. The properties of the singlet
and triplet arylnitrenes and their reaction mechanisms to form azo dimer and ring-expansion products are
briefly discussed.

Introduction

The photochemistry of aryl azides1-53 has been an important
and active area of research. The use of laser flash photolysis
techniques over the past decade to probe their reaction inter-
mediates and photoproducts directly has led to an improved
understanding of their reaction mechanisms and intermediates.
Ultraviolet excitation of aryl azides in solutions usually produces
a singlet nitrene species that may then either undergo a very
rapid ring expansion to produce ketenimines (dehydroazepine)
or decay via rapid intersystem crossing to the triplet nitrene
species that may then subsequently produce azo dimerization
products. The singlet arylnitrene ring-expansion products,
ketenimines (dehydroazepines), can be trapped by nucleophiles.
The singlet phenyl nitrene chemistry and reaction mechanisms
have been particularly well examined and character-
ized.7,8,18,20,21,40-44,48-50 Laser flash photolysis experiments have
been used to observe singlet phenyl nitrene directly in room-
temperature solutions.42,43 The singlet phenyl nitrene species
has a short lifetime of about 1 ns because of its fast ring-
expansion reaction,42,43but the lifetimes of other singlet nitrenes
can become substantially longer when various substituents are
used.16-18,22-25,28,39,51,53 For example, singlet nitrenes with
lifetimes of tens to hundreds of nanoseconds39 can be made from
the photolysis of polyfluorinated phenyl azides in acetonitrile
solutions because the ring-expansion reaction becomes slower
because of a higher activation barrier.16-18,22-25,28,39,51,53Nu-
cleophiles such as diethylamine, pyridine, and tetramethyleth-
ylene have been used to trap some of these longer-lived singlet
nitrene species chemically. Singlet arylnitrenes have also been
found to react readily with water to produce singlet nitrenium
ions.26,27,30-36,39,45,46,54,55However, there are few studies of direct
vibrational spectroscopic characterization of arylnitrenes in
room-temperature solutions.56

In this paper, we present a time-resolved resonance Raman
spectroscopic study of triplet arylnitrenes produced following
ultraviolet photolysis of 4-methoxyphenyl azide and 4-ethoxy-

phenyl azide in acetonitrile solutions. To our knowledge, these
are the first time-resolved resonance Raman spectra obtained
for triplet arylnitrenes and their reaction to form azo products
in room-temperature solutions. As the time delay between the
pump (266 nm) and probe (320 nm) pulses change from 10 to
500 ns, some Raman bands decay in intensity, and others
increase in intensity, indicating that there are two species present
and that the first species decays to form the second species.
The Raman vibrational frequencies for the first species exhibit
good agreement with those calculated from density functional
theory for triplet 4-methoxyphenyl nitrene and 4-ethoxyphen-
ylnitrene, and the second species vibrational frequencies show
reasonable agreement with the computed frequencies for the
azo product formed from the triplet nitrenes. In addition, the
resonance Raman spectrum of an authentic sample of the
4-methoxyphenylnitrene azo dimer product produced from
another synthetic method was essentially identical to the time-
resolved resonance Raman spectrum of the second photoproduct
species observed after the photolysis of 4-methoxy phenyl azide.
This confirms the assignment of the second photoproduct species
in the time-resolved resonance Raman experiments to the azo
dimer product. We compare the triplet 4-methoxyphenyl nitrene
and 4-ethoxyphenyl nitrene species and their reaction to produce
azo products to a recent study of the singlet 2-fluorenyl nitrene
species and its reaction to form dehydroazepine products.56 We
briefly discuss the properties of the singlet and triplet arylni-
trenes and their reaction mechanisms.

Experimental and Calculations Section

Samples of 4-methoxyphenyl azide and 4-ethoxyphenyl azide
were synthesized according to literature methods,57 and further
details of the synthesis and characterization are given in the
Supporting Information. The 4-methoxyphenyl azide and 4-eth-
oxyphenyl azide samples were prepared with concentrations in
the 2.3-2.4 mM range in acetonitrile solvent for the time-
resolved resonance Raman experiments. An authentic sample
of the 4-methoxyphenylnitrene azo dimer product (4,4′-
dimethoxyazobenzene) was synthesized by following a literature
procedure,58 and further details of the synthesis and character-
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ization are presented in the Supporting Information. The 4,4′-
dimethoxyazobenzene sample was prepared with a 1.2 mM
concentration in acetonitrile solvent for the single-beam 320-
nm resonance Raman experiment.

