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3,4,5,6-Tetrafluorophenylnitren-2-yl: A Ground-State Quartet Triradical
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Introduction

The introduction of a radical center into phenyl nitrene 1
can lead to three isomeric nitreno radicals 2 a, 3 a, and 4 a
with the radical centers in ortho, meta, and para position, re-
spectively. The electronic structure of these nitreno radicals
is best described as a s,s,p triradical with one unpaired elec-
tron located at the nitrogen atom in the s plane, one at the
radical center of the phenyl ring (also in the s plane), and
the third unpaired electron delocalized over the p system
and interacting with both unpaired s electrons. Density
functional calculations predict for 2 a and 4 a high-spin quar-
tet (Q) ground states, while for 3 a a low-spin doublet (D)
ground state is calculated.[1] For 2 a and 4 a quinoid reso-
nance structures 2 a’ and 4 a’ can be formulated, which sug-
gest that these triradicals also have some carbene (cyclohex-
adienylidene) character. In contrast, for 3 a no such reso-
nance structure is possible. Since both phenyl nitrenes and

cyclohexadienylidenes have robust triplet ground states, a
quartet state for 2 a and 4 a is energetically favorable, since
in this case local high-spin triplet configurations at the
formal nitrene and carbene centers are maintained.

A synthetic route to nitreno radicals starts from iodo-
phenyl azides, which on photolysis in low-temperature ma-
trices split off N2 to give the corresponding phenyl nitrene[2]

and subsequently iodine atoms to give the nitreno radical.[3]

However, phenyl nitrenes are photolabile[4] and easily rear-
range to azirines[2] and ketenimines,[5] and cleavage of the
C�I bond to form an additional radical center competes
with these rearrangements. Thus, photolysis of matrix-isolat-
ed (argon, 10 K) phenyl azide 7 a produces mixtures of
phenyl nitrene 1, azirine 5 a, and ketenimine 6 a in photosta-
tionary equilibria, and the yield of nitrene 1 is low
(Scheme 1).[6] Fluorine substituents in the ortho positions of
1 decrease the tendency of these rearrangements,[7] and
therefore ortho-fluorinated phenyl nitrenes are obtained in
higher yields under the same conditions.[5–6,8]

The only nitreno radicals 4 that could be matrix-isolated
and spectroscopically characterized are therefore those bear-
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ing ortho-fluoro substituents.[3a, c] UV photolysis of azide 7 b
produces nitrene 1 b together with ketenimine 6 b and nitre-
no radical 4 b (Scheme 2). Although the yield of 4 b is low, it
could be characterized by IR und EPR spectroscopy, which
also confirmed its high-spin quartet ground state.

In the photolysis mixture of azide 7 c, nitrene 1 c, and its
rearranged products, the isomeric azirines 5 c and 5 c’ and
ketenimines 6 c and 6 c’, were identified (Scheme 3).[3b] The

meta nitreno radical 3 c was not found, but a product of its
ring opening and re-addition of iodine, namely, allene 8, was
observed. The radical center in meta position of the phenyl
nitrene results in a 1,4-diradicaloid structure that has a ten-
dency for b-cleavage. The cleavage is even more pro-
nounced when two radical centers are formed in the two
meta positions.

Here we describe the photochemistry of 2-iodo-3,4,5,6-tet-
rafluorophenyl azide (7 d), a precursor of 3,4,5,6-tetrafluoro-
phenylnitren-2-yl (2 d).

Results and Discussion

Matrix IR spectroscopy: UV irradiation (254 nm) of matrix-
isolated (argon or neon at 3 K) azide 7 d results in the rapid
decrease of all IR absorptions assigned to the azide and for-
mation of strong IR bands at 997.3, 1412.8, and 1480.2 cm�1

assigned to triplet phenyl nitrene 1 d. The experimental IR
spectrum of 1 d is in excellent agreement with calculations
at the B3LYP/6-311G ACHTUNGTRENNUNG(d,p) level of theory (Figure 1). Pro-
longed UV irradiation produces ketenimine 6 d’ with the
characteristic broad C=C=N stretching vibration[9] at
1878.1 cm�1. The IR spectra calculated for isomeric keteni-
mines 6 d and 6 d’ are very similar. The major difference in
the calculated spectra is that the most intense band appears
at 1384 cm�1 in 6 d and at 1328 cm�1 in 6 d’. Careful compari-
son of the experimental and calculated IR spectra suggests
that 6 d’ is the major photoproduct of 1 d, and its isomer 6 d
is formed as a minor constituent. However, since many
bands of 6 d and 6 d’ overlap and only the strongest band of
6 d can be assigned, the identification of 6 d is only tentative.

