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Abstract: Multiple dynamic libraries of compounds are
generated when more than one reversible reaction
comes into play. Commonly, two or more orthogonal
reversible reactions are used, leading to non-communi-
cating dynamic libraries which share no building blocks.
Only a few examples of communicating libraries have
been reported, and in all those cases, building blocks are
reversibly exchanged from one library to the other,
constituting an antiparallel dynamic covalent system.
Herein we report that communication between two
different dynamic libraries through an irreversible
process is also possible. Indeed, alkyl amines cancel the
dynamic regime on the nucleophilic substitution of
tetrazines, generating kinetically inert compounds. Inter-
estingly, such amine can be part of another dynamic
library, an imine-amine exchange. Thus, both libraries
are interconnected with each other by an irreversible
process which leads to kinetically inert structures that
contain parts from both libraries, causing a collapse of
the complexity. Additionally, a latent irreversible inter-
communication could be developed. In such a way, a
stable molecular system with specific host-guest and
fluorescence properties, could be irreversibly trans-
formed when the right stimulus was applied, triggering
the cancellation of the original supramolecular and
luminescent properties and the emergence of new ones.
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Introduction

Complexity is intrinsic to living systems.!! Intricate and
functional biological architectures are constructed selecting
the right elements from a myriad of molecular components
through interconnected processes. Correct management of
complexity by living organisms is behind many emerging
properties, and intercommunication between dynamic chem-
ical networks plays a major role in such task.>*

Artificial chemical systems might also be inherently
complex,” and yet traditional synthetic organic chemistry
has avoided equilibrating mixtures. During the last decades,
though, such scenario has gradually changed.®” In this
regard, dynamic combinatorial chemistry (DCC) has be-
come a powerful method to generate complex molecular
systems.®™ Under this approach, a small number of
building blocks reacting with each other, yield a dynamic
library composed by a larger number of compounds. DCC is
based on reversible covalent chemistry,™**! and therefore,
the components of a library can interconvert by exchanging
building blocks within such library, constituting a dynamic
molecular network, in which the composition is governed by
thermodynamics."® Commonly, previous DCC works have
been based on just one type of reversible covalent bond.
However, incorporation of two or more dynamic reactions
allows to increase complexity, because more than one
dynamic library is generated. Most of the reported examples
of multi-reaction dynamic systems consist of orthogonal
reversible reactions,['”* in which the same functional group
does not participate in two different reversible chemistries.
Then, dynamic libraries obtained are not interconnected, or
in other words, a building block from one library cannot
participate in the other.

Communicating dynamic libraries are considerably less
common. In this case, the same functional group reacts in
two different reversible processes, and then, certain building
blocks can participate in both libraries, which can then be
mutually affected by the other (Figure 1).°4 All the
communications between dynamic libraries reported so far
are reversible in nature (Figure la): The shared building
block can switch from one library to the other in a reversible
way. Complexity can then be controlled because, by
definition, when one of the libraries increases in size, the
other has to decrease, which explains why reversible
communication has also been called antiparallel dynamic
covalent chemistry.!
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Figure 1. Schematic representations of intercommunication between
two dynamic libraries: (a) reversible and (b) irreversible.

Although it might seem counterintuitive, dynamic libra-
ries could also be intercommunicated irreversibly (Fig-
ure 1b). In such case, specific building blocks from one
library would participate in the other and vice versa, but
undergoing an irreversible reaction.” As a consequence, all
the components of the two dynamic libraries would be
eventually funneled towards kinetically inert structures that
contain parts from both libraries, causing a collapse of the
complexity.

In this sense, it reminds to kinetic self-sorting examples
described for single dynamic libraries by Miljani¢ and
others,” ! in which a particular set of components of the
mixture react considerably much faster than the others in an
irreversible reaction, yet still slower than the dynamic
process, allowing the mixture to re-equilibrate and to
gradually select such components out of the system.