The time-resolved resonance Raman instrument and methods
have been described elsewhere, and only a short description is
given here.56,59,60The time-resolved resonance Raman experi-
ments used two Nd:YAG lasers (Spectra-Physics) that were
electronically synchronized to one another via a pulse-delay
generator (Stanford Research Systems model DG535) used to
control the relative timing of the lamp and Q-switch firing of
the two lasers. A fast photodiode whose output was shown on
a 500-MHz oscilloscope was used to measure the relative timing
of the pump (266 nm) and probe (320 nm) laser pulses. The
laser beams were loosely focused onto a flowing liquid stream
of sample using a near-collinear geometry, and the Raman
scattered light was collected using reflective optics. A back-
scattering geometry was used to acquire the Raman scattered
light, and it was imaged through a polarization scrambler
mounted on the entrance slit of a 0.5-m spectrograph. The
spectrograph grating dispersed the Raman light onto a liquid
nitrogen-cooled CCD detector that acquired the Raman sig-
nal for ∼300 to 600 s before being read out to an interfaced
PC. About 10 to 20 of the readouts were summed to get a
resonance Raman spectrum. Pump-only, probe-only, and
pump-probe resonance Raman spectra were taken in addition
to a background scan. The known Raman bands of the
acetonitrile solvent were used to calibrate the Raman wave-
number shifts of the spectra. The probe-only spectrum was
subtracted from the pump-probe spectrum to remove solvent
and precursor Raman bands so as to obtain the time-resolved
Raman spectrum. (In addition, the pump-only spectrum and the
background spectrum were also subtracted from the pump-
probe spectrum.)

All of the density functional calculations employed the Gaus-
sian program suite.61 Complete geometry optimization and vi-
brational frequency calculations were made analytically with
the UBPW91 or BPW91 method62,63 and the cc-PVDZ basis
set64 for the singlet and triplet states of the 4-methoxyphenyl
nitrene and 4-ethoxyphenyl nitrene species as well as for their
possible azo and dehydroazepine products.

Results and Discussion

Figures 1 and 2 present an overview of the 320-nm probe
time-resolved resonance Raman spectra obtained for the pho-
toproducts generated over the 10- to 500-ns time scale following
266-nm photolysis of 4-methoxyphenyl azide and 4-ethoxyphen-
yl azide, respectively, in acetonitrile solutions. Figures 3 and 4
present an expanded view of the 10- and 500-ns time-resolved
spectra shown in Figures 1 and 2, respectively. An inspection
of Figures 1 and 2 reveals that some Raman bands decrease in
intensity over the 10- to 500-ns time scale while other Raman
bands increase in intensity. This indicates the presence of two
photoproduct species with the first species likely decaying into
the second product. The 10-ns spectra shown in Figures 3 and
4 show Raman bands from both photoproduct species whereas
the 500-ns spectra exhibit mainly Raman bands from the second
species. Figure 5 displays a plot of the time-dependent behavior
of the five largest resonance Raman bands of the first and second
photoproduct species observed after the photolysis of 4-meth-
oxyphenyl azide in acetonitrile solvent. Simple exponential
decay/growth best-fit curves for the plots are shown as lines in
Figure 5. An inspection of Figure 5 shows that the decay rates
of the five Raman bands of the first photoproduct species are

almost the same, and this is consistent with these Raman bands
belonging to the same photoproduct species. Similarly, the five
largest Raman bands of the increasing photoproduct(s) increase
at almost the same rate, and this is consistent with these Raman
bands belonging to the same photoproduct species. The first
photoproduct species decays approximately twice as fast as the
second species grows, and this is consistent with a reaction of
the first species with itself to produce a dimer species product
(e.g., species 1+ species 1f species 2). Very similar behavior
was also observed for the time-resolved resonance Raman
spectra observed after the photolysis of 4-ethoxyphenyl azide
in acetonitrile solvent.