During the photolysis of 7 d with UV light (254 or
320 nm) another set of IR bands at 1456.7, 1080.5, 1018.0,
956.4, and 775.9 cm�1 is formed which does not belong to ni-
trene 1 d, azirines 5 d, or ketenimines 6 d. This new species is
selectively produced by prolonged irradiation at 320 nm
(Figure 2), and decreases during annealing of the matrix
from 3 to 8 K in neon or to 30 K in argon. A thermal reac-
tion during annealing a matrix is typical of a radical pair
that recombines when the matrix becomes soft enough to

allow diffusion. By comparison
with DFT calculations, the new
species is assigned to azirinyl
radical 9 (Table 1). Radical 9
could be formed either by rear-
rangement of nitreno radical 2 d
or by loss of an iodine atom
from azirine 5 d (Scheme 4). Ni-
treno radical 2 d can be ob-
served in low concentrations by
EPR spectroscopy (see below)
but not by the less sensitive and
less selective IR spectroscopy.

Irradiation of an argon
matrix containing ketenimines
6 d and 6 d’ and azirinyl radical

Scheme 1. Photochemistry of phenyl azide 7a.

Scheme 2. Photochemistry of aryl azide 7 b.

Scheme 3. Photochemistry of aryl azide 7 c.
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9 at 4 K with visible light (l=420 nm) results in a decrease
of all bands assigned to these species and the rapid forma-
tion of a new species with intense bands at 1521.4, 1379.6,
1365, and 970.5 cm�1. By comparison of these IR bands with
DFT calculations at the B3LYP/6-311G ACHTUNGTRENNUNG(d,p) level of theory,
the new species is assigned to the bicyclic azirine 5 d’
(Figure 3). A careful analysis of the experimental spectrum

reveals that the isomeric azirine 5 d is also formed, but in
much lower yields. The calculated IR spectra of 5 d and 5 d’
are more different than those of 6 d and 6 d’, and this makes
the assignment of 5 d more reliable than that of 6 d. The
photochemical selectivity leads to 6 d’ as major isomer upon
irradiation with UV light and to 5 d’ upon irradiation with
visible light.

Matrix EPR spectroscopy: To obtain EPR spectra, an argon
matrix doped with small amounts of aryl azide 7 d was de-
posited on top of a copper rod at 4 K. The copper rod was
then positioned inside a quartz tube (within the high-
vacuum system) to allow irradiation with UV light and re-
cording of EPR spectra of the products formed upon irradi-
ation.

Irradiation of matrix-isolated aryl azide 7 d with an XeCl
excimer laser (308 nm) results in the formation of several
EPR signals (Figure 4). The most intense signal is found
around g= 2, characteristic of doublet radicals. The width of
this signal indicates that a mixture of several radical species
is formed, and hyperfine couplings (hfc) could therefore not
be resolved.

Additional weak signals around 7000 G are assigned to
the x2, y2, and z1 transitions of a randomly oriented triplet
species, and thus indicate formation of nitrene 1 d. A simula-
tion with the parameters g= 2.003, jD/hc j= 0.982 cm�1 and
jE/hc j=0.0071 cm�1 nicely reproduces the experimental
spectrum. The size of the zero field splitting (ZFS) parame-
ter D is characteristic of triplet aryl nitrenes and resembles
the D value of 4-iodo-2,3,5,6-tetrafluorphenylnitrene (1 b),[3c]

which has jD/hc j=1.108 cm�1. The E value of 1 d, though
significantly smaller than that of 1 b (jE/hc j= 0.012 cm�1), is
still larger than that of most aryl nitrenes.[10] In our discus-
sion of the ZFS parameters of 1 b, we argued that D and E
values are significantly influenced by spin–orbit coupling
(SOC) effects due to the heavy iodine substituent attached

Figure 1. IR spectra showing the 254 nm photochemistry of 1 d in argon
at 3.5 K after 10 min irradiation. a) Calculated IR spectrum of triplet ni-
trene 1d. b) Difference IR spectrum: Bands pointing downward disap-
pear during irradiation and belong to 1d ; bands pointing upward appear
and are assigned to 6d’. Some additional bands can be assigned to keteni-
mine 6d, but since these bands are relatively weak, this assignment is ten-
tative. Bands marked with � appear during photolysis and can be as-
signed to the azirinyl radical 9 (Figure 2). c) Calculated IR spectrum of
ketenimine 6 d’, d) calculated spectrum of ketenimine 6d. All calculations
at the (U)B3LYP/6-311G ACHTUNGTRENNUNG(d,p) level of theory.

Figure 2. IR spectra showing the photochemistry of azide 7d and nitrene
1d after 110 min irradiation with UV light (l =320 nm) in argon at 3.5 K.
a) Calculated IR spectrum of 1 d. b) Calculated spectrum of 7 d. c) Differ-
ence IR spectrum: Bands pointing downward disappear during irradia-
tion and belong to 1d and 7d ; bands pointing upward appear and are as-
signed to 9 and are marked with � . These bands disappear upon anneal-
ing of the matrix. d) Calculated spectrum of azirinyl radical 9. All calcu-
lations are at the (U)B3LYP/6-311G ACHTUNGTRENNUNG(d,p) level of theory.

Table 1. Spectroscopic data of azirinyl radical 9.

Mode Symmetry ~nexptlACHTUNGTRENNUNG[cm�1][a]
Irel, exptl

[a,b] ~ncalcdACHTUNGTRENNUNG[cm�1][c]
Irel, calcd.

