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The photochemistry of p-azidoaniline was studied in argon matrices in the absence and presence

of oxygen. With the help of quantum chemical calculations we were able to characterize the

triplet p-aminophenylnitrene as well as the cis- and trans-p-aminophenylnitroso oxides. It was

found that the latter two isomers can be interconverted by selective irradiation and that they are

ultimately converted into p-nitroaniline. Although restricted wavefunctions of the nitroso oxides

are unstable, CASSCF calculations turned up no evidence for the claimed diradical character of

these compounds. Also we found no evidence for dioxaziridines as intermediates of the

conversion of the nitroso oxides to p-nitroaniline.

1 Introduction

Great progress has been made in understanding the photo-

chemistry of aryl azides over the past few years.1,2 Singlet

phenylnitrene and a series of its simple derivatives have been

detected directly and the effects of substituents on the spectra

and the decay kinetics of singlet aryl nitrenes have been

examined systematically.2 Thereby it was found that groups

which act as strong p donors dramatically accelerate the rate

of intersystem crossing. This could be the reason why photo-

lysis of p-azidoaniline (1) and p-azidodimethylaniline, unlike

that of phenyl azide and most of its derivatives, gives only

products of triplet nitrene reactions.3,4 For instance, in the

presence of oxygen at ambient temperature p-nitroaniline (2)

and p-nitrosoaniline (3) are formed in quantitative yield upon

photolysis of 1 (Scheme 1).3,5

Since the early seventies it has been known that triplet

arylnitrenes react with oxygen by formation of adducts.5–9

In an early study on 1,4-diazidobenzene, two types of adducts

(diamagnetic and paramagnetic) were detected in glassy ma-

trices.6 It was proposed that the diamagnetic adduct is an

arylnitroso oxide, R–NQO1–O�, and the paramagnetic spe-

cies is a ‘‘spin isomer’’ thereof, the triplet aryliminodioxy

diradical, R–N–O�–O�.6,10 Although subsequent studies did

not confirm the formation of triplet adducts of arylnitrenes

with oxygen,3,5,7,8 speculations about the occurrence of aryli-

minodioxy diradicals in the photooxidation of aryl azides

continue to surface occasionally in the literature.11

This paper is devoted to a comprehensive experimental and

computational study of the reactions of triplet arylnitrenes

with oxygen in order to unambiguously identify the resulting

adducts by their experimentally observed spectra, and to

understand their properties. It should be noted that the earlier

assignments of a strong near-UV absorption to arylnitroso

oxides3,5,7–9 were never supported by calculations. p-Azidoani-

line was used in our matrix isolation study because, as noted

above, it gives exclusively products of triplet nitrene reactions

in solution, and we thought that this would also simplify the

photochemistry in Ar matrices. In addition, the reaction of

triplet p-aminophenylnitrene (4) with oxygen in solution and

in glassy matrices has previously been studied.5

2 Experimental and computational details

p-Azidoaniline (1) was synthesized following the published

procedure.12

Spectroscopy in argon matrices13

A few ground crystals of 1 were placed in a U-tube attached to

the inlet system of the cryostat. During deposition the tem-

perature of the U-tube was kept at about 0 1C. To study the

photochemistry of 1 in the absence of oxygen, a mixture of

argon (Carbagas, 99.995%) with 10% nitrogen (Carbagas,

99.995%) flowed through the U-tube, carrying along appro-

priate quantities of 1 to form, upon freezing of the gaseous

mixture on a CsI window (UV transparent quality, Korth

Scheme 1
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Kristalle GmbH) maintained at ca. 20 K, a matrix giving

reasonable optical densities of azide and the products of its

photolysis. After deposition the matrix was cooled to the

lowest limit attainable by the closed-cycle cryostat (ca. 12

K). 1 was bleached with a low-pressure mercury lamp (254

nm). Subsequent irradiations were effected using a medium-

pressure Hg/Xe lamp and appropriate interference and cutoff

filters, or a monochromator.

In order to study the reaction of triplet p-aminophenyl-

nitrene (4) with oxygen, a mixture of 86% argon, 10%

nitrogen and 4% oxygen was led through the U-tube contain-

ing 1 and condensed on the CsI window. After photolysis of

the resulting matrix at 254 nm it was heated to 20 K and kept

at this temperature for about 5 min. Then, the sample was

annealed at 25 and 30 K for 5 min each after which it was

cooled back down to 12 K.