Several investigations have used a comparison of experimen-
tal vibrational frequencies to those predicted from density func-
tional theory or ab initio calculations for probable photoproduct
species to assign time-resolved infrared or Raman spectra to
arylnitrenium ions, arylnitrenes, and arylnitrene photoprod-
ucts.46,52,54-56 We shall use a similar approach here to help in
the assignment of the spectra observed in Figures 1-4. We have
made UBPW91/cc-PVDZ computations for the singlet and
triplet states of the 4-methoxyphenyl nitrene and 4-ethoxyphenyl
nitrene species and BPW91/cc-PVDZ calculations for their
potential azo products (denoted hereafter as A-OMe and A-OEt,
respectively) and their dehydroazepine products (denoted as
DH-OMe and DH-OEt, respectively). Tables 1 and 2 compare
the experimental Raman vibrational frequencies to those pre-
dicted from the density functional theory calculations for the

Figure 1. Time-resolved resonance Raman spectra acquired after 266-
nm photolysis of 4-methoxyphenyl azide in acetonitrile using a 320-
nm probe wavelength. The time-resolved resonance Raman spectra were
obtained by subtracting probe-only spectra and pump-only spectra from
pump/probe spectra to remove solvent and azide precursor Raman
bands. The spectra were acquired with different pump/probe time delays
(10, 50, 100, 200, 300, and 500 ns), as indicated next to each spectrum.
Asterisks mark solvent-subtraction artifacts. Tentative vibrational
assignments for some of the Raman bands are labeled. (Refer to the
text and Table 1 for more details.) Raman band assignments with a “t”
represent triplet 4-methoxyphenyl nitrene features, and the others are
due to its azo dimer product.
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4-methoxyphenyl nitrene and 4-ethoxyphenyl nitrene species
and their azo and dehydroazepine products, respectively.

An inspection of Table 1 shows that the short-lived Raman
band species formed after the photolysis of 4-methoxyphenyl
azide are in better agreement with those of the triplet 4-meth-
oxyphenyl nitrene species than with those of the singlet state.
The triplet state shows a difference on average of about 6.4
cm-1 between the experimental and computed vibrational
frequencies compared to 11.8 cm-1 for the singlet state.
Similarly, Table 2 also shows that the short-lived species Raman
band vibrational frequencies formed after the photolysis of
4-ethoxyphenyl azide are in better agreement with those of the
triplet 4-ethoxyphenyl nitrene species than with those of the
singlet state. The triplet state exhibits a difference on average
of about 8 cm-1 between the experimental and computed
vibrational frequencies compared to 12.3 cm-1 for the singlet
state. Thus, it is tempting to assign the first species to the triplet
states of 4-methoxyphenyl nitrene and 4-ethoxyphenyl nitrene,
respectively. However, the calculations are probably not good
enough to distinguish clearly between the triplet and singlet
nitrenes since both are within the∼10-20 cm-1 error of margin
of the calculations, and further evidence is needed to assign
the first product species clearly. The〈s2〉 values from the
calculations are given in Supporting Information for the singlet
and triplet nitrene species examined here. These〈s2〉 values
indicate that there is some moderate spin contamination in the
open-shell singlet nitrene from the triplet state. Thus, the singlet

nitrene computational results are probably not accurate enough
to make an unambiguous comparison to the experimental
vibrational data. However, the〈s2〉 values indicate that there is
no appreciable spin contamination of the triplet-state calcula-
tions, and these can be used for comparison with the experi-
mental vibrational spectra. Our comparison of the experimental
and computed results indicates that the vibrational frequencies
observed for the first product species are consistent with those
computed for the triplet arylnitrene species, but we cannot
exclude the singlet arylnitrene species on the basis of the
computational results.

An examination of Table 1 shows that the second longer-
lived species formed after the photolysis of 4-methoxyphenyl
azide has Raman band vibrational frequencies that are in better
agreement with those of the dimer product (A-OMe) formed
from the 4-methoxyphenyl nitrene species than with those of
the dehydroazepine ring-expansion product (DH-OMe). The
azo product (A-OMe) shows a difference on average of about
7 cm-1 between the experimental and computed vibrational
frequencies compared to 15.8 cm-1 for the dehydroazepine ring-
expansion product (DH-OMe). Similarly, Table 2 indicates that
the Raman vibrational frequencies of the second longer-lived
Raman band species formed after the photolysis of 4-ethox-
yphenyl azide are in better agreement with those of the azo
product (A-OEt) formed from the triplet 4-ethoxyphenyl nitrene
species than with those of the dehydroazepine ring-expan-
sion product (DH-OEt). The azo product (A-OEt) exhibits a
difference on average of about 7.4 to 8.4 cm-1 between the
experimental and computed vibrational frequencies compared
to 13 cm-1 for the dehydroazepine ring-expansion product
(DH-OEt). Therefore, we assign the second species to azo

Figure 2. Time-resolved resonance Raman spectra acquired after 266-
nm photolysis of 4-ethoxyphenyl azide in acetonitrile using a 320-nm
probe wavelength. The time-resolved resonance Raman spectra were
obtained by subtracting probe-only spectra and pump-only spectra from
pump/probe spectra to remove solvent and azide precursor Raman
bands. The spectra were acquired with different pump/probe time delays
(10, 50, 100, 200, 300, and 500 ns), as indicated next to each spectrum.
Asterisks mark solvent-subtraction artifacts, and daggers represent small
stray-light or ambient-light artifacts. Tentative vibrational assignments
for some of the Raman bands are labeled. (Refer to the text and Table
2 for more details.) Raman band assignments with a “t” represent triplet
4-ethoxyphenyl nitrene features, and the others are due to its azo dimer
product.

