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The nature of the Boulton-Katritzky rearrangement of (5R)-4-nitrosobenz[c]isoxazole and its anion
was studied employing three methodologies: calculation of magnetic properties (magnetic
susceptibility, magnetic susceptibility anisotropy, and the nucleus-independent chemical shifts),
the natural bonding orbital analysis, and the ACID (anisotropy of the current-induced density)
method. The deep analysis of the results indicates a pseudopericyclic character for these reactions
despite the aromaticity of the transition states.

Introduction

The Boulton-Katritzky rearrangements (BKR) of (5R)-
4-nitrosobenz[c]isoxazole and its anion were proposed to
be pseudopericyclic reactions by Rauhut.1 The Boulton-
Katritzky rearrangement is an important reaction in
heterocyclic chemistry.2,3 Parry and Rees classified the
bicyclic BKR as a [1,9]-sigmatropic rearrangement,4,5 on
the basis of experimental studies of 7-acetyl-3-methyl-
anthranil. However, Rauhut has indicated that the
bicyclic BKR should not be classified as a [1,9]-sigma-
tropic rearrangement but rather as a pseudopericyclic
reaction.

Pseudopericyclic reactions were originally defined by
Lemal as concerted transformations whose primary
changes in bonding compass a cyclic array of atoms at
one (or more) of which nonbonding and bonding atomic
orbital interchange roles.6,7 This interchange means a
disconnection in the cyclic array of overlapping orbitals.
The problem of this definition seems to be in that the
orbital description is not unique.

Birney and co-workers have studied a large number
of pseudopericyclic reactions.8-15 They have found three

common characteristics: very low or zero activation
energies, planar transition states, and a pseudopericyclic
reaction is always orbital symmetry allowed, regardless
of the number of electrons involved.

Other studies16 have employed the aromatic character
of the transition states as an argument to explain the
difference between pericyclic and pseudopericyclic reac-
tions. The cyclic loop of pericyclic reactions is known to
give rise to aromatic transition states,17-21 and the orbital
disconnection in the pseudopericyclic reactions prevents
this aromaticity. So, pericyclic reactions exhibit markedly
increased aromaticity in the vicinity of transition struc-
tures while pseudopericyclic reactions do not show such
aromaticity, due to the disconnection of the atoms
involved. However, it is necessary to study the cyclization
process as a whole and not only the transition states.22-24

Moreover, aromaticity and its quantification remain
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controversial subjects. For this reason, this work carries
out a comprehensive study of the whole BKR process in
(5R)-4-nitrosobenz[c]isoxazole and its anion. The aroma-
ticity was examined in terms of magnetic susceptibil-
ity, ø, magnetic susceptibility anisotropy, øani, and the
nucleus-independent chemical shifts (NICS) reported by
Schleyer.25 We have also studied the reactions employing
the natural bonding orbital (NBO) analysis.26-28

Although the pseudopericyclic character of the BKR
of (5R)-4-nitrosobenz[c]isoxazole and its anion was pre-
viously proposed,1 it seems interesting to apply the
criterion recently developed by our group to differentiate
a pseudopericyclic reaction from a pericyclic reaction
based on the magnetic properties along the reaction
path.22-24 This will be a new proof of the validity of this
magnetic criterion.

Herges and Geunich29 have recently developed a new
method based on magnetic properties. This method,
named ACID (anisotropy of the current-induced density),
has been used to study several pericyclic reactions and
to distinguish between coarctate and pseudocoarctate
reactions.30,31 We have employed this method in a previ-
ous study, and it seems to be a good tool to distinguish
between pericyclic and pseudopericyclic reactions.23

It is necessary to indicate the presence of two rotamers
in our systems due to the orientation of the nitroso group.
All the calculations are made for the most stable rotamer,
which is shown in Figure 1.

Computational Methods

Geometries of all stationary points were obtained from
density functional theory (DFT) calculations (specifically
B3LYP functional)32,33 employing the 6-31+G* basis set. The
DFT method was selected on the basis of the good results