Electronic absorption spectra were obtained on a Perkin-

Elmer Lambda 900 spectrometer (200–1000 nm). IR spectra

were measured on a Bomem DA3 interferometer (4000–500

cm�1) with an MCT detector.

Quantum chemical calculations

The geometries and harmonic vibrational frequencies of

p-azidoaniline (1), p-aminophenylnitrene (4) and its isomers

and adducts with oxygen were calculated at the B3LYP14,15

and/or CASSCF16 levels of theory with the 6-31G(d) basis set,

using the GAUSSIAN-9817 and MOLCAS18 suites of pro-

grams. All equilibrium structures were ascertained to be

minima on the potential energy surfaces and the stability of

the SCF solutions was tested. The harmonic frequencies

calculated by B3LYP/6-31G(d) were scaled by the recom-

mended factor of 0.961419 for their use in assigning the

experimental IR spectra.

Excited state energies were calculated at the B3LYP/6-

31G(d) and CASSCF/6-31G(d) geometries by the CASSCF/

CASPT2 procedure20 with the ANO-S basis set of Pierloot

et al.21 using the MOLCAS program.18 In order to arrive at a

satisfactory description of all excited states at the CASPT2

level (i.e. remove intruder states) it was necessary to resort to

the level-shifting technique,22 whereby it was carefully ascer-

tained that no artifacts are introduced. The active spaces used

in these calculations are described in the text and depicted in

Figs. 3 and 10. To predict the electronic absorption spectra of

the keteneimine and the azirine the time-dependent (TD) DFT

method23 (as implemented in the Gaussian program24) with

the B3LYP combination of exchange14 and correlation func-

tionals14,15 was used with the 6-31þG(d) basis set.

The enthalpy changes for the reactions of triplet phenylni-

trene and its p-amino derivative with oxygen were evaluated at

the CBS-QB3,25 G2M(CC5MP2)26 and B3LYP/6-311G(d,p)

level of theory.

3 Results and discussion

Photolysis of p-azidoaniline in an Ar matrix

Before studying the reaction of triplet p-aminophenylnitrene

(4) with oxygen, we photolyzed 1 in an Ar matrix in the

absence of oxygen. After 3 min of 254 nm photolysis the

electronic absorption spectrum of 1 (dashed line, spectrum a in

Fig. 1) was replaced by a new band with a maximum at 287 nm

and two structured band systems in the near UV (305–340 nm)

and visible (380–480 nm) regions (solid line, spectrum b in Fig.

1). Under the same conditions, the IR bands of 1, in particular

the strong 2116 cm�1 N3-stretching vibration, disappeared

completely. Therefore we assigned the newly formed UV/Vis

spectrum to the triplet p-aminophenylnitrene 4. The black bars

in Fig. 1 show that the excited state energies and relative

transition moments of 4 calculated by the CASSCF/CASPT2

procedure (see below) are in very good agreement with the

experimental spectrum. These calculations suggest e.g. that the

first band system in the experimental spectrum of 4 encom-

passes weakly allowed electronic transitions to two electronic

states. Similar to the cases of the iso-p-electronic benzyl

radical27 and phenylcarbene molecules,28 pronounced vibronic

mixing between these two states makes that the vibrational

structure of the first band system of 4 cannot be rationalized

on the basis of an adiabatic Franck–Condon model.

In the IR spectrum, the bands of 1 give way to a set of new

peaks on 254 nm photolysis (Fig. 2, spectrum a). Most of these

new peaks correlate well with the IR spectrum calculated for 4

(trace b). However, some of less intense peaks which are

marked with asterisks, for instance the characteristic 1879

cm�1 line, continue to grow on subsequent short irradiation

of the sample at >375 nm which leads to the bleaching of 4

(spectrum d). These peaks coincide well with the spectrum

calculated for keteneimine 5 (Fig. 2, trace c and Scheme 2),

except for the two strong peaks predicted to occur around

1600 cm�1 which are probably masked in the difference

spectrum by the decreasing peaks of 4 in that region.

