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An experimental re-investigation of the role of aromatic–aromatic interactions
in a templated synthesis of a macrocyclic pseudopeptide
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The experimental re-investigation of a reported synthesis
of a macrocyclic pseudopeptide promoted by bis(tetrabutyl-
ammonium)terephthalate allowed us to elucidate the nature
of the non-bonding interactions between the reagents and
the template; while the involvement of aromatic–aromatic
interactions could be ruled out, the relevance of the role of
the carboxylate ion was confirmed.

It was recently reported1 that the macrocyclization of the bispheny-
lalanine derivative 1 with dialdehyde 2 in MeOH (Scheme 1)
afforded the desired macrocycle 3 in good yield (60–65% as deter-
mined on the more easily isolated reduction product 4)2 only if the
reaction occurred in the presence of the bis(tetrabutylammonium)
salt of terephthalic acid 5 acting as a template. In its absence, only
linear oligomeric products were formed.

Scheme 1 Templated synthesis of macrocyclic pseudopeptide 4.

Strong evidence, both experimental (mass spectrometry, NMR
and CD spectroscopy) and theoretical (Monte Carlo conforma-
tional analysis), was collected, pointing to an active role of the
template, that was able to promote the macrocyclization through
a combination of favourable non-bonding interactions. As shown
in structure 6, these were believed to involve hydrogen-bond
formation between the amide hydrogens of 1 and the carboxylate
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anions of 5, and an attractive aromatic–aromatic p-stacking
interaction between the aromatic ring of the template and those
of the reagents.1

The putative involvement of a p-stacking interaction in this
macrocyclization reaction attracted our attention because, on
the basis of our experience in the field,3 the observation of
aromatic–aromatic non-bonding interactions4 in solution and for
a conformationally non-restricted system,5 is extremely rare.6,7

Therefore, we decided to assess the actual importance of aromatic
interactions in this case by an experimental re-investigation.

We first reasoned that the validity of the p-stacking interaction
hypothesis could be readily tested by replacing template 5 with
its tetrafluoro analog 7 (Fig. 1). On the basis of others5 and our
own work,3c this modification was expected to result in an increase
in the macrocyclization yield because of an attractive interaction
between aromatic rings of opposite charge distribution.4,5,8 It must
be noted that the polar reaction solvent MeOH, which should
favour the hydrophobic component of the aromatic–aromatic
interaction,4,5 was expected to maximize this phenomenon.

Fig. 1 Structures of additives 7–12 and of conformations 1a and 1b.

However, when the macrocyclization was carried out in the
presence of 7 under the reported conditions,1 no improvement
in the yield was observed, and the reactions carried out with 5 or 7
afforded 4 in identical isolated yield (58%). The macrocyclization
yield remained almost the same (56%) also when the reaction was
performed in the presence of bis(tetrabutylammonium) adipate 8,
a template that obviously cannot benefit from any p–p interaction.
On the other hand, the use of hexafluorobenzene 9 as a template
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potentially allowing p-stacking interactions but not hydrogen-
bonds,9 did not lead to the isolation of any macrocyclic product.

These experiments strongly suggested that the involvement of
an aromatic–aromatic interaction between the template and the
substrate in the macrocyclization could be ruled out; on the
other hand the formation of hydrogen-bonds between the amide
hydrogens and the carboxylate ions could indeed be an important
factor by which the template was exerting its effect, as originally
proposed.1

To further investigate the importance of the role of the car-
boxylate group in favoring the macrocyclization, the reaction was
carried out in the presence of tetrabutylammonium acetate 10 as an
additive. We were pleased to find that the use of 1 mol equiv. of 10
promoted a high-yielding macrocyclization, allowing the isolation
of 4 in 86% yield. This result seemed to indicate that it is not
necessary for the template to carry two carboxylate functionalities
as in 5, 7, and 8. Rather, the presence of a single carboxylate
group in the additive appears to be sufficient to induce enough
conformational pre-organization in the macrocycle precursor to
efficiently undergo ring closure.

To conclusively establish the central role of the carboxylate
anion, the macrocyclization reaction was carried out in the
presence of tetrabutylammonium bromide 11. We were surprised
to find that also the use of 1 mol equiv. of 11 promoted the
reaction, although in only 20% isolated yield. To explain this
observation, one can make the hypothesis that the ammonium
cation could favour the cyclization acting as a template by an
attractive interaction with the lone pairs of the amide oxygens
of the bisphenylalanine moieties of the macrocycle precursor.10,11

The weaker nature of this interaction with respect to that between
the carboxylate ion and the amide hydrogens,13 can be considered
in a qualitative agreement with the difference in chemical yield
observed in the reactions promoted by 10 and 11.

To further check the validity of the hypothesis of an involvement
of the ammonium cation in the macrocyclization, the reaction
was also performed in the presence of tetramethylammonium
bromide 12, with the expectation of observing an increase in the
templating effect (and, as a consequence, in the macrocyclization
yield) because this cation, smaller than 11, should be co-ordinated
more easily by the macrocyclic precursor. However, in the presence
of 12 the macrocyclization yield dropped to 11%. This result clearly
pointed to a very minor contribution, if any, of the ammonium
cation as significant templating additive.

In conclusion, the experimental re-investigation of this macro-
cyclic pseudopeptide synthesis allowed us to rule out the in-
volvement of aromatic–aromatic interactions, while confirming
the dominant role of the carboxylate ion. From a more general
standpoint, these results contribute to show how difficult it is
to observe an aromatic–aromatic interaction in solution, whose
existence in a conformationally non-restricted system is frequently
claimed4,6 but seldom firmly demonstrated.5
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