Figure 3. Expanded view of the 10- and 500-ns time-resolved
resonance Raman spectra shown in Figure 1. Asterisks mark solvent-
subtraction artifacts, and daggers represent small stray-light or ambient-
light artifacts. Tentative vibrational assignments for the larger Raman
bands are labeled. (Refer to the text and Table 1 for more details.)
Raman band assignments with a “t” represent triplet 4-methoxyphenyl
nitrene features, and the others are due to its azo dimer product.
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products A-OMe and A-OEt of the triplet 4-methoxyphen-
yl nitrene and 4-ethoxyphenyl nitrene, respectively. The reso-

nance Raman intensity pattern of the second species observed
in the time-resolved resonance Raman spectra of Figures 1-4
is similar to that of resonance Raman spectra observed for a
number of azo compounds with phenyl groups (such astrans-
azobenzene, 4-nitro,4′-dimethyolamino-azo benzene, and
others)65-72 that have most of their intensity in the 1400-1500
cm-1 region for modes associated with the NdN chromophore
and significant intensity in their overtones and/or combination
bands in the 2800-3000 cm-1 region. This provides additional
support for our assignment of the second species to azo prod-
ucts A-OMe and A-OEt of the triplet 4-methoxyphenyl and
4-ethoxyphenyl nitrenes, respectively. To determine the identity
of the second photoproduct species observed in the TR3 spectra
in Figures 1-4 unambiguously, we synthesized an authentic
sample of the azo dimer product formed from 4-methoxyphen-
ylnitrene (4,4′-dimethoxyazobenzene). The 4,4′-dimethoxya-
zobenzene sample was made by oxidizing the appropriate aniline
as described in ref 58 and in the Supporting Information. We
obtained a 320-nm resonance Raman spectrum of this au-
thentic 4,4′-dimethoxyazobenzene sample. Figure 6 compares
the authentic 4,4′-dimethoxyazobenzene sample’s 320-nm reso-
nance Raman spectrum to the TR3 spectrum obtained at 500 ns
following 266-nm photolysis of 4-methoxyphenyl azide using
a 320-nm probe wavelength. A comparison of the spectra in
Figure 6 shows that they are almost identical in both vibrational
frequencies and intensities. This conclusively demonstrates that
the second photoproduct species observed in the TR3 spectra is
due to the azo dimer photoproduct and not to a dehydroazepine
product.

The clear assignment of the second photoproduct species
observed in the TR3 spectra to the azo dimer product and the
observation that the first photoproduct species decays ap-
proximately twice as fast as the second species grows indicate
that the reaction of the first species with itself produces the azo
dimer product. Singlet arylnitrenes such as phenylnitrene tend
to react and form ring-expansion dehydroazepine products
whereas triplet nitrenes such as phenylnitrene tend to form azo
dimerization products with a NdN group in the condensed
phase.3-9 This indicates that the first photoproduct species
observed in the TR3 spectra of Figures 1-4 should be assigned
to the triplet 4-methoxyphenyl nitrene and triplet 4-ethoxyphenyl
nitrene species.

We note that our assignments of the two species observed in
the time-resolved resonance Raman spectra of Figures 1-4 are
consistent with a number of previous experimental studies of
para-substituted phenyl nitrenes.15,50An earlier study using time-
resolved ultraviolet absorption and infrared spectroscopy found
that the photolysis of 4-methoxyphenyl azide in cyclohexane
produced an 80% yield of the dimer product from triplet nitrene
(A-OMe) whereas photolysis in the presence of diethylamine
gave a 27% yield of the ketenimine adduct.15 These results
indicate that both triplet nitrene (formed from the singlet ni-
trene and associated with the azo product) and dehydroazepine
products (formed from the singlet nitrene and associated with
the ketenimine adduct) are formed to some extent in room-
temperature solutions.15 More recent studies using laser flash
photolysis and product analysis found that the photolysis of
4-methoxyphenyl azide in pentane solution produced a transient
absorption spectrum of its triplet nitrene and the ketenimine
products over a 100-ns window just after the photolysis pulse
and that the intersystem crossing (ISC) from the initially
produced singlet nitrene decayed very quickly to the triplet state
(with a rate constant estimated to be>500× 106 s-1 andτ <
1 ns).50 The triplet nitrene exhibits a strong absorption withλmax