The fact that keteneimine 5 is not formed upon irradiation

of azide 1 in solution at ambient temperature, but is produced

upon photolysis of the triplet nitrene 4 at 12 K indicates that

its formation during the decomposition of the azide in Ar is

probably due to secondary photolysis of 4, also because the

5/4 ratio increases with the irradiation time (after complete

photo-decomposition of the azide 1, the triplet nitrene 4

Fig. 1 Electronic absorption spectrum for the bleaching of p-azidoa-

niline (1, spectrum a, dashed line) in an Ar matrix at 12 K at 254 nm

for 3 min (spectrum b, solid line). The calculated positions and relative

oscillator strengths of the electronic transitions of nitrene 4 are

depicted as black bars. Inset: changes upon 16 min irradiation of 4

at >375 nm (dashed line, spectrum c) and upon subsequent irradiation

for 5 min at 313 nm (solid line, spectrum d).
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accounts for only ca. 80% of the product according to the IR

band intensities).

However, the bleaching of nitrene 4 did not only give rise to

5 but also to a product which has weak IR-bands at 795, 1185,

1403, 1503, and 1710 cm�1 that are in turn bleached on

subsequent irradiation of the sample at 313 nm (spectrum e

in Fig. 2). According to the literature29,30 naphtho- and

benzoazirines have characteristic CQN–stretching vibrations

at 1680–1730 cm�1. Therefore, we are tempted to assign the

peak at 1710 cm�1 to the amino-substituted benzazirine 6

although the other peaks in the calculated spectrum of 6 (Fig.

2, spectrum f and Scheme 2) are not clearly observed in the

difference spectra d and e, perhaps due to their coincidence

with stronger bands of 4 and/or 5.

In the UV/Vis difference spectra for the >375 nm bleaching

of 4 and its partial re-formation on 313 nm irradiation (inset to

Fig. 1, spectra c and d), the keteneimine 5 manifests itself

weakly by its characteristic broad absorption around 350

nm,1,2 whereas 6 seems to absorb only below 260 nm. Note

that a benzazirine analogous to 6 was not detected upon

photolysis of phenyl azide in an Ar matrix.31,32

As seen in Fig. 1, the electronic absorption (EA) spectrum of

triplet nitrene 4 is well reproduced by CASSCF/CASPT2

calculations. The same procedure has been used previously

for the assignment of the EA spectrum of parent triplet

phenylnitrene (3PN),33 which permits us to analyze the influ-

ence of the amino group on the EA spectrum of triplet

phenylnitrene. Due to pyramidalization of the NH2 group 4

has only Cs-symmetry, whereas 3PN is planar and has C2v-

symmetry. For the purpose of comparing the electronic transi-

tions of the two nitrenes, we therefore ran additional calcula-

tions, where 4 was constrained to be planar (C2v-symmetry).

The active space used in these calculations consists of the

twelve MOs depicted in Fig. 3.

As the calculated spectra of nitrene 4 at its C2v and Cs

geometry do not differ much (cf. ESI, Fig. S1 and Table S1),w
we present only the data for the planar form (Table 1, Fig. 3).

Note that the experimental spectrum could be slightly con-

taminated in the region of 350–400 nm by the weak absorption

of keteneimine 5.34

As in the benzyl radical and in related iso-p-electronic
systems, the main absorption bands in phenylnitrenes come

in pairs of disparate intensity that represent transitions to the

positive and negative combinations of two p electronic con-

figurations.28 Thus, the first and the third band in the spectrum

of 4 (with origins at 473 and 333 nm) involve excitations from

the benzene-like 1a2-MO to the benzylic 4b1 SOMO and from

there to the benzene-like 2a2 LUMO to form a pair of 3B1

states (solid arrows in Fig. 3), whereas the second band with

lmax = 435 nm and the intense UV band peaking at 290 nm

are due to excitations from the doubly occupied 3b1 MO to the

p-SOMO and from there to the virtual 5b1 MO, giving rise to a

pair of 3A2 states (dashed arrows in Fig. 3).

On going from 3
PN

33 to 4 the first band undergoes almost

no shift but gains an order of magnitude in intensity according

to CASSCF, whereas the ‘‘electronically related’’ third band,

which nearly coincides with the intense UV band in 3PN, is

shifted by about 30 nm in 4 where it is now clearly separated in

the spectrum. In contrast, the second band which peaks at ca.

375 nm in 3PN, is shifted to 435 nm in 4 (while its intensity

changes very little), whereas the intense UV-peak undergoes

only a small blue-shift of about 10 nm. Note that our present

calculations, which are in good quantitative accord with the

experimental spectrum of 4 and nicely bear out its resemblance

to that of the benzyl radical,28 predict that the intense UV

band is mainly due to the 1 3A2 - 3 3A2 excitation, in contrast

to the assignment of the intense UV band of parent 3PN to the

1 3A2 - 2 3B1 and/or the 1
3A2 - 3 3B1 transitions.