obtained in DFT calculations for other pericyclic and pseudo-
pericyclic reactions.12,24,34 With regard to the basis set, struc-
tural and energetic data obtained with 6-31+G* are in
agreement with data obtained with a bigger basis set (activa-
tion energy for the neutral species with zero point energy
correction is 46.28 kcal/mol with our basis set and 46.24 with
the 6-311+G** basis set).1 All points were confirmed as
minima or transition states by calculating the harmonic
vibrational frequencies, using analytical second derivatives.
In addition, the path for the two reactions was obtained using
the intrinsic reaction coordinate (IRC)35-37 with mass-weighted
Cartesian coordinates at the same theoretical level. Magnetic
properties, nucleus-independent chemical shift (NICS), mag-
netic susceptibility (ø), and magnetic susceptibility anisotropy
(øani), were calculated at different points along the IRC. In the
magnetic susceptibility calculations, the NMR shielding ten-
sors have been computed with a larger basis set (6-311+G-
(2d,p)) as recommended. To obtain the NICS at the B3LYP/
6-31+G* level, we have employed the GIAO (gauge-independent
atomic orbital) method,38 but this method does not provide
information about magnetic susceptibility, so ø, and øani were
calculated using the IGAIM (individual gauges for atoms in
molecules) method,39,40 which is a slight variation of the CSGT
(continuous set of gauge transformations) method.39-41 This
CSGT method at the same level of theory was employed in
ACID calculations. Processes were also monitored by applying
the NBO (natural bond orbital) method26-28 along the IRC at
B3LYP/6-31+G* level.

All calculations were performed with the Gaussian98 soft-
ware package.42

Results and Discussion

Reaction Paths. Figure 2 shows the energy profiles
obtained from the IRC calculations. Pseudopericyclic
reactions possess low activation energies with respect to
analogous pericyclic reactions.8-15 In the BKR reactions
studied, the activation barriers are quite high as com-
pared to those for typical pseudopericyclic reactions. This
may be due to the involvement of a tricyclic transition
state with more ring strain than the corresponding
bicyclic reactant or product. In addition, the neutral
species shows a higher barrier than the anionic species.
Rauhut1 has obtained the same result and explains it
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FIGURE 1. Reaction schemes for the two reactions: reaction
A is the Boulton-Katritzky rearrangement of 4-nitrosobenz-
[c]isoxazole and reaction B is the Boulton-Katritzky rear-
rangement of 4-nitrosobenz[c]isoxazole anion.
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since the proton hinders the pseudopericyclic in-plane
reaction. However, he indicates that the BKR rearrange-
ment must be considered as a pseudopericyclic reaction
and this reaction may be accelerated by deprotonation.
In this work, the pseudopericyclic character will be
proved on the basis of magnetic properties.

Magnetic Properties along the Reaction Path:
Susceptibility, Anisotropy, and NICS. Figures 3 and
4 show the variation of magnetic susceptibility (ø) and
magnetic susceptibility anisotropy (øani) during the reac-
tion process. For the (5R)-4-nitrosobenz[c]isoxazole anion,
both graphics have the typical shape for a pseudoperi-
cyclic reaction, namely these properties do not have a
minimum near the transition state. On the contrary, the
graphics exhibit a maximum near the transition state,
indicating a less aromatic character of the transition state
than reactant and product. For the (5R)-4-nitrosobenz-
[c]isoxazole, the susceptibility is nearly constant along
the reaction path but the anisotropy shows a minimum
near the transition state.

Figure 5 collects the nucleus-independent chemical
shift (NICS) values for several points in the path reaction
at the (3 + 1) ring critical point of electron density as
defined by Bader43 in the forming cycle (C1-C2-C9-
O11-N10). In this case, both graphics exhibit a similar

behavior without a minimum in the vicinity of the
transition states. On the basis of this behavior, the
reactions should be classified as pseudopericyclic.

The graphics of magnetic susceptibility anisotropy and
nucleus-independent chemical shift for the neutral spe-
cies may seem contradictory. But we have to realize that
øani is a property of the whole molecule while the NICS
is obtained for only the forming cycle. Thus, the behavior
of the NICS along the IRC will be the most important
property to study the cyclization process.

We have also investigated the aromatic character of
the transition states for both reactions by computing the
NICS values in points above and below the plane of the
molecule (z-axis). As we can observe in Figure 6, the
variation of the NICS along the z-axis is very similar for
both reactions with very negatives values. This behavior
is in agreement with a π2 aromaticity.44,45 In the usual π
aromaticity the maximum diamagnetic shielding takes
place at a certain distance above and below the molecular
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FIGURE 2. Energy profile for the reactions.

FIGURE 3. Variation of magnetic susceptibility relative to
the reactant.

FIGURE 4. Variation of anisotropy of the magnetic suscep-
tibility relative to the reactant

FIGURE 5. Variation of NICS along the IRC.
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plane, as our case. This effect can be described by means
of two ring currents circulating at a certain distance from
the molecular plane.

We have also calculated the NICS values at the
geometric center of the six-membered ring in the reactant/
product and transition state for both reactions. In the
two cases, the NICS values are more negative (more
aromatic character) for the reactant/product (-4.892 and
-5.023 ppm for neutral and anion species, respectively)
than for the transition state (-2.818 and -2.126 ppm
for neutral and anion species, respectively). This is a
small variation, and it seems to have a little repercussion
for the global process.