[b,c]

12 A2 567.3 0.00
13 B1 585.3 0.00
14 A1 626.8 0.01
15 A2 655.8 0.00
16 B2 675.9 0.00
17 B2 775.9 0.14 789.1 0.06
18 A1 956.4 0.09 957.4 0.06
19 B2 1018.0 0.38 1033.2 0.27
20 A1 1080.5 0.28 1095.9 0.11
21 B2 1258.4 0.01
22 A1 1342.9 0.00
23 A1 1436.4 0.20
24 B2 1456.7 1.00 1501.7 1.00[d]

25 A1 1502.3 0.32
26 B2 1514.8 0.05
27 A1 1810.2 0.02

[a] Ar matrix, 3 K. [b] Relative intensity based on the strongest absorp-
tion. [c] B3LYP/6-311G ACHTUNGTRENNUNG(d,p), unscaled. [d] Calculated absolute intensity
of the strongest absorption: 598.6 km mol�1.
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to the aromatic ring.[3c] The
same conclusion can be drawn
to explain the relatively large E
value of 1 d. The noticeably
weak signal intensity of 1 d sug-
gests that the nitrene reacts to
give further products even
under the conditions of matrix
isolation.

EPR spectrum of nitreno radi-
cal 2 d : In addition to the EPR
transitions discussed above, sev-
eral very weak signals at 1670,
1890, 5910, 6280, and 7300 G
can be identified. These signals
disappear upon annealing of

the matrix at 30 K. Similar behavior was also observed for
4 b[3a, c] and is characteristic of radical pairs. In accordance
with the results from the simulation of the EPR spectrum
(see below), the weak EPR signals are assigned to nitreno
radical 2 d in its quartet ground state (Figure 5). The iodine
atoms formed during photolysis could not be observed in
the EPR spectra. This was also found in other experiments
and is attributed to the orbital degeneracy and strong spin–
spin coupling in the iodine atoms, which result in very broad
signals. The EPR spectrum of matrix-isolated iodine atoms
could only be observed in solid xenon and other matrices
with strong interactions between the iodine atoms and the
matrix.[11]

Simulation of the EPR spectrum : The experimental EPR
spectrum of 2 d could be simulated by assuming a quartet
state with the ZFS parameters jD/hc j= 0.357 cm�1 and jE/
hc j= 0.0136 cm�1 (g=2.003). Assignment of the transitions
(Table 2) is based on the simulated spectrum. The field de-

Scheme 4. Photochemistry of aryl azide 7 d.

Figure 3. IR spectra showing the 420 nm photochemistry of ketenimine
6d’ after 30 min irradiation in argon at 3.5 K. a) Calculated IR spectrum
of ketenimine 6 d’. b) Difference IR spectrum: Bands pointing downward
disappear during irradiation and belong to 6 d’; bands pointing upward
appear and are assigned to 5d and 5d’. c) Calculated IR spectrum of azir-
ine 5d. d) Calculated IR spectrum of azirine 5d’. All calculations at the
B3LYP/6-311G ACHTUNGTRENNUNG(d,p) level of theory.

Figure 4. EPR spectrum of 1 d upon irradiation of 7d in solid argon at
4 K with UV light of an excimer laser (XeCl, 308 nm). At 7000 G the
transitions z1, x2, and y2 of a weak triplet signal can be identified. The
triplet spectrum can nicely be reproduced by simulation leading to zfs pa-
rameters jD/hc j= 0.982 cm�1 and jE/hc j=0.0071 cm�1 (g =2.003, n=

9.5904 GHz).

Figure 5. a) Experimental EPR spectrum showing the weak signals of
quartet nitreno radical 2 d. b) Simulation of a quartet system (S=3/2)
using the ZFS parameters jD/hc j=0.357 cm�1 and jE/hc j=0.0136 cm�1

(g=2.003, n=9.5904 GHz). The experimental spectrum can nicely be re-
produced by the simulation.
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pendence of the magnetic energy levels was calculated for
the direction of the external magnetic field parallel to the
principal axes x, y, and z, by using the solution of the Hamil-
ton matrix of a quartet state[12] with the parameters derived
from the simulation (Figure 6). The analysis reveals that the

weak signals in the simulated spectrum at 1135, 2130 and
4120 G can be assigned to transitions with the external mag-
netic field oriented parallel to the z axis. These signals
cannot be seen in the experimental spectrum, though. How-
ever, the calculated x and y transitions can be identified in
the simulated and experimental spectra.

The transitions z4 can be described as forbidden transi-
tions between the levels j2> and j4> and as off-axis transi-
tions. This transition becomes allowed if the external mag-
netic field is rotated only a few degrees away from the z
axis (Figure 7). The nature of the z4 transition was previous-
ly discussed in more detail.[3c] The signals at 5910 and
6280 G in the experimental spectrum cannot be attributed
to axial transitions. They appear at angles of about 258 in
the xz plane and 308 in the yz plane. These extra lines A
correspond to higher-order solutions of the spin Hamiltoni-
an and are characteristic of high-spin systems (S>1) with
large ZFS parameters.[13]

Photochemistry of nitrene 1 d: Since the work of Dunkin
and Thomson on the photochemistry of pentafluorophenyl-
nitrene in cryogenic matrices in 1982,[14] the rearrangements
of several phenyl nitrenes bearing fluorine atoms were in-
vestigated both by experimental and theoretical meth-
ods.[2,5,7c,8,15] It was found that fluorine atoms in ortho posi-
tion of the aromatic ring increase the stability of phenyl ni-
trene by steric and electronic effects.[7c]

Table 2. Assignment of the EPR transitions of 2 d.