Herein, we report an irreversible intercommunication
between two different dynamic libraries. Indeed, we have
found that alkyl amines react irreversibly with a dynamic
library of thiol/phenol tetrazine derivatives generated by
nucleophilic aromatic substitution; interestingly, such amine
can be part of another dynamic library, generated by imine-
amine exchange. In such a way, the initial complexity is
managed by an irreversible reaction between both libraries.
Additionally, a latent irreversible communication was
developed in order to control the whole process by an
external agent. Taking advantage of this approach, a
molecular system was able to be transformed into a
completely different one upon application of a stimulus,
concomitantly causing the cancelation of the original phys-
ical-chemical properties and the emergence of new ones.
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Results and Discussion

Studies of Reactivity in the Nucleophilic Aromatic Substitution
of Tetrazines (S\Tz)

The properties of a dynamic system utilizing multiple
reversible reactions depend significantly on the relative
reactivity of the functional groups participating in each
reaction. Thus, we firstly studied the hierarchy of reactivity
in our system. In previous works by our group,®™ the
dynamic nature of the nucleophilic aromatic substitution of
tetrazines (SyTz) with phenols and alkyl thiols was described
(Scheme 1a)."*™! We reasoned that, analogously to what has
been reported for other nucleophilic aromatic substitutions,
alkyl amines could notably decrease the reactivity of the
aromatic ring,/*"* leading to the cancellation of the dynamic
regime. In other words, alkyl amines might well lead to
irreversible nucleophilic substitutions with tetrazines. In
order to test our hypothesis, we carried out several experi-
ments. First of all, an excess of alkylamines was able to react
with phenol (O,0-Tz) or thiol (S,S-Tz) tetrazine homo-
dimers, to yield the corresponding heterodimers, concom-
itantly releasing one equivalent of phenol or thiol respec-
tively  (Scheme 1b,c,  Figures S2,3,5,6,7,8).”1  Double
substitution by an alkyl amine was extremely difficult or not
possible, even by using an excess of it. It is also worth
mentioning that anilines were poor nucleophiles for this
reaction  (Figures S1,4).” Interestingly, phenol-amine
(N,0-T2z) heterodimers did not react any further with other
phenols, which confirms the deactivation of the aromatic
ring by the amine (Figure S10,11). However, (N,0-Tz)
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Scheme 1. a) Schematic example of nucleophilic aromatic substitution
of tetrazines (SyTz) with phenols and thiols; b) Phenol homodimers
(O,0—Tz) react with alkyl amines to yield phenol-amine (N,0—Tz), but
they cannot react any further with other phenols although thiols react
efficiently to give the thiol-amine (N,S—Tz) heterodimer; c) Thiol
homodimers (S,5—Tz) react with alkyl amines to yield (N,S—Tz)
heterodimer, which is kinetically locked; d) Phenol-thiol dimers
(0,5—Tz) also give the (N,S—Tz) heterodimer with an alkyl amine.
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heterodimers did react with thiols (better nucleophiles),
giving the corresponding thiol-amine (N,S—Tz) heterodimer
and releasing phenol. As expected, the phenol-thiol
(0,S-Tz) heterodimer with amine, led again to the thiol-
amine (N,S-Tz) heterodimer (Scheme 1d, Figure S9). At
this point, it could be concluded that all the components of a
hypothetical dynamic library generated by SyTz, would react
with alkyl amine to generate only one compound containing
tetrazine: The amine-thiol tetrazine heterodimer (N,S—Tz).