Figure 4. Expanded view of the 10- and 500-ns time-resolved reso-
nance Raman spectra shown in Figure 2. Asterisks mark solvent-
subtraction artifacts, and daggers represent small stray-light or ambient-
light artifacts. Tentative vibrational assignments for the larger Raman
bands are labeled. (Refer to text and Table 2 for more details.) Raman
band assignments with a “t” represent triplet 4-ethoxyphenyl nitrene
features, and the others are due to its azo dimer product.

Figure 5. Plot of the time-dependent behavior of the five largest
resonance Raman bands of the first (scale on left and decaying species)
and second (scale on right and growing species) photoproduct species
observed in Figure 1 after the photolysis of 4-methoxyphenyl azide in
acetonitrile solvent. Simple exponential decay/growth best-fit curves
for the plots are shown as lines.
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≈ 330 nm. These results are in excellent agreement with our
time-resolved resonance Raman spectra obtained using a 320-
nm probe wavelength and with our observation of the triplet
nitrene at delay times in the 10- to 200 ns region.

Triplet 4-methoxphenyl nitrene and 4-ethoxyphenyl nitrene
decay and immediately form the azo dimer product in the time-

resolved resonance Raman spectra shown in Figures 1 and 2
using a 320-nm probe wavelength. This behavior is in stark
contrast to the time-resolved resonance Raman observation of
the decay of the 2-fluorenyl nitrene species and the subsequent
formation of its dehydroazepine ring-expansion product(s).56 The
2-fluorenyl nitrene species decays within 100 to 500 ns to form

TABLE 1: Experimental Raman Vibrational Frequencies Observed in the Time-Resolved Resonance Raman Spectra of
4-Methoxyphenyl Nitrene and Its Azo Product Shown in Figures 1 and 3a

A. 4-Methoxyphenyl Nitrene Species Observed in the 10-,50-, and 100-ns Time-Resolved Resonance Raman Spectra

singlet 4-methoxyphenyl nitrene tripet 4-methoxyphenyl nitrene experiment

vibrational mode,
possible description

UBPW91/cc-PVDZ
calcd value (in cm-1)

vibrational mode,
possible description

UBPW91/cc-PVDZ
calcd value (in cm-1)

10-ns time-resolved
Raman freq shift (cm-1)

ν29, C-H bend 758 ν29, C-H bend 768
ν28, C-H bend 808 ν28, C-H bend 810
ν27, CCC bend 810 ν27, CCC bend 824 824
ν26, C-H bend 911 ν26, C-H bend 914
ν25, C-H bend 937 ν25, C-H bend 938
ν24, CCC bend 951 ν24, CCC bend 958
ν23, CCC bend+ C-O str 1025 ν23, CCC bend+ C-O str 1027
ν22, C-C str+ C-H bend 1077 ν22, C-C str+ C-H bend 1081
ν21, CH3 bend 1116 ν21, CH3 bend 1117
ν20, C-H bend 1133 ν20, C-H bend 1131
ν19, C-H bend+ CH3 bend 1155 ν19, CH3 bend 1156
ν18, C-C str 1222 ν18, C-C str 1235 1232
ν17, C-C str+ C-O str 1257 ν17, C-C str + C-O str 1256 1265
ν16, C-C str+ C-O str 1283 ν16, C-C str + C-O str 1291 1301
ν15, C-C str+ C-N str 1379 ν15, C-C str+ C-N str 1322
ν14, C-C str+ C-N str 1412 ν14, CH3 bend+ C-N str 1403
ν13, CH3 bend 1420 ν13, CH3 bend 1420
ν12, C-C str+ C-N str 1424 ν12, C-C str+ CH3 bend 1422
ν11, C-C str+ CH3 bend 1432 ν11, C-C str+ CH3 bend 1433
ν10, C-C str+CH3 bend+ C-N str 1446 ν10, C-C str+ C-N str + C-O str 1445
ν9, C-C str 1485 ν9, C-C str 1499
ν8, C-O str+ C-C str+ C-N str 1584 ν8, C-N str + C-C str + C-O str 1585 1575