Signal Transition Assignment
simulation calculation experiment

1135 1135 – z, j1>,j2> z1

1670 1670 1675 y, j3>,j4> y1

1890 1890 1890 x, j3>,j4> x1

2130 2115 – z, j2>,j4> z4

3505 3490 – z, j3>,j4> z3’

4120 4110 – z, j3>,j4> z3’’

5915 – 5910 – A
6280 – 6280 – A
6380 6360 6365 x, j1>,j2> x3

7300 7260 7295 y, j1>,j2> y3

Figure 6. Energy of the four quartet sublevels as a function of the exter-
nal field H parallel to z, x, and y, respectively, calculated for jD/hc j=
0.357 cm�1, jE/hc j=0.0136 cm�1 (g =2.003). The z1 transition at low field
is reproduced as a very weak band in the simulated spectrum.

Figure 7. Angular dependence of the EPR signals of 2 d when varying the
field orientation from parallel to x to parallel to y. The signals marked as
“A” can be assigned to off-axis transitions. The plot also shows the off-
axis behavior of transition z4, which becomes allowed when the magnetic
field is rotated in the zy plane by a few degrees.
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A careful analysis of the photochemistry of nitrene 1 d re-
veals high selectivity for the formation of keteneimine 6 d’
on UV irradiation and for azirine 5 d’ on visible-light irradia-
tion. In a recent study on the selectivity of rearrangements
of fluorinated 4-iodophenylnitrenes we found that visible-
light irradiation yields the azirines with the lower activation
barrier of the thermal singlet nitrene rearrangement, even if
they are thermodynamically less stable than their isomers.
In contrast, UV irradiation produces the thermodynamically
most stable ketenimine.[16] An example for this is the photo-
chemistry of nitrene 1 e, where azirine 5 e is formed upon
visible-light irradiation although it is thermodynamically less
stable than 5 e’. UV irradiation produces the thermodynami-
cally more stable ketenimine 6 e’ as the major product.[16]

The calculated [(U)B3LYP/6-311G ACHTUNGTRENNUNG(d,p)] barrier for for-
mation of azirine 5 d’ from singlet nitrene S-1 d is about
3.2 kcal mol�1 lower than that of 5 d (Figure 8). In this case
azirine 5 d’ is also thermodynamically more stable than 5 d.
The major product of the UV photochemistry, ketenimine
6 d’, is 8 kcal mol�1 more stable than its isomer 6 d. Thus, al-
though the rearrangements are driven photochemically, the

product distribution can be explained by the kinetic and
thermodynamic preferences.

Azirinyl radical 9 : As expected, the primary photoproduct
of the photolysis of azide 7 d is nitrene 1 d, which is formed
in significantly lower yield than the 4-iodo-2,3,5,6-tetrafluor-
phenylnitrene in our previous investigation.[3a,c] Nitrene 1 d
was characterized by EPR and IR spectroscopy. Since split-
ting of the C�I bond in 1 d to produce the nitreno radical
2 d is inefficient and competes with the rearrangement of 1 d
to azirines and ketenimines, the intensity of the quartet
EPR signals of 2 d is very low. With the less sensitive IR
spectroscopy, nitreno radical 2 d could not be observed. In-
stead, azirino radical 9, which is formed during further irra-
diation of the matrix, was identified by IR spectroscopy.
This observation is supported by DFT calculations [B3LYP/
6-311G ACHTUNGTRENNUNG(d,p)], which predict radical 9 to be 18.5 kcal mol�1

lower in energy than nitreno radical 2 d. The EPR spectra
also show relatively high yields of doublet radicals in the
spectral area around g=2 (Figure 4), as expected if radical 9
is formed.

Quantum chemical calculations reveal that the azirinyl
radical 9 has C2v symmetry, and
the spin density is delocalized
on the aromatic system
(Figure 9). With a spin popula-
tion at the nitrogen atom of 0.6
but only 0.02 at the adjacent
carbon atoms, the nitrogen
atom bears the major part of
the spin density.

Azirinyl radical 9 is most
likely formed from nitreno radi-
cal 2 d in an excited doublet
state by ring closure between
the nitrogen atom and the radi-
cal center in ortho position.
This mechanism is suggested by
the fact that the yield of 2 d in
the matrix is very low and that
9 is formed under the same
conditions as the nitreno radi-
cal. A second possible mecha-
nism for the formation of 9 is
cleavage of the C�I bond in bi-
cyclic azirine 5 d. The major
part of the spin density then
moves from the carbon to the
nitrogen center, changing the
geometry to planar 9 with C2v

symmetry as the minimum
structure (Scheme 5). Upon an-
nealing of the matrix the iodine
atom recombines with 9, ob-
servable by a decrease of its IR
bands, but only the absorptions
of ketenimine 6 d’ increase

Figure 8. a) Relative energies of the rearrangement products and transition states of 2,5-difluoro-4-iodophenyl-
nitrene (1e)[16] and b) of 1 d [(U)B3LYP/6-311G ACHTUNGTRENNUNG(d,p)]. Azirine 5e is the major product upon irradiation of the
matrix of 1e with visible light, while ketenimine 6e’ is the major isomer upon irradiation with UV light. The
rearrangement to the azirine is apparently kinetically controlled, while the rearrangement to the ketenimine is
thermodynamically controlled. The major azirine 5d’ formed upon irradiation of 1d is both the thermodynami-
cally and kinetically preferred azirine.