33 We plan

to reexamine this assignment in a comparative study of the

electronic structure of different phenylnitrenes.

As in the related case of triplet phenylcarbene,28 excitations

to or from the s-SOMO (9b2) of
3PN or 4 do not manifest

Fig. 2 Difference IR spectrum for the bleaching of p-azidoaniline (1)

in an Ar matrix at 12 K to 254 nm for 3 min (spectrum a, the

downward pointing peaks of 1 are clipped). Changes upon 16 min

irradiation of 4 at >375 nm (spectrum d) and upon subsequent

irradiation for 5 min at 313 nm (spectrum e). The traces b, c, and f

show the IR-spectra of triplet p-aminophenylnitrene (4), keteneimine

(5) and azirine (6), respectively, calculated by B3LYP and scaled by

0.9614.

Scheme 2
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themselves palpably in the absorption spectrum because ex-

citations from p-MOs into this SOMO are either dipole

forbidden (1 3A2 - 1 3A1) or only very weakly allowed

(1 3A2 - 3 3B2). In contrast, excitations from the sp-lone pair

on the N atom (15a1) to the s-SOMO (1 3A2- 3 3B1) or to the

p-SOMO (1 3A2 - 3 3B2) give rise to transitions that might

contribute to the intense UV band of 4 or other phenylni-

trenes.35 Unfortunately we cannot verify this prediction ex-

perimentally because the intense 1 3A2 - 3 3A2 transition

masks weaker bands in its vicinity.

Photolysis of p-azidoaniline in an Ar matrix doped with oxygen

Photolysis of 1 in an Ar matrix containing 4% oxygen leads to

the same products as before, i.e. nitrene 4 and keteneimine 5

(Fig. 4, spectrum a). Subsequent annealing of the matrix at 30

K allows for slow diffusion of O2 and its reaction with 4, which

manifests itself in the formation of an intense new absorption

in the visible region (Fig. 4, spectrum b, lmax = 445 nm).

Simultaneously, the IR bands of 4 decrease and give way to a

set of new peaks (upward pointing peaks in spectrum a of Fig.

5). Note that the visible band of the adduct between 4 and O2

formed at 95 K in a glassy THF–toluene (1 : 1) matrix is

significantly red-shifted (lmax = 495 nm), but the maximum of

this band shifts also from 440 nm in hexane to 470 nm in

toluene at 285 K.5

Subsequent irradiation of the sample for 5 min at the long

wavelength tail of the visible band (>515 nm) leads to its

disappearance and the formation of the UV band (Fig. 4,

spectrum c, lmax = 326 nm) and the IR peaks of p-nitroaniline

(2) (Fig. 5, positive peaks marked by asterisks in spectrum b).

Our earlier EPR and EA experiments5 had shown that the

adduct of 4 with oxygen formed in glassy matrices at 77 K has

a singlet ground state and exists in two forms which could be

interconverted photochemically. At the time we had tenta-

tively proposed that the two forms are the cis- (7) and the

trans-isomer (8) of p-aminophenylnitroso oxide.5

The same two species were formed in the reaction of triplet

nitrene 4 with oxygen in an Ar matrix at 30 K. One of them

disappeared upon irradiation for 30 s (l > 515 nm) and was

converted to p-nitroaniline 2 (Fig. 6 and 7, upward pointing

peaks in spectrum a). This intermediate is characterized by an

intense absorption in the visible region (Fig. 6, spectrum a,

lmax = 460 nm) and a set of peaks in IR (Fig. 7, downward

pointing peaks in spectrum a).36 After photolysis of the sample

at >515 nm for another 5 min, the second intermediate is also

converted to 2. This species has a similarly intense, but blue-

shifted band (Fig. 6, spectrum b, lmax = 425 nm) and a

number of associated IR-peaks (Fig. 7, downward pointing

peaks in spectrum b).37

When the samples were photolyzed through a monochro-

mator we observed a photochemical interconversion of the

two species (along with the formation of some 2): on 30 min of

Table 1 Vertical excitation energies of triplet p-aminophenylnitrene 4 calculated by the CASPT2 methoda