So, in these pseudopericyclic reactions we can observe
aromatic transition states but the aromatic character
decreases from transition state to product and do not
have a minimum near the transition state. As was
indicated, some authors differentiate pericyclic and pseudo-
pericyclic reactions on the basis of aromatic or no
aromatic character of the transition states. But our case
shows that the study of the whole reaction and not only
the transition state is necessary to deduce a pericyclic
or pseudopericyclic behavior.

NBO Analysis. The transition state and the whole
path for each reaction were subjected to a comprehensive
NBO analysis. Table 1 collects the Wiberg bond order at
the reactants and transition states for the most important
bonds in these reactions. As we can observe, the C9-O11

bond is forming at same time that the O8-C9 bond is
breaking, and in the transition state the bond order is
the same for both bonds. Moreover, the N7-O8 bond order
is increasing as the N10-O11 bond order is decreasing to
same value in the transition state (1.49 for the neutral

species and 1.50 for the anion). The C1-N10 and C3-N7

bond orders are also changing to same value in the
transition state.

As expected for a pseudopericyclic reaction,6,7 the NBO
analysis along the IRC indicates that the reaction
involves the exchange between nonbonding and bonding
orbitals (a lone pair in the O11 becomes the C9-O11

bonding). This means a disconnection in the cyclic array
of overlapping orbitals.

ACID Method. To obtain more proof of the pseudo-
pericyclic behavior, the ACID method26 was employed.
This is a recently published method to investigate the
delocalization and conjugation effects in molecules. It
provides a powerful way to visualize the density of
delocalized electrons and quantify conjugation effects.
The ACID approach has several advantages: it is a scalar
field which is invariant with respect to the relative
orientation of the magnetic field and the molecule, it is
not a simple function of the overall electron density, it
has the same symmetry as the wave function, and it can
be plotted as an isosurface. Some examples have dem-
onstrated the applicability of this method to distinguish
between pericyclic/pseudopericyclic and coarctate/pseudo-
coarctate reactivity.27-29

Figure 7 presents the ACID isosurface of the transition
states for both reactions at an isosurface value of 0.03
for A and 0.02 for B. We may observe the aromaticity of
the transition state. For comparison, in the same figure,
the ACID isosurfaces of the reactants (or products) are
presented. This seems to be a new proof of the pseudo-
pericyclic nature of both processes, showing the transition
state is an intermediate step in the development of the
aromatic character from open cycle to closed cycle.

Conclusions

The three methodologies employed in this work show
the same result: the studied reactions have a pseudo-
pericyclic nature.

The variation of magnetic properties, in particular
NICS, along the IRC indicates a continuous increase of
the aromatic character during the formation of the cycle
(C1-C2-C9-O11-N10) without a maximum of aroma-
ticity near the transition state structure. The lack of a
minimum in the NICS graphic (maximum of aromatic
character) is a characteristic of the pseudopericyclic
reaction and an important distinction between pericyclic
and pseudopericyclic processes.

The NBO analysis along the IRC indicates that the
reaction involves the exchange between nonbonding and
bonding orbitals. This interchange means a disconnection
in the cyclic array of overlapping orbitals and it is in
perfect agreement with the Lemal’s definition of pseudo-
pericyclic reaction.6,7

The comparison of the ACID isosurfaces of the transi-
tion states and reactants (products) for both reactions
demonstrate the applicability of the ACID method in
distinguishing between pericyclic and pseudopericyclic
reactions.

We have shown that these reactions have transition
states with characteristics of pericyclic reactions, namely
they are aromatic and have high energy barriers, but the
methods used here show the pseudopericyclic nature of
the reaction. We emphasize the importance of the study

FIGURE 6. Plot of NICS versus z for the transition struc-
tures.

TABLE 1. Wiberg Bond Orders at Reactant and
Transition State for the Most Remarkable Bonds

A TSA B TSB

N7-O8 1.08 1.49 0.94 1.50
O8-C9 1.14 0.44 1.22 0.29
C9-O11 0.02 0.44 0.01 0.29
N10-O11 1.78 1.49 1.77 1.50
C2-C9 1.47 1.65 1.32 1.66
C1-N10 1.15 1.33 1.14 1.31
C3-N7 1.51 1.33 1.52 1.31
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of the magnetic properties along the reaction profile in
distinguishing between a pericyclic and a pseudoperi-
cyclic process.
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FIGURE 7. ACID plots for the transition states and reactants of the BKR rearrangement of the nitrosobenz[c]isoxazole and its
anion.
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