Chem. Eur. J. 2010, 16, 4496 – 4506 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 4501

FULL PAPER3,4,5,6-Tetrafluorophenylnitren-2-yl

www.chemeurj.org


slightly under these conditions. The changes in intensity are
very small, though.

Spectroscopic calculations : The quartet ground state of 2 d,
calculated with the B3LYP functional and the TZVPP basis
set, shows a fairly complex spin-density distribution
(Figure 10) involving s and p components. The spin-density
distribution is very similar to that observed in 2,3,5,6-tetra-
fluorophenylnitren-4-yl (4 b).[3c]

The three singly occupied molecular orbitals (SOMOs) of
2 d were identified by examining the exactly singly occupied
spin-unrestricted orbitals (UNOs) transformed into a local-
ized presentation (Figure 11). The conclusions that can be
drawn from inspection of the SOMOs confirm the descrip-

tion of 2 d as a s,s,p triradical. The unpaired electron in the
in-plane nitrogen MO is well localized and only slightly po-
larizes the s system of the ring, whereas the unpaired elec-
tron located in the out-of-plane nitrogen MO is heavily de-
localized into the p system of the ring. Similarly, the carbon
s lone pair is fairly delocalized into the s system of the ring.

To determine the extent to which 2 d has an isolated quar-
tet ground state, SORCI calculations were performed on
top of a state-averaged complete active space self-consistent
field (SA-CASSCF) wavefunction with three electrons in
three orbitals. This procedure has already proven to provide
essentially converged results for state-energy differences[18]

and has also been applied in studying 4 b.[3c] Quasi-restricted
orbitals[19] from a BP86/TZVPP calculation served as start-
ing orbitals.

The active orbitals of the 2 d molecule transform into the
Cs point group under a’ (in-plane nitrogen MO and carbon
lone pair), and a’’ (out-of-plane nitrogen MO) irreducible
representations. Thus, the lowest quartet state of the system
is designated as 1-4A’. The SORCI calculation predicts
1-4A’’ to be the lowest state, followed by the first doublet
(1-2A’’) at about 0.31 eV (7 kcal mol�1) and the second dou-
blet (2-2A’’) at about 0.81 eV (19 kcal mol�1). The dominat-
ing electron configuration for both low-lying doublet states
is in agreement with 4 b the (a’)1(a’)1ACHTUNGTRENNUNG(a’’)1 configuration,
which corresponds to the two linearly independent spin-dou-
blet couplings.

The three SOMOs form a quasidegenerate set of MOs,
with differences in orbital energies of less than 2.3 eV. Fur-
thermore, since the SOMOs are spatially not well separated,
the exchange interactions between the unpaired electrons
must be large. Thus, from both the theoretical and experi-
mental results, it can be concluded that 2 d has a well-isolat-
ed spin-quartet ground state.

Calculations of the EPR parameters : Experimental and cal-
culated EPR properties of 2 d are compared in Table 3. The
agreement between experiment and theory is reasonable. As
expected, the dominant contribution to the ZFS tensor is
the spin–spin (SS) interaction, which amounts to about 92 %
of the total D value. The calculated SS contribution is essen-
tially local, with the largest contributions resulting from
one-center integrals. This was also found in the analysis of

Figure 9. Spin-density distribution of azirinyl radical 9 [UB3LYP/6-311G-ACHTUNGTRENNUNG(d,p)]. 9 shows C2v symmetry, the spin density is delocalized into the aro-
matic p system.

Scheme 5. Possible rearrangement to form 9.

Figure 10. Spin-density distribution of 2d. Positive values are contoured
in green, negative values in blue, both at the level of 0.003 e�Bohr�3.

Figure 11. Three singly occupied molecular orbitals of 2d : spin-unrestrict-
ed natural orbitals (UNOs) in a localized representation; Pipek–Mezey[17]

localization; B3LYP/TZVPP.
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the ZFS contributions of the 2,3,5,6-tetrafluorophenylnitren-
4-yl radical (4 b).[20]

The spin–orbit coupling (SOC) contribution to D is about
8 %, which is slightly smaller than the corresponding value
in 4 b. The SOC contribution to the D tensor is dominated
by spin-flip contributions. Unlike in 4 b, the two spin-lower-
ing and spin-raising spin-flip contributions are of opposite
sign and play an important role.