State DECASSCF/eV DECASPT2/eV Reference weightb l/nm f c Major configurationsd

1 3A2 0.00 0.00 0.78 — — 80% ground config.
1 3B1 3.27 2.80 0.76 442 4.4 � 10�3 30% 1a2 - 4b1 � 42% 4b1 - 2a2
2 3A2 3.26 2.91 0.77 426 1.3 � 10�2 47% 3b1 - 4b1 þ 30% 4b1 - 5b1
2 3B1 5.47 3.66 0.74 338 3.8 � 10�2 37% 1a2 - 4b1 þ 28% 4b1 - 2a2
1 3A1 3.86 3.77 0.75 329 0.0 85% 3b1 - 9b2
3 3B1 4.64 4.17 0.76 297 1.4 � 10�2 80% 15a1 - 9b2
3 3A2 6.34 4.42 0.74 281 3.5 � 10�1 24% 3b1 - 4b1 � 38%: 4b1 - 5b1
1 3B2 5.42 4.44 0.71 280 2.1 � 10�3 64% 4b1 - 16a1
4 3A2 4.63 4.44 0.77 279 5.7 � 10�3 59% [9b2 - 2a2 (b) þ 1a2 - 9b2 (a)]
2 3B2 5.84 4.63 0.72 268 9.0 � 10�3 81% 15a1 - 4b1
3 3B2 5.97 4.69 0.73 264 1.4 � 10�5 58% 1a2 - 9b2
a Based on a CASSCF(12,12)/ANO-S wave function at the CASSCF(8,8)/6-31G(d) geometry; A1 and B2 states were calculated with no level shift,

B1 states-with a level shift of 0.1 h, A2 states-with a level shift of 0.2 h. The results for higher excited states are listed in the ESI.w b Weight of the

zero-order CASSCF in the CASPT2 wave function. c Oscillator strength for electronic transition. d Electron excitations within the active space of

orbitals depicted in Fig. 3

Fig. 3 Active space used in the CASSCF/CASPT2 calculations of the

electronic transitions of nitrene 4 (cf. Table 1). The excitations that

contribute mainly to the first few optical transitions, leading to the

lowest two excited states of B1 and A2 symmetry, respectively, are

marked with arrows (for discussion see text).
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irradiation at 515 nm the carrier of the 460 nm band was

partially converted into the compound with the 425 nm band.

The concomitant changes in the IR-spectrum also testify to

that transformation (Fig. 8, dashed spectrum). The reverse

transformation can be achieved by 1 h irradiation at 365 nm

(Fig. 8, solid spectrum). This latter photolysis leads, however,

to the concomitant bleaching of some azide 1 which had not

been decomposed during the initial 254 nm photolysis, and

therefore to the formation of some nitrene 4. We will show,

with the help of the quantum chemical calculations described

in the next section, that our original assignment of the two

intermediates had indeed been correct.

Quantum chemical calculations of the properties of nitroso

oxides

Quantum chemical calculations of the IR- and UV-spectra of

the nitroso oxides 7 and 8 were performed to assign the

experimental spectral data. It has been argued8,38–41 that the

ground states of nitroso oxides have substantial diradical

character, similar to ozone. In view of this, the geometries of

7 and 8 were not only optimized by the restricted and unrest-

ricted B3LYP, but also by the CASSCF method.

According to RB3LYP/6-31G(d) the singlet ground states

of cis- and trans-nitroso oxides 7 and 8 are planar, apart from

the slightly pyramidal amino groups (see Fig. 9). The bond-

length pattern indicates the participation of a quinoidal

resonance structure (Scheme 3): in addition to significant

bondlength alternation in the aromatic ring, the H2N–C bond

is shorter than in aniline (1.400 Å by the same method) and the

C–NOO bond is shorter than in Me–NOO (where it is 1.452

Å). This partial double bond character of the C–NOO bond

enforces planarity even to the cis-isomer, in spite of the

sterically unfavorable interaction of the terminal O atom with

Fig. 4 Difference EA-spectrum for the formation of nitrene 4 (con-

taminated by some keteneimine 5) in an Ar matrix containing 4%

oxygen at 12 K (spectrum a, solid line). Change after annealing the

sample at 30 K (dashed spectrum b). Changes upon 5 min irradiation

at >515 nm (dotted spectrum c).

Fig. 5 Difference IR spectrum for the annealing of nitrene 4 in an Ar

matrix containing 4% oxygen at 30 K (spectrum a) and changes upon

subsequent 5 min irradiation at >515 nm (spectrum b). The asterisks

mark the positions of experimental IR peaks of p-nitroaniline (2) in an

Ar matrix at 12 K.

