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The use of aminals in dynamic covalent chemistry is slightly under-
explored, probably due to their inherent instability. Here we report
the spontaneous [2+2] macrocyclization of tetrakis(aminals). Their
unexpected stability and structural modularity, the dynamic nature of
the connections and their water tolerance make them appealing systems
for future applications as stimulus-responsive materials.

Dynamic covalent chemistry (DCvC) has experienced an important
development in the last two decades, based on the use of reversible
covalent bonds to generate exchanging mixtures under
equilibrium.”* Examples of reversible reactions used in DCvC
are boronates,® acetals," hydrazones,” disulfides,® imines” and
aminals.® In this context, aminals are characterized by the
connectivity of two amino groups to the same carbon atom,’ being
the nitrogenated equivalents of acetals, hence they are also called
N,N-acetals. However, stable aminals from primary amines are rare,
since they exist in solution in equilibrium with other species, such
as the corresponding imines and cyclic oligomers, which compli-
cates their isolation.'®*® More stable cyclic aminals have been
obtained from the condensation of N,N-disubstituted 1,n-diamines.
They are usually generated under dehydrating conditions to shift
the equilibrium to the product.’® Moreover in some cases, the
product precipitation in water allows the preparation of cyclic
aminals in high yield and high purity without a catalyst.*
Tuning the dynamic equilibrium between aminals and their
open forms has allowed their application as protecting groups
of aldehydes.*" Interestingly, since aminal formation is rever-
sible, they generate in solution dynamic mixtures from
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diamines and carbonyl compounds. This reversible reaction
has been applied to the synthesis of open-chain unsym-
metrical aminals,'* the controlled evaporation of volatile car-
bonyl compounds,®>* induce movement through a molecular
track® and the preparation of a dynamic chemical network that
self-directs its amplification.>*

Inspired by a previous research®® we envisioned to study the
reaction between amino and aldehyde building blocks allowing
a large structural and functional diversity, including the possible
formation of dynamic aminals. To that, we chose bis(1,3)-
diamines derived from 3,3’-diaminopivalic acid®® (Scheme 1a,
la-c) as the amino partner. On the other hand, we used
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Scheme 1 (a) General macrocyclization reaction through cyclic aminal

formation; (b) dicarboxylic acids assayed as potential templates.
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terephthaldehyde (2a) and isophthaldehyde (2b) as simple scaffolds
to react with any of the four amino groups of the other building
blocks. Considering our previous experience, we also selected
different aromatic diacids (Scheme 1b, 4a-4d) as potential tem-
plates to favour the reaction, as the distance between carboxylic
groups was suitable to interact with amide NHs while the aromatic
rings could establish a n-stacking with 2a,b. Reactions of equimo-
lecular mixtures of 1 + 2 in methanol initially lead to complex
mixtures, as indicated by NMR. Nevertheless, they evolve to the
formation of a main unique compound (i.e. 3a from 1a and 2a,
Scheme 1a). As can be inferred from the NMR spectra (Fig. 1), the
obtained compound shows a highly symmetric structure with sharp
signals and the presence of diastereotopic methylenes. The process
seemed very general since similar results were obtained (though at
different rates) with the combination of any of the amines 1a—c and
any dialdehyde 2a,b (Scheme 1a). The NMR and MALDI-TOF MS
data allowed us to identify the products as the corresponding [2+2]
macrocyclic tetraaminals. Even when we added more equivalents of
aromatic dialdehydes, we still observed the (faster) formation of the
same [2+2] macrocycle, leaving unreacted dialdeyhde in the
mixture.

This observation indicates that the [2+2] macrocycle pre-
sents high structural stability, as it overcomes both the lability
of aminal bond and the trend to polymerize that may come
from additional aldehyde equivalents. Indeed, even having up
to eight stereogenic carbons, a single isomer was mainly
formed. Accordingly, the macrocyclization requires a precise
combination of the generated stereocentres, so the most
suitable stereoisomer is selected in all the cases.
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The "H-NMR time monitoring of the reaction between 1a and 2a
(Fig. S13, ESIY) revealed a dynamic correction process. The alde-
hyde proton signal decreases while aromatic proton signals became
complex due to the initial desymmetrization of this moiety. As far
as the reaction proceeded, the aromatic proton signals simplified
until a main symmetrical compound is clearly detected. Likewise, a
signal around ¢ 5.5 ppm appears at the beginning of the reaction
due to the hemiacetal formation upon reaction with methanol
solvent. This hemiacetal signal at 6 5.5 ppm disappears as long as
a signal at 6 = 4.41 ppm grows due to the formation of the cyclic
aminal. On the other hand, the proton signals of the corres-
ponding tetraamine building block, 3,3’-diaminopivalic moieties,
initially split in complex patterns, indicating a mixture of species.
Over time they collapse and converge to a unique set of signals with
different chemical shift from the original. As an indication of the
increased rigidity generated upon cyclization, the diastereotopic
methylene protons signals split to ¢ 2.72 and 3.31 ppm, respec-
tively. Bidimensional NMR experiments as "H-"*C HSQC, HMBC
and NOESY, as well as mass spectrometry confirmed the tetra-
aminal macrocycle formation (Fig. 1 and Fig. S14-S17, ESI¥).