The magnetic zy plane of the D tensor is located in the
molecular plane of 2 d, while the x axis points out of the
plane. An analogous result was found for 4 b. However,
while in 4 b the easy axis is oriented along the C�N bond, it
is rotated about 18 away from the axis in 2 d, and the origin
of the D tensor is shifted from the molecular axis defined by
the C�N bond (Figure 12). Because the nitreno radical si-
multaneously exhibits nitrene and carbene character, the
large E value of 4 b was interpreted by geometric considera-
tions. The dipolar field of the nitrene contribution in 4 b
points along the C�N bond, while the carbene contribution
points parallel to a hypothetical bond angle of 1808 of the
carbene moiety, and thus its dipolar field is oriented along
the y direction of the nitrene contribution. Thus, the nitrene
and carbene contributions are perpendicular to each other,
and since the nitrene character prevails over the carbene
character, the easy axis of the quartet D tensor is still orient-
ed parallel to the C�N bond, and the carbene contribution
to the dipolar field points along the y direction, which re-
sults in significantly magnetically inequivalent y and x direc-
tions. The large E value can therefore be interpreted as re-
sulting from the carbene character of the 1-4A2 ground state.

The lower E value of 2 d can then be explained from anal-
ogous geometric considerations. Since the carbene center in
the aromatic ring is located in ortho position to the nitrene
center, the dipolar field of the carbene contribution is not
located perpendicular to the magnetic z axis of the nitrene
center, and this results in a considerable contribution paral-
lel to the z direction of the nitrene dipolar field and there-
fore to a smaller E value of the quartet spin system com-
pared to 4 b. Like for 4 b, the nitrene character in 2 d still

prevails over the carbene character, but unlike in 4 b there is
no symmetry axis along the C�N bond in 2 b, and thus the
easy axis of the spin system can be shifted by the influence
of the dipolar field of the carbene. Since the D value is
heavily influenced by the spin density at the spin carrying
centers, the higher D value of 2 d can be explained by larger
spin density on its nitrene center compared to 4 b. The ni-
trene centers in 2 d and 4 b bear spin populations of 1.598
and 1.577, respectively, calculated at the UB3LYP/6-311G-ACHTUNGTRENNUNG(d,p) level of theory. The calculated g shifts are �150, 778,
and 1035 ppm. In contrast to 4 b, the largest g value is ori-
ented in the yz plane of the D tensor (Figure 12).

Conclusion

The photochemistry of phenyl azide 7 d is quite similar to
that of the previously described 4 b,[3c] and the corresponding
triplet phenyl nitrenes 1 are produced as primary photo-
products. Phenyl nitrenes are known to be highly photola-
bile,[6] and irradiation of nitrene 1 d results in the expected
product mixture of azirines 5 and ketenimines 6. Since 1, 5,
and 6 can be interconverted photochemically, the relative

Table 3. Analysis of the calculated D tensor (B3LYP/TZVPP) of 2d.

D [cm�1] E [cm�1]

total (calcd) 0.284 0.023
experimental 0.357 0.014
spin–spin 0.262 0.022
spin–orbit 0.022 0.001
spin–spin

1-center 0.315 �0.006
2-center �0.047 0.034
3-center �0.006 �0.005
4-center 0.000 0.000
Coulomb 0.172 0.025
exchange 0.091 �0.003

spin–orbit
M=0 (a!a) 0.006 �0.003
M=0 (b!b) 0.010 �0.003
M=++1 (b!a) 0.021 0.004
M=�1 (a!b) �0.014 0.002

Figure 12. a) Orientation of the D tensor, b) orientation of the g tensor of
2d based on the B3LYP/TZVPP calculations.
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yield of these species depends on the irradiation conditions.
Of the two regioisomeric azirines 5 d and 5 d’ and keteni-
mines 6 d and 6 d’, in both cases the more stable isomers 5 d’
and 6 d’ are formed as major products.

Further photolysis of these product mixtures yields two
unusual products: nitreno radical 2 d with a high-spin quar-
tet ground state and azirinyl radical 9. The yield of 2 d is
quite low, and it could only be detected by the sensitive and
selective EPR spectroscopy. The EPR spectrum of 2 d could
be simulated with the ZFS parameters jD/hc j=0.357 cm�1

and jE/hc j=0.0136 cm�1. The D value of 2 d is slightly
larger than that of para nitreno radicals such as 4 b, which
are in the range between 0.278 and 0.291 cm�1, while the E
value is considerably smaller than that of the para nitreno
radicals, which lie between 0.040 and 0.043 cm�1.[3c]

The classical interpretation of the ZFS parameters in
terms of spin–spin interactions is that D correlates with the
distance between the unpaired electrons and E describes de-
viations from cylindrical symmetry. This simplified interpre-
tation does not take into account spin–orbit contributions,
which indeed contribute less than 10 % to the ZFS parame-
ters. The higher D value of 2 d compared to 4 d correlates
with a higher spin density at the nitrogen atom in 2 d. The
higher E value in the more symmetrical para nitreno radical
4 b compared to 2 d is counterintuitive, but is in accordance
with our model of describing nitreno radicals as unifying
properties of both nitrenes and carbenes. In 4 b the dipolar
field contribution of the carbene is perpendicular to that of
the nitrene moiety, whereas in 2 d there is a much smaller
angle between the dipolar field vectors of the carbene and
nitrene units. Since the spin–spin interactions in nitrenes are
larger than in carbenes (the D values of nitrenes are much
larger than those of carbenes), the nitrene structure in 4 b
determines the magnetic z axis, but the carbene structure re-
sults in a large contribution in the y direction and thus a
large E value. In 2 d the symmetry is lower and the magnetic
axes are not restricted to the Cartesian axes as in C2v-sym-
metrical 4 b. Thus, the less symmetrical 2 d has a significantly
smaller E value than 4 b. This description is in accordance
with the electronic structure of a s,s,p triradical.