Fig. 6 Difference EA spectra of the adducts of nitrene 4 with oxygen

produced by bleaching in an Ar matrix at 12 K to >515 nm for 30 s

(spectrum a, dashed line) and for 5 min (spectrum b, solid line). The

bars indicate the positions and relative oscillator strengths of the

electronic transitions of the nitroso oxides 8 (black and gray bars)

and 7 (open and dashed bars), calculated by the CASSCF/CASPT2

method at the geometries optimized by the CASSCF (solid and open

bars) and B3LYP/6-31G(d) (grey and dashed bars).

Fig. 7 Difference IR spectra produced by bleaching of the adducts of

nitrene 4 with oxygen in an Ar matrix at >515 nm for 30 s (spectrum

a) and 5 min (spectrum b). The traces c and d show the IR spectra of

trans- (8) and cis- (7) p-aminophenylnitroso oxides, respectively,

calculated by B3LYP and scaled by 0.9614.

5
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the nearest H-atom in the aromatic ring which causes an

opening of the C–C–N angle to 1311 (the rotational barrier

for the NOO group amounts to 14 kcal mol�1).

The calculated IR spectra of the two isomers, 7 and 8, are

presented in Fig. 7 as traces d and c, respectively. Although

quantitative agreement is not optimal (perhaps due to an

inadequacy of the RDFT method to treat these species), the

pattern of downward pointing peaks in spectrum a coincides

better with those calculated for the trans-isomer 8 (trace c),

whereas the same peaks in trace b correlate better with those

calculated for the cis-isomer 7 (trace d). In particular, our

assignment rests on the occurrence of a strong peak (split into

two components, presumably due to a site effect) at ca. 970

cm�1 for 7, whereas 8 (for which no IR bands are predicted in

that region) has a strong peak at 1090 cm�1, in good accord

with the B3LYP prediction. From a comparison of the con-

comitant spectral changes in the IR and UV-Vis regions we

conclude that the absorbance maximum at 460 nm must be

attributed to 8, whereas 7 is responsible for the band peaking

at 425 nm.

However, we found that the restricted singlet ground state

wavefunction of the trans-isomer 8 is unstable (in contrast to

that of the cis-isomer 7 which is stable): an unrestricted

B3LYP calculation42 of 8 leads to a lowering of the electronic

energy by 1.7 kcal mol�1 accompanied by a triplet contamina-

tion of the wavefunction (hS2i = 0.475, 0.034 after annihila-

tion of the triplet component). Geometry optimization by the

UB3LYP procedure resulted in a significant lengthening of the

N–O bond (1.339 vs. 1.298 Å by RB3LYP). In spite of this, the

IR spectra of 8 calculated by UB3LYP and RB3LYP are very

similar (cf. ESI, Fig. S3),w with the latter actually being in

slightly better agreement with experiment.

In order to simplify the CASSCF calculations, we con-

strained the amino groups of 7 and 8 to be coplanar with

the phenyl rings (B3LYP calculations had shown that the

energy difference between the planar and the slightly twisted

equilibrium structures of 7 and 8 is very small—0.13 kcal

mol�1 and 0.24 kcal mol�1, respectively—and that flattening

the NH2 group does not affect the geometry of the Ph-NOO

moiety). The active space used in the CASSCF calculations

comprised two s-, and four p-MOs containing 12 electrons in

addition to two s*- and four p* virtual MOs.

The structures of planar 7 and 8 calculated by the B3LYP

and CASSCF(12,12) methods are shown in Fig. 9 from which

it can be gathered that the lengths of NO–, OO– and CN-

bonds of 7 and 8 differ appreciably (0.02–0.04 Å) between the

two methods, although both agree in predicting a slightly

quinoid geometry (see above). Both methods predict the length

of the NO-bond to be close to that of a double bond, while the

O–O bond-length is closer to that of a single bond, in agree-

ment with the dominant resonance structure (Scheme 3).

The following configurations make the largest contributions

to the wave function of the singlet ground state of 7: 82.7%

ground configuration, 2.5% doubly excited HOMO -

LUMO and 1.7% doubly excited (HOMO � 1) - (LUMO

þ 1). In 8 the corresponding contributions are 82.0, 2.5 and 1.8

%, respectively. As the CASSCF natural orbital occupation

numbers showed no significant deviation from 0 or 2 (at most

0.13 for the HOMO and the LUMO) we conclude that the

CASSCF calculations do not lend support to the claim8,38–41

that the ground states of nitroso oxides have a high diradical

character.