B. Potential Dehydroazepine and Azo Product Species Observed in the 300- and 500-ns
Time-Resolved Resonance Raman Spectra in Figures 1 and 2

dehydroazepine product (DH-OMe) azo product (A-OMe) experiment

vibrational mode,
approximate description

BPW91/cc-PVDZ
calcd value (cm-1)

vibrational mode,
approximate description

BPW91/cc-PVDZ
calcd value (in cm-1)

500-ns and 10-µs time-resolved
Raman freq shift (cm-1)

ν21, C-NdC str+ C-H bend 1102 ν43, CH3 bend 1118
ν20, CH3 bend 1118 ν42, C-H bend 1118

ν41, CH3 bend 1120
ν40, C-H bend + C-N str 1121 1135

ν19, C-O str+ C-H bend+ CH3 bend 1150 ν39, CH3 bend 1157
ν38, CH3 bend 1157

ν18, C-H bend+ CH3 bend 1178 ν37, C-C str + C-N str 1184 1184
ν17, C-C str+ C-O str+ C-H bend 1210 ν36, C-C str+ C-N str + C-O str 1229

ν35, C-C str + C-N str + C-O str 1254? 1254
ν34, C-C str 1256?
ν33, C-C str+ C-N str + C-O str 1260

ν16, C-H bend 1268 ν32, C-C str + C-N str + C-O str 1265 1291
ν15, C-C str 1300 ν31, C-C str 1358
ν14, C-H bend 1371 ν30, C-C str + NdN str 1366 1364

ν29, CH3 bend 1410
ν13, CH3 bend 1410 ν28, C-C str + NdN str 1411 1408

ν27, C-C str 1412
ν12, CH3 bend 1417 ν26, CH3 bend 1418

ν25, CH3 bend 1420
ν24, C-C str 1425

ν11, CH3 bend 1433 ν23, CH3 bend+ NdN str 1431
ν22, C-C str 1436
ν21, C-C str + NdN str 1449 1448
ν20, C-C str + NdN str + C-O str 1486?
ν19, C-C str + NdN str + C-O str 1489? 1495

ν10, C-C str 1543 ν18, C-C str 1571
ν9, C-C str 1579 ν17, C-C str 1574

ν16, C-C str 1611?
ν15, C-C str + C-O str + NdN str 1616? 1603

a Experimental vibrational frequencies are compared to those from UBPW91/cc-PVDZ computations for the singlet and triplet states of
4-methoxyphenyl nitrene (A) and those from BPW91/cc-PVDZ computations for the potential 4-methoxyphenyl nitrene dehydroazepine and azo
products (B). See text for more details. Possible vibrational band assignments are also shown on the basis of comparisons to calculated vibrational
frequencies from UBPW91/cc-PVDZ or BPW91/cc-PVDZ computations in the 750- to 1700-cm-1 fingerprint region for the ground singlet and
triplet states of 4-methoxyphenyl nitrene and the ground singlet state of its dehydroazepine or azo products (see text).
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TABLE 2: Experimental Raman Vibrational Frequencies Observed in the Time-Resolved Resonance Raman Spectra of
4-Ethoxyphenyl Nitrene and Its Azo Product Shown in Figures 2 and 4a

A. 4-Ethoxyphenyl Nitrene Species Observed in the 10-, 50-, and 100-ns Time-Resolved Resonance Raman Spectra in Figures 3 and 4

singlet 4-ethoxyphemyl nitrene tripet 4-ethoxyphenyl nitrene experiment

vibrational mode,
possible description

UBPW91/cc-PVDZ
calcd value (cm-1)

vibrational mode,
possible description

UBPW91/cc-PVDZ
calcd value (cm-1)

10-ns time-resolved
Raman freq shift (cm-1)