Interestingly, the dynamic nature of the reaction is
frozen once a N,S—Tz heterodimer is formed: No further
exchange with other amines or thiols was observed under
the  conditions employed in  these  reactions
(Figures S11,15).5 Therefore, it is clear that the selection of
the N,S—Tz heterodimers is kinetically driven: They are the
only kind of compound that cannot react any further under
these reaction conditions, so once formed they cannot go
back, and consequently they funnel the rest of components
of the dynamic library. Even when N,S—Tz heterodimers
might well be the most stable compounds, the fate of the
initial mixture is exclusively based on the irreversibility of
the process, regardless of the stability of the obtained
compounds, analogously to previously reported kinetic self-
sorting phenomena.F**%

Simplification of S\Tz Libraries by Alkyl Amines

From that point on, we could generate increasingly complex
dynamic libraries by SyTz, which were efficiently managed
by the addition of an amine to the equilibrating mixture.®"
For the initial experiment, we mixed equimolar amounts of
p-methoxyphenol (1), benzylmercaptan (2) and 3,6-dichlor-
otetrazine (TzCl,) in CDCl;, together with triethylamine
(TEA) as a base. A dynamic library of three compounds
was obtained (Figure 2a). One equivalent of butylamine was
added afterwards. Aliquots of the reaction were taken at
different times, and the progression of the reaction was
stopped by the addition of acid to each aliquot. They were
analyzed by '"H NMR and HPLC-MS (Figure S19). As it can
be seen in Figure 2, all the compounds of the initial dynamic
library, progressively react, yielding 2-Tz-NHBu as the
major compound together with released 1. Even when other
species, such as 1-Tz-NHBu, were transitorily generated
during the reaction, they continued reacting towards the
final compound, as it was expected from the control studies
shown in Scheme 1.

Such a successful kinetic control of complexity could be
applied to more elaborated scenarios. Combining three
phenols and three thiols under the SyTz reaction, yielded a
dynamic library with 21 potential compounds (Figure 3a),
which were detected by 'HNMR as mixtures of dimers
(green points at time zero in Figure 3b). After a few hours,
kinetically inert products were clearly obtained (red curves
in Figure 3c), along with some remaining homodimers of
phenols 1 and 2 (green curves in Figure 3b) and some
transient N,O-heterodimers (blue curve in Figure 3b).
24 hours were enough for a successful simplification (Fig-
ure S32), reaching molar fractions of 0.29, 0.33 and 0.28 for
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Figure 2. (a) Kinetic control of a dynamic library of three components.
(b) Reaction was followed by '"H NMR . To the aliquots in CDCl,,
trifluoroacetic acid was added, solvent was removed, and they were re-
dissolved in DMSO-d,, only to achieve sharper and less overlapped
peaks. Dimethylsulfone was employed as internal standard.

products 2-Tz-NHBu, 4-Tz-NHBu and 6-Tz-NHBu respec-
tively, which sum a total of 90% of the total tetrazine
containing species. Thiol 4 led to the fastest reactivity, and
in fact, its selection out of the initial mixture within 72 h is
theoretically complete, with a molar fraction 0.33.

After all the mentioned results, it can be concluded that
upon addition of an alkyl amine, the dynamic library of
tetrazine derivatives evolves by an irreversible aromatic
substitution, leading to a selected kind of structures: The
equilibrating mixture is funneled towards those compounds
that are kinetically inert under these conditions, specifically
the amino-thiol tetrazine heterodimers (N,S—Tz).

Irreversible Intercommunication between two Dynamic
Libraries

Interestingly, the amine nucleophile could be part of another
dynamic library. In such a way, that second library would
also be concomitantly simplified as the kinetically inert
compounds contain building blocks shared by both dynamic
processes: Complexity in two different dynamic libraries
would be controlled by an irreversible intercommunication
between them. We thought that an optimal choice for the
second dynamic library would be an amine-imine exchange
library, not only because it contains a reactive amine as one
of its components, but also because the dynamic nature of
such exchange has been very well studied.[*®!
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Figure 3. (a) Kinetic control of a SyTz dynamic library of 21 compo-
nents. (b) Reaction was followed by 'H NMR after stopping the
reaction with trifluoroacetic acid, remove solvents and redissolve in
DMSO-d, just to obtain better resolution in the NMR spectra.
Dimethylsulfone was employed as internal standard. The nomenclature
X-Tz-OPh and X-Tz-S refers to all the dimers containing any phenol or
thiol respectively.