To gauge whether the geometries of the nitroso oxides

calculated by B3LYP or CASSCF are closer to the real

structure, we calculated the vertical excitation energies and

oscillator strengths of 7 and 8 by the CASSCF(16,14)/

CASPT2 method43 at the B3LYP and CASSCF (12,12) geo-

metries (Tables 2 and 3 and bar graphs in Figs. 6 and 10). The

position of the most intense transition, 1 1A0 - 2 1A0 was

Fig. 8 Changes in the IR spectra of the mixture of nitroso oxides 7

and 8 upon 30 min irradiation at 515 nm (dashed difference spectrum)

and subsequent 365 nm photolysis during 60 min (solid difference

spectrum) through a monochromator. The IR-bands of compounds 1,

4, 7 and 8 are indicated by the corresponding numbers.

Fig. 9 Bond lengths (Å) and bond angles in the ground states of the

cis- and trans-isomers of p-aminophenylnitroso oxide calculated by

B3LYP (normal font) and CASSCF(12,12) methods (italic).

Scheme 3

6
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found to coincide much better with the experimental spectra

when it was calculated at the CASSCF than at the B3LYP

geometries of 7 and 8 (see ESI, Tables S5 and S8).w From this

we conclude that the geometries of the two isomeric nitroso

oxides optimized by CASSCF are closer to the real ones.

In contrast, the positions of the 1 1A0 - 2 1A0 transition
calculated by the TD-B3LYP/6-311þG(d) method were found

to depend only slightly on the geometry (for 7 lmax = 351 nm

at the CASSCF and 356 nm at the B3LYP structure; for 8 the

corresponding values are lmax = 395 and 398 nm, respec-

tively). However, agreement between theory and experiment is

much less satisfactory, so we cannot use the excitation energies

calculated by the TD-DFT method to assess the quality of the

geometries of 7 and 8 calculated by B3LYP or CASSCF.

As mentioned above, Brinen and Singh had reported the

formation of both diamagnetic and paramagnetic products

upon photolysis of the 1,4-diazidobenzene in a glassy matrix.6

Although this finding could not be reproduced in subsequent

studies, 3,5,7,8 the Wigner selection rules do not prohibit in

principle two triplet reactants from forming triplet products.

Thus we decided to perform calculations of the thermody-

namics of the formation of adducts between triplet nitrene and

molecular oxygen and their further rearrangements in both

spin states by the B3LYP/6-311G(d,p), the G2M(CC5)26 and

the CBS-QB325 level of theory (see ESI, Figs. S4–S5 and

Tables S10–S12 for complete results).w
The results from the CBS-QB3 calculations, which have

proven to be quite reliable in a recent study of the reaction of

phenylnitrene with oxygen,44 are summarized in Fig. 11 which

shows that the reactions of 34 with 3O2 to form the singlet

adducts 7 or 8 are strongly exothermic. Moreover, substituents

do not have a large influence on the reaction enthalpy which is

in the range of 18.5 to 20 kcal mol�1 for cis- and trans-isomers

of phenyl- and para-aminophenylnitroso oxides. The value of

the singlet–triplet splitting in 7 and 8 is also practically

independent of the substitution and is equal to 15.5–18 kcal

mol�1. As a consequence, the formation of the products in

their triplet excited states is almost thermoneutral. However, if

the nitroso oxides were formed in their triplet states they

would very quickly convert to their singlet ground states.

Table 2 Vertical excitation energies of cis-p-aminophenylnitroso oxide 7 calculated by the CASPT2 methoda

State DECASSCF/eV DECASPT2/eV Reference weightb l/nm f c Major configurationsd

1 1A0 0.00 0.00 0.73 — — 69% ground config. �3% 6a00 - 7a00
1 1A00 2.83 2.47 0.69 502 1.2 � 10�6 83% 30a0 - 7a00
2 1A0 4.62 3.00 0.71 413 3.0 � 10�1 54% 6a00 - 7a00 þ 7% ground config.
3 1A0 3.95 3.81 0.72 326 3.5 � 10�3 22% 6a00 - 8a00 þ 13% 5a00 - 7a00 þ 12% 4a00 - 7a00
4 1A0 4.00 3.89 0.72 319 2.1 � 10�2 21% 2(6a00 - 7a00) þ14% 4a00 - 7a00
5 1A0 5.84 4.83 0.71 257 9.0 � 10�3 20%: 5a00 - 7a00 þ 14%: 6a00 - 8a00
6 1A0 6.19 4.96 0.69 250 3.9 � 10�2 24%: 4a00 - 8a00

a Based on a CASSCF(16,14)/ANO-S wave function at the CASSCF(12,12)/6-31G(d) geometry; The A00 state was calculated with no level shift, A0

states with a level shift of 0.2 h. b Weight of the zero-order CASSCF in the CASPT2 wave function. c Oscillator strength for electronic

transition. d Electron excitations within the active space of orbitals depicted in Fig. 10.