Although all three compounds 1a-c led to the corresponding
macrocycles 3a-f with the studied aromatic dialdehydes 2a,b,
the reaction rate varied depending on the scaffold core. For
example, the time required for reaction completion with
dialdehyde 2a depends on the structure of the tetramine, being:
1a (1.5 days) < 1b (3 days) < 1c (one week). We concluded that
the more flexible ethylene core of 1a can better fold to form the
final macrocycle. Meanwhile, the rigid aromatic core of 1b
allows the cyclization more slowly than 1a.
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Fig. 1 NMR spectra (400 MHz, CDsOD) of 1a, 2a and 3a showing the proton signal assignments. Note 2a in CDsOD solution is in equilibrium with its
hemiacetal forms. The inset shows the D, molecular model for 3a (hydrogens atoms bonded to carbons have been omitted and the hydrogen bonds

detected are in green).
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However, the slowest reaction with the rigid derivative 1c
suggested that the meta disposition is less preorganized for the
macrocyclization in this case. Actually, the [3+3] macrocycle was
detected as a by-product with 3¢ (Fig. S27, ESIt). This trend is
also reflected regarding the dialdehyde structure, 2b leading to
slower reaction than 2a.

In order to obtain a three dimensional structure of the
corresponding macrocycles, molecular mechanics (AMBER)
conformational searches guided by the experimentally
observed NOEs were carried out, followed by DFT minimiza-
tions. Thus, we identified several energetically accessible local
minima. Considering the high flexibility of large macrocycles,
the symmetry observed in the NMR spectra can be reasonably
explained by the fast exchange between these conformations,
as additionally supported by the theoretical prediction of the
'H and '*C NMR chemical shifts (see ESIt). For simplicity only
the D, symmetric minimum of 3a is shown in Fig. 1, the other
conformations can be found in the ESI.{ This structure shows a
specific stereoisomer in the six-membered ring aminal, which
is stabilized by a hydrogen bond between the amide NH and
one aminal nitrogen (see Atoms in molecules analysis in the
ESI,f Tables S1-S8).>” For 3b we obtained a symmetric mini-
mum that also agrees with the experimental data (Fig. 2, up),
while all the macrocycles containing meta-substituted aromatic
rings rendered folded figure-of-eight geometries (Fig. 2, down),
likely explaining their more difficult cyclization.

In contrast with similar cyclizations, there is no need of any
template to obtain the [2+2] macrocycles. Nevertheless, we
hypothesized the addition of aromatic dicarboxylic acids to
catalyse the reaction. Interestingly, the presence of naphthalene-
derived diacids reduced the time to reach equilibrium in 3a

side view

front view

Fig. 2 Molecular models for 3b with para-substituted aromatic rings
(Coy symmetry) and 3c meta-substituted aromatic rings (folded as a
figure-of-eight conformation).
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(Fig. S57, ESIt): 4 hours with 4c and 24 hours with 4b. The
enhancement effect of 4a was much weaker and no changes were
observed with 4d.

All the reactions were carried out in MeOH containing
residual water, so the aminal formation that leads to the
macrocycle tolerates its presence, an unusual feature for this
type of compounds. We then decided to systematically increase
the amount of water for 3a and, quite remarkably, the [2+2]
macrocycle efficiently assembles even in 95:5 D,0:CD;OD.
Interestingly, when the pH was decreased below 4, the macro-
cycles split up instantly and only starting material was recovered
in a matter of seconds.

When we mixed preformed cycles 3a and 3b, no changes
were detected by NMR within 3 days (Fig. S60 and S63, ESIT). As
soon as we added some free 1a/1b (0.3 equiv. each), apparition
of signals corresponding to mixed macrocycles was detected.
This indicates that there is no exchange between species once
the macrocycle is closed, but this is possible as soon as there is
free amine in the medium. These cyclic tetraaminals retained
their dynamic behaviour® since the addition of an equimolar
amount of another building block to any pre-formed macro-
cycle led to the formation of the corresponding mixed macro-
cycles in a proportion close to the statistical one (Fig. S62 and
S64, ESIt). The same proportion was obtained by mixing the
starting building blocks, suggesting that the macrocyclization
is thermodynamically controlled.

It is worth to highlight that, to the best of our knowledge,
only secondary amines tend to form stable aminals rather than
mixtures of different species. For example, reaction between
1,3-diaminopropane and 2a generates a mixture from different
imine macrocycles to hexahydropyrimidin derivates,*® provid-
ing complex "H-NMR spectra. In this sense, to unravel the role
of the macrocyclization in the aminal formation, we performed
the same reaction with a monomeric version of the tetraamines
(diamines 5a or 5b in Scheme 2). We mixed any of the building
blocks with dialdehyde 2a in the same conditions as previously
used, monitoring the course of the reaction by NMR. The
spectroscopic data clearly showed the efficient formation of
the corresponding symmetric bisaminal derivatives (6a or 6b,
respectively) as a single stereoisomer. The NOE cross-peaks
revealed that the obtained isomer corresponds to the one
observed in the macrocyclic compounds. Thus, the aminals
are also stable in the open-chain derivatives, suggesting that
the six-membered ring structure of the aminal could be playing
an important role in the reaction, facilitating the formation of
the [2+2] macrocycle.

NHR
NH; MeOH
o + 2a —>
NH,
5a (R = Me) H 6a(R=Me)
5b (R = Ph) 6b (R = Ph) R

Scheme 2 Reaction with diamines 5a,b. Observed NOEs in 6a,b are
shown as double-headed arrows.
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In conclusion, we have obtained tetraaminal macrocycles
through the reaction of primary bis(1,3-diamine) entities with
aromatic dialdehydes. Despite the large amount of possibilities
within the corresponding dynamic equilibria, a main [2+2]
macrocycle is obtained in all the cases as the thermodynamic
product. The aminal bond retains its dynamic nature that can
be tuned by addition of competing amines (through exchange)
and the presence of acid (leading to hydrolysis). The observa-
tion of a kinetic template effect, the dynamic nature of the
covalent bonds and the aqueous compatibility of these systems
open the door to their use in stimuli-responsive materials with
appealing properties.”’
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