In Figure 4 it is shown the control of the complexity of
two dynamic libraries by irreversible intercommunication
between them. A STz library, comprised by 21 potential
compounds, was merged with the imine-amine dynamic
library shown in Figure 4a. We chose a small imine library
for visualization ease, to avoid an unnecessary complication
of the experiments, because a larger library would have led
to the same conclusions although in a more complicated
way. Such library was initiated by an equimolar mixture of
N-benzylidenebutylamine (Im-Bu) and p-chloroaniline
(AnNH,). Those two compounds remained as the major
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Figure 4. (a) Mutual kinetic control of a SyTz dynamic library and an
imine-amine exchange dynamic library. (b) Reaction was followed by
'H NMR and it is clearly seen that N,S-Tz heterodimers (red curves)
were sorted-out. The nomenclature X-Tz-OPh and X-Tz-S refers to all
the dimers containing any phenol or thiol respectively. (c) The initial
ratio of imines is completely inverted after the collapse of complexity.
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components once thermodynamic equilibrium has been
reached, while N-benzylidene-4-chloroaniline (Im-An) and
butylamine (BuNH,) were the minor components, in con-
cordance to previously reported results.

As it was above mentioned, anilines are very poor
nucleophiles in the SyTz reaction and, consequently, only
the small amounts of free butylamine present in the reaction
mixture, reacted with the tetrazine library. In such a way,
the imine-amine exchange progressively re-equilibrated, and
N-benzylidene-4-chloroaniline (Im-An, the less stable imine)
eventually became the major component of this library. It is
clearly seen in Figure 4c that the initial ratio between imines
is completely inverted in the end. In this sense, it reminds to
previous works on dissipative dynamic covalent chemistry,
in which a coupled reaction or a stimulus, allows the
equilibrium to shift uphill,®™ although in this case, the
compound is irreversibly sorted out.

The experiments were carried out in CDCl; and followed
by '"H NMR, by taking aliquots at specific times, and diluting
them with DMSO-d, (1:10), only because better resolution
of the spectra was achieved this way: Peaks were sharper
and there was less overlapping.®™ Intercommunication of
libraries is slightly slower compared to the previous exam-
ples, where the amine was added as an isolated reagent.
Nevertheless, after 72 h, the set of 25 equilibrating com-
pounds collapsed into only seven major components (Fig-
ure 4a): The products 2-Tz-NHBu, 4-Tz-NHBu and 6-Tz-
NHBu represented the 90 % of all the compounds contain-
ing tetrazine in the final mixture, together with released
phenols and the N-benzylidene-4-chloroaniline (Figure S40
and 41). As expected, the rather complicated initial
"H NMR spectrum (Figure 5), ended up as a quite simpler
one.
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Figure 5. Stacked "H NMR spectra of the aliquots of the reaction.
Reaction was carried out in CDCl;, and the aliquots diluted with
DMSO-d; (1:10), to obtain sharper and less overlapped peaks.
Dimethylsulfone was employed as internal standard. See Figure 4a to
correlate each marked NMR peak with the right hydrogens in the right
compounds.
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Manipulation of function by irreversible inter-communication

The kinetic control of the complexity could also be
implemented to manipulate the properties of an adequately
designed system.[**% Indeed, a latent irreversible intercom-
munication was developed by taking advantage of the
hierarchical reactivity of the building blocks. In such a way it
was possible to control the cascade of events that transform
a system into another one ™! displaying different emerging
properties, in a way that is loosely reminiscent of a
biological cascade of events. Particularly, we designed the
System 1 shown in Figure 6a which is able to transform its
luminescent and supramolecular properties while it is
converted into System 2 (Figure 6b) by the action of an
aniline.