Table 3 Vertical excitation energies of trans-p-aminophenylnitroso oxide 8 calculated by the CASPT2 methoda

State DECASSCF/eV DECASPT2/eV Reference weightb l/nm f c Major configurationsd

1 1A0 0.00 0.00 0.71 63% ground config. �10% 6a00 -7a00
1 1A00 1.88 2.42 0.69 511 8.9 � 10�6 84%: 30a0 - 7a00
2 1A0 4.38 2.77 0.69 448 4.5 � 10�1 49% 6a00 - 7a00 þ 15% ground config.
3 1A0 3.80 3.48 0.70 357 2.9 � 10�2 29% 6a00 - 8a00
4 1A0 3.70 3.61 0.70 343 1.0 � 10�2 19% 2(6a00-7a00) þ 15% 6a00 -9a00 þ 11% 4a00 - 7a00
5 1A0 5.86 4.99 0.70 249 3.0 � 10�3 14% 4a00 -8a00 þ 11% (6a00 -7a00 þ 6a00 - 8a00)
6 1A0 5.62 5.08 0.68 244 2.1 � 10�3 12% (6a00 -7a00 þ5a00 - 8a00) þ 11% (6a00 - 7a00 þ 4a00 - 8a00)
a Based on a CASSCF(16,14)/ANO-S wave function at the CASSCF(12,12)/6-31G(d) geometry; A00 state was calculated with no level shift, A0

states with a level shift of 0.15 h. b See footnotes to Table 2. c See footnotes to Table 2. d Electron excitations within the active space of orbitals

which are similar to those of 7 depicted in Fig. 10.

Fig. 10 MOs involved in the electronic transitions of the nitroso

oxides 7 and 8, shown on the example of 7 (cf. Table 2 and 3)
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Therefore, the triplet species detected in the early study of

Brinen and Singh6 cannot be assigned to a nitroso oxide with

an aryliminodiradical structure.

Photobleaching of the nitroso oxides 7 and 8 leads to

p-nitroaniline 2 (cf. Fig. 4 and 5). It has been proposed6 that

the photochemical formation of nitro compounds from nitro-

so oxides proceeds via intermediate dioxaziridines (Scheme 4).

Formation of such compounds on high intensity photolysis of

nitroso oxides was observed in glassy matrices at 77 K by

Harder et al. using UV-Vis spectroscopy.8

We were unable to reproduce this experiment in argon

matrices at 12 K irrespective of the source and intensity of

the light we used. Fig. 11 shows that rearrangements of nitroso

oxides 7 and 8 to dioxaziridine 9 are endothermic reactions

with an enthalpy change of about 11 kcal mol�1 at 0 K. This

precludes of course only thermal, but not photochemical

isomerization of 7 and 8 to 9. However, no IR bands of

dioxaziridine 9 were detected on irradiation of 7 and 8 by a Xe

lamp through glass filters or a monochromator. Calculated IR

and EA spectra of the cyclic dioxaziridine are presented in the

ESI (Fig. S6 and Table S13).w

4 Conclusion

We have studied the photochemical transformations of 1 in

argon matrices in the absence and presence of oxygen. There-

by, and with the help of quantum chemical calculations we

were able to characterize the triplet nitrene 4 as well as the cis-

and trans-nitroso oxides 7 and 8. We found that the latter two

isomers can be interconverted by irradiation at selected wave

lengths and that they are ultimately converted into p-nitroani-

line 2. Although restricted wave functions of the nitroso oxides

are unstable, CASSCF calculations turned up no evidence for

the claimed diradical character of these compounds. Also we

found no evidence for triplet products resulting from the

reaction of 4 with oxygen, nor for dioxaziridines as intermedi-

ates of the conversion of the nitroso oxides to 2. Our findings

are summarized in Scheme 5.
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