ν36, C-H bend 756 ν36, C-H bend 766
ν35, C-H bend 804 ν35, ring def+ CH2 rock + CH3 bend 805
ν34, C-H bend 811 ν34, ring def+ CH2 rock + CH3 bend 813
ν33, CCC bend 812 ν33, CCC bend 825 823
ν32, CCC bend 903 ν32, CCC bend 907
ν31, C-H bend 910 ν31, C-H bend 913
ν30, C-H bend 936 ν30, C-H bend 937
ν29, C-H bend 954 ν29, ring def 961
ν28, C-O str+ C-C str 1029 ν28, C-O str+ C-C str 1035
ν27, C-C str+ C-H bend 1077 ν27, C-C str+ C-H bend 1081
ν26, C-O str+ C-C str 1093 ν26, C-O str+ C-C str 1099
ν25, CH2 rock + CH3 bend 1126 ν25, CH2 twist + CH3 bend 1126
ν24, C-H bend 1132 ν24, C-H bend 1130
ν23, C-C str+ CH2 wag 1221 ν23, C-C str 1235 1231
ν22, C-C str+ C-O str 1248 ν22, CH2 twist + CH3 bend 1250
ν21, CH2 twist + CH3 bend 1250 ν21, C-C str + C-O str 1253 1261
ν20, C-C str+ C-O str 1287 ν20, C-C str + C-O str 1290 1306
ν19, CH2 wag+ C-H bend+ CH3 bend 1332 ν19, C-N str + C-C str 1322
ν18, CH2 wag+ C-H bend+ CH3 bend 1366 ν18, CH2 wag+ C-C str+ C-N str 1339
ν17, C-C str+ C-N str 1390 ν17, CH2 wag+ C-C str 1368
ν16, CH3 bend 1416 ν16, CH3 bend 1416
ν15, C-C str+ C-N str + CH2 sciss. 1422 ν15, C-C str+ C-N str 1421
ν14, C-C str+ C-N str + CH2 sciss 1433 ν14, C-C str+ CH2 sciss+ CH3 bend 1432
ν13, C-C str+ CH3 bend 1437 ν13, C-C str+ CH3 bend 1437
ν12, C-C str+ CH3 bend+ CH2 sciss 1456 ν12, C-C str+ CH2 sciss 1454
ν11, C-C str 1484 ν11, C-C str 1497 1495
ν10, C-C str+ C-O str 1584 ν10, C-C str + C-O str 1585 1572

B. Potential Dehydroazepine and Azo Product Species Observed in the 300-and 500-ns Time-Resolved Resonance Raman Spectra in Figures 3 and 4

DH-OEe dehydroazepine product A-OEe azo product experiment

vibrational mode,
approximate description

BPW91/cc-PVDZ
calcd value (cm-1)

vibrational mode,
approximate description

BPW91/cc-PVDZ
calcd value (cm-1)

500-ns and 10-µs time-resolved
Raman freq shift (cm-1)

ν25, C-O str+ C-C str+ C-N str 1101 ν52, C-O str+ C-C str 1100
ν51, C-H bend 1119
ν50, C-N str + C-H bend 1121?

ν24, CH2 rock + CH3 bend 1124 ν49, CH2 rock + CH3 bend 1127? 1139
ν48, CH2 rock + CH3 bend 1127?

ν23, C-O str+ C-H bend 1174 ν47, C-C str + C-N str + C-O str 1184 1184
ν22, C-O str+ C-C str+ C-H bend 1214 ν46, C-C str+ C-N str + C-O str 1227

ν45, CH2 twist + CH3 bend 1246?
ν44, CH2 twist + CH3 bend 1246?

ν21, CH2 twist + C-H bend+ CH3 bend 1247 ν43, C-C str + C-O str 1249? 1242
ν42, C-C str+ C-O str+ C-N str 1251

ν20, C-C str+ CH2 twist 1264 ν41, C-C str+ C-O str+ C-N str 1261
ν19, C-C str 1301 ν40, C-C str + C-O str + C-N str 1261 1294

ν39, CH2 wag+ CH3 bend 1334
ν18, CH2 wag+ CH3 bend 1335 ν38, CH2 wag+ CH3 bend 1335

ν37, C-C str+ CH2 wag 1358
ν17, C-C str+ C-O str+ CH2 wag 1364 ν36, C-C str+ CH2 wag 1360

ν35, C-C str+ CH2 wag 1370
ν16, C-C str+ C-N str + C-O str 1376 ν34, C-C str + NdN str 1374 1375

ν33, C-C str + NdN str 1407 1407
ν32, CH3 bend 1416

ν15, CH3 bend 1415 ν31, CH3 bend 1416
ν30, C-C str+ C-H sciss 1426

ν14, CH2 sciss+ CH3 bend 1433 ν29, CH2 sciss+ CH3 bend 1435
ν28, C-C str+ CH2 sciss 1436
ν27, C-C str+ C-O str+ CH2 sciss 1446
ν26, CH2 sciss+ CH3 bend 1450

ν13, CH2 sciss+ CH3 bend 1451 ν25, C-C str + NdN str 1453 1452
ν24, C-C str + C-N str 1484?