System 1 is composed by Im-OMe-Tren,
cyclobis(paraquat-p-phenylene) (CBPQT**), tetrabutylam-
monium chloride, and 2-Tz-Umb, a tetrazine compound
containing benzyl mercaptan (2) and umbelliferone (Umb),
all solved in CD;CN. 2-Tz-Umb displays a weak orange
fluorescence with a maximum of intensity at 575nm in
acetonitrile (Figure 6g and 6 h). Im-OMe-Tren is a triple
imine synthesized from tris(2-aminoethyl)amine (tren) and
three equivalents of a moderately electron-rich aromatic
aldehyde. Each of the resulting imines individually are
expected to be poor guests for CBPQT*" in acetonitrile.
Indeed, it is known that similar compounds, like 1,2-dimeth-
oxybenzene, show very low affinity for CBPQT** in
acetonitrile (<10 M™)."? However, Im-OMe-Tren displays
three of those donor moieties distributed close enough to
reinforce binding by a multisite interaction, similarly to
reported zipper-featured molecular duplexes,”” or to
[2]pseudorotaxanes comprised of CBPQT** and a thread
incorporating three naphthalene residues.” Actually, the
association constant of Im-OMe-Tren and CBPQT** meas-
ured by UV/Vis titration in acetonitrile, indicated a respect-
able affinity (271 +£4 M™") (Figure 6¢).”>* Finally, tetrabuty-
lammonium chloride did not interact with any other element
of System 1 and thus, it was a mere spectator that would
play a role after intercommunication is triggered. Even
when anion metathesis between chloride and one of the
hexafluorophosphate from CBPQT** could be possible, it
did not affect solubility of System 1, nor the envisioned
purpose for chloride anion.

System 1 was stable for hours, showing no change in the
NMR spectrum. However, as soon as p-chloroaniline was
added to this system, the imine-amine exchange began
(Figure 7a).”"! Such exchange is markedly shifted towards
the formation of Im-OMe-Tren (Figure S46). Nevertheless,
any minute amount of free alkyl amine generated, is able to
react irreversibly with 2-Tz-Umb, releasing the coumarin. A
series of reversible equilibria coupled to irreversible proc-
esses, progressively funneled the mixture towards kinetically
inert structures (Figure 7a). Temporary species such as the
Tren-di-imine or the Tren-mono-imine, and even 2-hydroxy-
3-methoxybenzaldehyde (Figure S49) were generated during
the process. After 5 days (Figure 7b), System 1 had mostly
evolved into System 2: A mixture of Tren-(Tz-2);, Im-OMe-
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Figure 6. Latent irreversible intercommunication can be triggered by a stimulus. (a) System 1 shows orange fluorescence and a supramolecular
interaction with CBPQT**. (b) Addition of 4-chloroaniline triggers the intercommunication, which yields System 2, displaying blue fluorescence and
chloride affinity. (c) Association constant of Im-OMe-Tren with CBPQT** was measured by UV/Vis titration. (d) Overlapped fluorescence emission
spectra in acetonitrile of 2-Tz-Umb and umbelliferone. (e) Visual change of the fluorescence by transformation of System 1 into System 2. (f)
Association constant of Tren-(Tz-2); with tetrabutylammonium chloride was measured by 'H NMR titration in CD,CN. (g) Previously reported
amide receptor. (h) The peak corresponding to NH—Tz in Tren-(Tz-2); shifted downfield upon addition of tetrabutylammonium chloride in CD,CN.

An and umbelliferone, besides CBPQT** and TBACI (Fig-
ure 6b).["

Regarding the latter two, their role is to provide with
supramolecular properties to both molecular systems, and
therefore, irreversible intercommunication is equally suc-
cessful with or without them (See Figure S51. In Figure 7,
they are not incorporated for visualization ease). Impor-
tantly, when they are present in the reaction mixture, the
expected supramolecular interactions occur, even in such
complex matrix (Figure S52).