Azirinyl radical 9 is a novel type of radical. For the parent
azirinyl radical the heat of formation was estimated from
mass spectrometric data to 81 kcal mol�1,[21] which is consid-
erably less than that estimated from ab initio studies.[22] Ac-
cording to these calculations the azirinyl radical shows Cs

symmetry with a formal C�N double bond and C�N single
bond. Annelation of a benzene ring in 9 results in a C2v-sym-
metrical radical with a short C�C bond, similar to benzocy-
clopropene, with most of the spin density localized at the ni-
trogen atom. The radical 9 is calculated to be 18.5 kcal mol�1

more stable than nitreno radical 2 d. However, since 2 d has
a quartet and 9 a doublet ground state, direct cyclization is
spin-forbidden and requires thermal or photochemical exci-
tation of 2 d to an excited doublet state. Thus, 2 d is only
metastable with respect to 9, but kinetically stabilized by the
mismatch of the spin states of 2 d and 9.

Experimental Section

EPR measurements : X-band EPR spectra were recorded with a Bruker
Elexsys E500 EPR spectrometer with an ER077R magnet (75 mm gap
between pole faces), an ER047 XG-T microwave bridge, and an
ER4102ST resonator with a TE102 cavity. The matrices were deposited on
an oxygen-free high-conductivity copper rod (75 mm length, 3 mm diam-
eter) cooled by a Sumitomo SHI-4-5 closed-cycle 4.2 K cryostat. Since
saturation of the spectra might be a problem, especially at 4 K, most
spectra were recorded with a relatively high microwave power of
20.1 mW at 4 K and in addition with lower microwave power. The spectra
were identical, and only the signal-to-noise ratio was much worse at
lower power. We therefore assume that saturation is not significant under
the experimental conditions used in our experiments.

The vacuum system consisted of a vacuum shroud equipped with a
sample inlet valve and a half-closed quartz tube (75 mm length, 10 mm
diameter) at the bottom and a vacuum pump system with a Pfeiffer
Vacuum TMU071P turbo pump backed by a Leybold two-stage, rotary-
vane pump. To avoid contamination of the high-vacuum segment by
pump oil from the backing pump, a catalytic oxidation filter was placed
between the rotary-vane pump and the turbo pump. During deposition,
the inlet port was positioned at the same height as the tip of the copper
rod. For irradiation, the copper rod was lowered into the quartz tube at
the bottom of the shroud, and for the measurement of the EPR spectra
the whole apparatus was moved downwards so that the quartz tube and
copper rod were positioned inside the EPR cavity.

Azide 7 d was evaporated for 1 h at 0 8C and co-deposited with a large
excess of argon (Messer-Griesheim, 99.9999 %) on the tip of the copper
rod at 4 K. The matrix-isolated sample was subsequently irradiated with
a Lambda Physik Lextra 200 Excimer Laser (XeCl, 308 nm), and spectra
were recorded at various irradiation times.

The computer simulation of the EPR spectrum was performed by using
the XSophe computer simulation software suite (version 1.0.4),[23] devel-
oped by the Centre for Magnetic Resonance and Department of Mathe-
matics, University of Queensland, Brisbane (Australia) and Bruker Ana-
lytik GmbH, Rheinstetten (Germany). The angular dependence of the
quartet transitions was calculated with EasySpin.[24]

Matrix IR measurements : All IR spectra were recorded with a Bruker
Ifs 66s spectrometer. For matrix isolation, Ar and Ne gases produced by
Messer Griessheim with a purity of 99.999 % were used. For preparing
the matrices, the precursor 7d was condensed simultaneously with an
excess of the inert gas onto a CsI window cooled at 4 K by a helium
closed-cycle cryostat produced by Sumitomo. The deposition time was
between 60 and 70 min, while the precursor was evaporated at a temper-
ature of �3 to �5 8C. The matrix-isolated sample was subsequently
broadband-irradiated with different high-pressure mercury lamps pro-
duced by Ushio and equipped with quartz optics produced by L.O.T.
Oriel, which has an output of 500 W. The wavelength ranges were adjust-
ed by a combination of different dichroic reflectors produced by Oriel
and different range filters produced by Schott & Balzers. For an exact
wavelength of 254 nm a low-pressure mercury lamp developed and pro-
duced by Graentzel was used. Also the Excimer Compex 100 and Exci-
mer Compex 110 lasers produced by Lambda Physics were used for fast,
pulsed irradiations of the systems at a wavelength of 248 nm
(250 mJ pulse�1, 1 pulse s�1) and at 308 nm (60–70 mJ pulse�1, 1–
10 pulse s�1).