ν12, C-C str 1527 ν23, C-C str + C-N str + NdN str 1486? 1485
ν22, C-C str+ C-O str 1568

ν11, C-C str 1572 ν21, C-C str+ NdN str 1572
ν20, C-C str 1612
ν19, C-C str + C-O str + NdN str 1616 1600

ν10, NdCdC asymm str 1886

a Experimental vibrational frequencies are compared to those from UBPW91/cc-PVDZ computations for the singlet and triplet states of
4-ethoxyphenyl nitrene (A) and those from Bpw91/cc-Pvdz computations for the potential 4-ethoxyphenyl nitrene dehydroazepine and azo products
(B). See text for more details. Possible vibrational band assignments are also shown on the basis of comparison to calculated vibrational frequencies
from UBPW91/cc-PVDZ or BPW91/cc-PVDZ computations in the 750- to 1700-cm-1 fingerprint region for the ground singlet and triplet states of
4-ethoxyphenyl nitrene and the ground singlet state of its dehydroazepine or azo products (see text).
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an intermediate that does not absorb at the 416-nm probe
wavelength used in those experiments.56 This dark intermediate
species then decays and produces the ring-expansion dehy-
droazepine product of 2-fluorenyl nitrene on the 5-10 µs time-
scale. Since dehydroazepine products are generally associated
with formation from singlet arylnitrenes, the 2-fluorenylnitrene
species was assigned to the singlet state.56 A comparison of the
time-resolved resonance Raman results for the triplet 4-meth-
oxyphenyl nitrene and 4-ethoxyphenyl nitrene reactions pre-
sented here and the previously examined 2-fluorenyl nitrene
reaction56 provide direct spectroscopic experimental evidence
that triplet arylnitrenes and singlet arylnitrenes mainly decay
via distinctly different kinds of reaction mechanisms insofar as
they are representative of arylnitrene reactions. The longer-lived
triplet arylnitrene appears to decay mainly via a bimolecular
dimerization reaction to directly produce azo dimer products,
in agreement with numerous previous investigations.7,8,15,50

However, the singlet arylnitrene decays via unimolecular
processes either to form the triplet arylnitrene via ISC or to
form an intermediate species (that does not absorb in the 400-
430-nm region) that subsequently produces the dehydroazepine
ring-expansion product on the microsecond time scale in the
case of the 2-fluorenyl nitrene system. This supports the
prediction of Karney and Borden42 that arylnitrene ring-
expansion reactions proceed via a two-step mechanism where
the arylnitrene first forms an intermediate species (proposed by
Karney and Borden to be an azirine species) that then forms
the dehydroazepine product(s). The production of fluorinated
azirine intermediates from fluorinated phenyl nitrenes has been
observed in low-temperature matrices by infrared and UV/vis
absorption spectroscopy.37 The azirines have a strong absorption
at about 250 nm but exhibit little absorption in the 350- to 450-
nm region,37 and this is consistent with the hypothesis that the
dark intermediate in the time-resolved 416-nm resonance Raman

spectra for the 2-fluorenyl nitrene decay and formation of its
dehydroazepine product is an azirine intermediate.56

Previous laser flash photolysis experiments indicate that
ultraviolet photolysis of 4-methoxyphenyl azide produces both
triplet 4-methoxyphenyl nitrene (with a strong absorption at
∼330 nm) and dehydroazepine ring-expansion products (keten-
imine species with a strong absorption in the 350- to 430-nm
region).50 These previous experiments by Platz and co-workers50

also showed that the azo dimer product formed from the triplet
arylnitrenes absorbs strongly in the 300- to 400-nm region. We
do not observe the dehydroazepine (or ketenimine) ring-
expansion product in our present time-resolved resonance
Raman experiments using a 320-nm probe wavelength. This
indicates that the dehydroazepine (or ketenimine) ring-expansion
product does not absorb very strongly at 320 nm compared to
the absorption of triplet 4-methoxyphenyl nitrene or its azo
dimer product. Recent experiments using a 416-nm probe
wavelength readily showed the 2-fluorenyl nitrene species and
its dehydroazepine ring-expansion product(s).56 This and our
present results using a 320-nm probe wavelength indicate that
arylnitrene reactions to form azo dimer products and dehy-
droazepine ring-expansion products can be directly and selec-
tively examined by using appropriate probe wavelengths in time-
resolved resonance Raman experiments. This may be useful in
selectively examining singlet and triplet states of arylnitrenes
and their reactions to form azo dimer and dehydroazepine ring-
expansion products in a number of systems. This could also be
very useful in comparing the relative chemical reactivity of these
species toward a variety of substrates. We plan to explore a
range of arylnitrenes and their chemical reactions in the future.
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