The emerged System 2 showed blue fluorescence caused
by the release of umbelliferone, with a maximum of intensity
at 460 nm in acetonitrile (Figure 6d and 6e). CBPQT**
showed no relevant interactions with any of the components
of System 2: Im-OMe-Tren disappeared, generating three

Angew. Chem. Int. Ed. 2024, 63, €202406654 (6 of 10)

equivalents of an aromatic imine (Im-OMe-An). In other
words, reinforced multisite binding is no longer possible,
and as it was abovementioned, guests such as Im-OMe-An
acting individually, display very low affinity for CBPQT**
(4.9940.04 M)."”) Umbelliferone and tetrazine-based com-
pounds showed no association constant with CBPQT**
either. Additionally, from the tris(2-aminoethyl)amine
(Tren) originally constituting Im-OMe-Tren, emerged Tren-
(Tz-2);, a novel tripodal chloride receptor. Anion receptors
containing tetrazine rings have been previously described,
although always relying on an anion-n interaction with the
electron poor tetrazine ring.”**! However, in this case, we
hypothesized that NH groups attached to a tetrazine should
behave as good hydrogen bond donors, due to the electron
withdrawing effect of the aromatic ring.
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Confirming such hypothesis, the NH peak of receptor
Tren-(Tz-2); was shifted downfield almost 1.5 ppm during
the '"H NMR titration with tetrabutylammonium chloride in
CD,;CN (Figure 6h), corroborating the key role of hydrogen
bonding by the NH groups in the binding event. In fact, the
association constant with chloride ion measured in CD;CN
(10943 M) (Figure 6f), is similar to that obtained with an
analogous amide receptor by Reindhout et al. in the same
solvent (100410 M™") (Figure 6g),'*! and by Pluth et al. in
CD,ClL, (160420 M").""l Other anions, such as bromide
and iodide, displayed considerably lower association
constants,’” and PF,~ did not show affinity for Tren-(Tz-2).
According to these results, the NH-Tz group shows similar
performance than amides for anion binding. Actually, such
moiety could be quite helpful for building anion
receptors,'” not only because of the obvious synthetic
advantages of the click-like amine-tetrazine substitution, but
also because tetrazines could undergo Inverse Electron
Demand Diels Alder reactions (IEDDA) or redox proc-
esses, that could help to modulate the anion affinity.

In the end, the initial orange fluorescent system with
affinity for CBPQT**, was selectively transformed into a
blue fluorescent system that binds chloride instead, just by
adding an aniline, which triggered the irreversible intercom-
munication between dynamic processes.

Conclusion

In summary, simultaneous kinetic control over two different
dynamic libraries has been exerted by means of an
irreversible intercommunication between them. Such strat-
egy takes advantage of an irreversible reaction of specific
building blocks from both dynamic libraries. Indeed, the
reaction of alkyl amines with a dynamic library generated by
nucleophilic aromatic substitution of tetrazine with phenols
and thiols, led to kinetically inert products, the N,S-Tz
heterodimers. As a consequence, the initial mixture was
eventually funneled towards those compounds. Importantly,
the alkyl amine was part of another dynamic library based
on imine-amine exchange, and therefore both libraries are
intercommunicated by an irreversible process that competes
for such amine, causing the re-equilibration of this library
too, and accordingly, all the pools of compounds are
simultaneously affected. In the end, the initial complexity is
managed through kinetic control, resulting in a smaller set
of kinetically inert compounds, composed by building blocks
from both original libraries.

Interestingly, irreversible intercommunication can be
designed to remain latent, until the whole process is
triggered by the addition of an external agent. Indeed, we
developed a molecular system which is stable until the
application of a stimulus, that activates the communication
between the dynamic processes. In such a way, the initial
system was transformed into a completely different one, and
concomitantly, the original supramolecular and luminescent
properties were cancelled, and new ones emerged. Remark-
ably, one of the emerging properties is anion affinity, due to
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NH groups attached to the tetrazine ring, which constitutes
an unexplored moiety to build anion receptors.

The strategy reported herein represents a powerful
alternative to manage molecular complexity in order to
implement function, and it could find applicability in sensing
or in systems chemistry.
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