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1,4,5,8-Naphthalene bisimides react as dipolarophiles with in situ formed azomethine ylides. Double 1,3-dipolar cycloaddition is followed by
unique ring rearrangement and leads to the formation of two six-membered rings. The formation of hexacyclic products is rationalized based

on DFT calculations.

Naphthalene-1,4,5,8-tetracarboxylic bisimides are often used
in applications such as electron donor—acceptor dyes and
molecular machines.® Even though bisimides are easily
prepared by the reaction of bisanhydride and amines, further
modifications were usually performed on the peripheral
moieties while the core of the molecule remains unchanged.
The only known core modification of naphthalene bisimides
consists of first halogenation and then transformation via
cross-coupling or nucleophilic substitution reactions.?
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1,3-Dipolar cycloaddition is an extremely popular synthetic
method for the construction of heterocycles.®* A diverse
range of dipoles and dipolarophiles as well as catalysts
(including chiral catalysts) are used to obtain various
heterocyclic skeletons. Among these 1,3-dipoles, azomethine
ylides are ubiquitously used for the construction of biologi-
cally active compounds and electron donor—acceptor dyads.®
However, only a few examples of the addition of these
reactive species to aromatic compounds can be found.® Here,
we would like to present the serendipitous discovery of a
1,3-cycloaddition reaction of 1,4,5,8-naphthalene bisimides
with azomethine ylides leading to hexacyclic products.

In the course of our investigations on the synthetic
possibilities in the construction of electron donor—acceptor
systems, we performed the reaction of trans-A;B,-porphyrins,
bearing a naphthalene-1,4,5,8-bisimide unit at the meso



positions, with dipoles generated in situ from sarcosine and
paraformaldehyde. Surprisingly, multiple products were
formed, but none of them was the expected chlorin.
Moreover, the absorption spectra of these products proved
that the porphyrin skeleton remained untouched. This sug-
gested that the naphthalene bisimide moiety (rather than
porphyrin part) reacted either with formaldehyde or with
sarcosine or both. To test this hypothesis, we performed a
series of reactions with N,N’-dioctyl-1,4,5,8-naphthalenetet-
racarboxylic acid bisimide (1) and sarcosine or paraformal-
dehyde in boiling toluene. In both cases, no reaction took
place and the substrate was recovered quantitatively. Con-
sequently, bisimide 1 was treated with a mixture of paraform-
aldehyde and sarcosine under the same reaction conditions
(Scheme 1). One product had formed and was isolated in
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24% vyield. The NMR and MS analyses did not lead us to
any conclusive results about the structure of the unknown
compound. It was found that an analogous product 5 is
formed from bisimide 2 (prepared from n-decylamine) in
45% yield (Scheme 1). X-ray diffraction study’ revealed that
compound 4 was the product which had formed by double
1,3-dipolar cycloaddition followed by unconventional rear-
rangement (Scheme 1).

Compound 4 crystallizes without solvent in the P1 space
group (Figure 1a), and the asymmetric unit contains a single
molecule. The naphthalene-1,4,5,8-tetracarboxylic bisimide
fragment, excluding the place of addition, is almost planar
with mean deviation from planarity of ca. 0.1 A. The six-
membered saturated rings adopt a chair conformation, where
the methyl groups are equatorial and hence situated perpen-
dicularly in respect to the conjugated fragment. Both octyl
side chains are well-ordered, which may be attributed to the
specific crystal packing. These fragments are situated in close
proximity to each other in the neighboring molecules related
by an inversion center. In effect, the layers built of aliphatic
chains are formed (see Figure 1b). The molecules are weakly
interacting in the crystal lattice; they are mostly stabilized
by weak C—H=O contacts (C~O distances = 3.346—3.462
A) and other types of van der Waals interactions. The DFT
optimization at the B3LYP/6-311G** level for an isolated
molecule (with octyl groups replaced by methyl ones) is very
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Figure 1. (a) Thermal ellipsoid plot of bisimide 4. The ellispoids
drawn at 50% probability level, H atoms omitted for clarity. (b)
Crystal packing along [100] direction. (c) Thermal ellipsoid plot
of bisimide 6 (with THF). The ellipsoids drawn at 50% probability
level, H atoms omitted for clarity.

consistent with the experiment: the mean difference between
relevant bond lengths is at the level of 0.005 A2
Supposedly, double 1,3-dipolar cycloaddition product 4
with two five-membered rings underwent rearrangement,
which resulted in the formation of two six-membered rings.
Reactivity of naphthalene-1,4,5,8-tetracarboxylic acid bi-
simides as dipolarophiles has never been mentioned in the
literature. The only related results were reported by Corsaro
et al., describing that anthracene and perylene undergo 1,3-
dipolar cycloaddition with benzonitrile oxides.® Skeleton
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rearrangement of the five-membered product formed in 1,3-
dipolar cycloaddition into a six-membered one is yet
unknown to the best of our knowledge. Optimization
reactions of bisimides 1 and 2 with sarcosine and paraform-
aldehyde were conducted by increasing the reaction time and
changing the ratio of substrates. All attempts failed to
increase the yield of bisimides 4 and 5.