The computer simulation of the FTIR spectra was performed by using
Gaussian 03 and Gaussian 03 for Windows on PCs and workstations.[25]

In the calculations the B3LYP or the UB3LYP hybrid functional com-
bined with 6-311G ACHTUNGTRENNUNG(d,p) and 6-311+ GACHTUNGTRENNUNG(d,p) basis sets was used, respec-
tively. Besides the FTIR spectra, quantum mechanical calculations of the
zero-point energies allowed comparison between the formed systems in
reality and in theory.

EPR calculations : All calculations were carried out with a development
version of the ORCA[26] program package. The investigated systems were
optimized by employing the BP86[27] GGA functional together with the
resolution of identity (RI)[28] technique. The basis set was of polarized
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triple-z quality (TZVP[29]). Structures were verified to represent minima
through numerical frequency analysis.

The EPR parameters were calculated with the B3LYP[27a, 30] hybrid func-
tional and a more extensively polarized triple-z basis set (TZVPP[29]).

The spin–spin (SS) contribution to the zero-field splitting[31] was treated
in the mean-field approximation by employing spin densities from the
spin-unrestricted natural orbital (UNO) determinant. The spin–orbit cou-
pling contributions to the zero-field splitting and to the g tensor[32] were
treated by a linear response approach, and the spin–orbit mean-field ap-
proach was used to represent the SOC operator.[33]

Additionally, correlated multireference ab initio calculations in the form
of the spectroscopy-oriented configuration interaction (SORCI) ap-
proach[34] were performed. The cutoffs were chosen to be Tsel =10�6 Eh,
Tpre =10�4, and Tnat =10�5.

2-Iodo-3,4,5,6-tetrafluoroaniline : 2-Iodo-3,4,5,6-tetrafluoroaniline was
synthesized in analogy to a literature procedure.[35] A solution of ICl
(835 mg, 0.007 mol) in acetic acid (30 mL) was added slowly to a solution
of 3,4,5,6-tetrafluoroaniline (1 g, 0.006 mol) in acetic acid 25 mL. To this
rufous solution H2O (100 mL) was added, and the solution was heated to
reflux (80 8C). After 3 h the solution was cooled to room temperature
and an aqueous solution of NaOH was added until a pH value of 3 was
reached. By extraction with ethyl acetate, all organic components were
isolated, and by extraction of the organic phase with saturated solutions
of Na2S2O3 and NaCl, all water-soluble relics were removed. The organic
solution was dried over MgSO4 and evaporated completely. Column
chromatography (hexane/methyl tert-butyl ether (MTBE) 4/1) gave the
product (1.93 g, 77%). Rf =0.45 (hexane/MTBE 4/1); 1H NMR
(200 MHz, CDCl3, 25 8C, TMS): d =3.29 ppm (s, NH2); 13C NMR
(200 MHz, CDCl3, 25 8C, TMS): d=131.1 (C2), 136.9 (C6), 139.7 (C4),
142.3 (C5), 145.9 (C3), 148.3 ppm (C1); MS (EI): m/z (%): 291 [M+], 272
[M+�F], 164 [M+�I], 145 [M+�I�F]; elemental analysis calcd (%) for
C6H2NF4I: C 25.0, H 0.7, N 4.8; found: C 24.96, H 0.78, N 4.75.

2-Iodo-3,4,5,6-tetrafluorophenylazide (7 d): A solution of (1.93 g,
6.539 mmol) 2-iodo-3,4,5,6-tetrafluoroaniline in CF3COOH (50 mL) was
cooled with ice/NaCl to �5 8C. Over a period of 15 min an aqueous solu-
tion of NaNO2 was added slowly to the cooled solution, whereby the
temperature did not exceed 5 8C. After stirring the mixture for 30 min at
about �5 8C, a solution of NaN3 (0.55 g, 8.5 mmol) was added dropwise
and the mixture was stirred for a further 30 min. For a short time the so-
lution was heated to 35 8C. After cooling the reaction mixture down to
room temperature, 250 g of ice was added, and the red aqueous solution
was extracted twice with MTBE. The resulting organic phase was extract-
ed twice with 250 mL of a saturated solution of NaHCO3 and dried over
MgSO4. The solvent was removed under vacuum and the red product
was purified by column chromatography (hexane) to yield 1.9 g (91.6 %).
Rf = 0.50 (hexane); 19F NMR (400 MHz, CDCl3, 25 8C, TMS): d=�114
(F6), �147 (F5), �152 (F)4, �157 ppm (F3); 13C NMR (400 MHz, CDCl3,
25 8C, TMS): d =136.3 (C2), 139.3 (C6), 140.1 (C4), 141.2 (C5), 142.7
(C3), 143.7 ppm (C1); MS (EI): m/z (%): 317 [M+], 291 [M+�N3], 201
[M+�N3�4F], 162 [M+�I�N2], 127 [M+�N3�I�F]; elemental analysis
calcd (%) for C6N3F4I: C 22.74, H 0.0, N 13.25; found: C 22.78, H 0.01, N
13.26.
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