According to the symmetry of dipole HOMO and dipo-
larophile LUMO (see the Supporting Information for details),
the only possible pathway of the reaction must follow
intermediates B and C (Scheme 2). The final concerted
rearrangement of two five-membered rings in intermediate
C seems to lead to strain cancellation and energy minimiza-
tion. There are three ambiguities concerning this unusual
series of reactions, which should be explained and/or
quantified: (i) why the reaction follows double, not single,
addition; (ii) what is the preferred place of the addition; and
(iii) why rearrangements take place. To tackle these prob-
lems, DFT calculations at the B3LYP/6-311G** level of
theory were performed.'® This level is known to provide quite
accurate energies and reliable geometries for many organic
compounds.**

Taking into account the position of the attached dipole,
its possible conformational flexibility, and the position of
the methyl groups at nitrogens, we have started with 13
molecular geometries with 0, 1, or 2 saturated rings attached,
where the octyl groups were replaced by methyl ones for
simplicity (see Supporting Information for more details). As
a result, lowest energy isomers of bisadducts, the rearranged
bisadduct D, monoadduct B, and the starting naphthalene-
1,4,5,8-tetracarboxylic bisimide A have been obtained. All
structures corresponded to real minima at the potential energy
surface with no imaginary frequencies, and the resulting
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energies were corrected for ZPE correction. At the same level
of theory, we have also calculated the transition state of
transformation from 1,2,3,4-bisadduct C to 1,3,2,4-bisadduct
D. A stationary has been found and was characterized by
one imaginary frequency.

The first two questions may be solved within a homodes-
motic approach,*? by comparison of the energy of 1,2,3,4-
bisadduct C with 1,2-monoadduct B and the parent starting
system A (see Scheme 3). This kind of theoretical reaction
has been proven to be very successful in solving many
problems of physical organic chemistry dealing, for example,
with substituent effect,'® aromaticity, or strain energy.’* Here
the estimated energetic balance indicates that the 1,2,3,4-
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bisadduct C is more stable by 14.0 kcal/mol than the 1,2-
monoadduct B, so indeed, this compound is thermodynami-
cally preferred. A similar homodesmotic reaction taking into
account the other places of addition (e.g., positions 1, 2, 5,
6 or 1, 2, 7, 8) shows the reverse: the 1,2-monoadduct is
more stable by 9.8—16.0 kcal/mol (see Supporting Informa-
tion for details). This can be easily understood. An addition
of the dipole to the bisimide enforces aromatic (benzene-
like) fragment formation in the other part of the molecule. This
fragment is extra stabilized by cyclic A-electron sz-delocalization
which prevents the addition reaction.*®

The third problem concerning the rearrangement can be
solved by simple comparison of the total energies of the
1,2,3,4-bisadduct C and the 1,3,2,4-bisadduct D. As expected,
the latter system is more stable by 12.4 kcal/mol. This
indicates its thermodynamic preference and obviously is in
line with the experimental observations. It is fair to note that
the transformation may not be as efficient as one may expect
because the estimated barrier of the inversion is very high
(ca. 97.7 kcal/mol). Initially, we thought that the entropy
factor may be very important for the rearrangement (longer
side chains may make the reaction more efficient). To test
this hypothesis, bisimide 3 bearing methyl substituents on
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nitrogen was subjected to the reaction conditions (Scheme
1). Only rearranged cycloadduct 6 was isolated from the
reaction mixture (in 78% yield), which suggests that entropy
does not play a crucial role. The structure of 6 has been
proved by X-ray measurement (Figure 1c).%® It cocrystallizes
with one molecule of THF, and the geometry of the
hexacyclic core is similar to that of 4. Again, the saturated
rings adopt a chair conformation, where the methyl groups
are equatorial (see Supporting Information for details).

In summary, we have revealed the unprecedented reactivity
of naphthalene bisimides as dipolarophiles in 1,3-dipolar
cycloaddition with in situ formed azomethine ylides. This
is the first example of such a reaction for naphthalene
derivatives. The rigid hexacyclic structure formed is unique
and can serve as a platform for further transformations.
Although many points remained unsolved, such as the
reactivity of simpler systems having a similar ring topology
and/or other aromatics, and the role and importance of the
side chains, etc., our case sheds new light on the 1,3-dipolar
cycloaddition mechanism, which has an immense practical
impact.
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