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Abstract

Complex dynamic systems displaying interdependency between nitroaldol and boronic ester
reactions have been demonstrated. Nitroalkane-1,3-diols, generated by the nitroaldol reaction,
were susceptible to ester formation with different boronic acids in aprotic solvents, whereas
hydrolysis of the esters occurred in the presence of water. The boronic ester formation led to
significant stabilization of the nitroaldol adducts under basic conditions. The use of
bifunctional building blocks was furthermore established, allowing for main chain nitroaldol-
boronate dynamers as well as complex network dynamers with distinct topologies. The shape
and rigidity of the resulting dynamers showed an apparent dependency on the configuration of

the boronic acids.
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Introduction

Dynamic covalent reactions enable a wide range of molecular systems and materials.[''8] For
example, the reversible nature of these bond types, akin to non-covalent supramolecular
interactions, leads to different self-assembly-, self-healing-, and self-replication-processes, as
well as stimuli-responsive materials for a variety of applications.l'!"31) Systems based on
dynamic covalent bonds can furthermore be applied to chemical oscillation, and lead to
complex behavior, switching modes, or out-of-equilibrium regimes.*>*% Moreover, the
unique chemistries of reversible chemical bonds enable transfer, inhibition, or emergence of
systemic properties, typically based on multiple dynamic processes operating in conjunction.
[41-44] Tn this regard, dynamic covalent polymers (dynamers) are gaining a lot of attention due
to their many features, such as self-assembly/self-organization, adaptive/responsive functions,
and emergent properties.!'!345%1 This is perhaps especially the case in biomedical
applications and materials with functions inspired by biological systems. For example,
dynamers mimicking natural biopolymers can be applied to replicate the complexity of
natural systems through the exploitation of bonds that are dynamic under ambient conditions.
[50,51]

A prevailing challenge with reversible covalent systems is the establishment of multiple,
yet individually controllable, dynamics. Such dynamic reactions, operating either
independently or in synchrony, rapidly enhance the complexities of the systems and can lead
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to increased control and unique emergent properties.>!*3234 At the macromolecular level,
examples of such systems are rare, however enabling the generation of intricate structures of
different topology.l**>>%! By controlling the connectivities of building blocks in multiple
dimensions, the constitution and overall topology of the resulting entities can be varied with
high precision through self-assembly of the components.

This challenge has been addressed in the present study where such complex dynamic
systems have been established and applied to dynamer formation. In complement to the
dynamic nitroaldol (Henry) reaction, for example applied to dynamer formation,!*¥) reversible
boronic ester formation was chosen for the systems. The high chemoselectivity of boronic
acids towards diols makes them attractive for a variety of structures, such as macrocycles and
Cages.[12,23,57762]

In this work, we demonstrate a match between boronates and the nitroalkanol
functionalities generated through the nitroaldol reaction. The two processes could operate
simultaneously under the same conditions, where the boronic ester formation and the
nitroaldol reaction complemented each other. This led to a double dynamic process in which
the second dynamic reaction is sequentially dependent on the first, while, at the same time,
the properties of the first process are altered by the second. The dynamic boronic ester process
could thus change the properties of the underlying nitroaldol reaction, e.g., through increased
resistance to base and impedance of the reverse nitroaldol reaction. These features could
subsequently be extended to the formation and modification of nitroaldol-based dynamers,
allowing the incorporation of the two dynamic bond types into topologically distinct
dynamers.

Results and Discussion

The boronate formation was initially studied wusing phenylboronic acid a and
nitroalkanediol 1, the reversible addition product between nitromethane (N1) and pyridine-
2-carboxaldehyde (A1l; Figure 1). The reactions were followed by 'H NMR in several
solvents, displaying that the resulting boronic ester 1a was favored in all tested aprotic
solvents, whereas methanol and water disfavored the formation. The "B NMR spectrum of
the reaction between compounds 1 and a in CD;CN indicated the formation of dioxaborinane
1a together with a smaller amount of a potential oxazaborolidine by-product (Figure S28).[6
Even low degrees of water in mixed solvents resulted in low stabilization of the product and
the equilibrium in D,O0/CD;CN 10/90 changed to the side of the starting materials
(cf. Supporting Information). Acetonitrile was eventually chosen as the most universal
solvent, exhibiting high solubilities of the starting materials and the products, while resulting
in good stability of the systems over prolonged time periods.
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Figure 1: Formation of boronic ester 1a from nitroalkanediol 1 and phenylboronic acid a in different solvents
(cf. Supporting Information for corresponding NMR spectra).

Since water-rich media proved to be unfavorable for the reversible boronate process,
conditions under which both reactions could be controlled were next explored. Drawing from
previous experiences using mild base in organic solvents,[®* % the addition of NEt; (80 mM,
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2 equiv.) to acetonitrile solutions was thus evaluated for the nitroaldol dynamics, and the
compatibility of these conditions with the boronate reaction was assessed. As can be seen in
Figure 2, these conditions were suitable for the double dynamic system, however leading to
low boronate reaction rates. Equilibration could thus be initiated by the addition of base to a
solution of nitroalkanediol 1, favoring fragmentation of the diol into the mono-alcohol while
releasing one equivalent of aldehyde (Figure 2A). In contrast, when the boronic ester of the
nitroalkanediol (1a), preformed in situ, was applied, only a low degree of retro-nitroaldol
products was observed (Figure 2B) within 12 h. Similarly, the addition of phenylboronic acid
a to a pre-equilibrated mixture of compound 1 and NEt; resulted in low equilibration rates
(Figure 2C).
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Figure 2: Multidynamic system arising from two-step nitroaldol reaction and formation of boronic ester (top).
'H NMR spectra recorded at different times during base stability tests in acetonitrile (bottom): A) initial solution
of nitroalkanediol 1 and product mixture at different times after base addition; B) initial solution of boronic ester
1a and product mixture at different times after base addition; C) initial mixture of nitroalkanediol 1 after 12 h
incubation with base (1*) and at different times after introduction of boronic acid a.

A range of boronic acids was subsequently tested in order to evaluate the potential
influence of different functional groups on the boronic ester formation. As can be seen in
Figure 3, complete or near-complete conversions were obtained in all cases, regardless of
boronic acid structure.
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Figure 3: Boronic acids a-f and conversions to boronic esters 1a-1f with nitroalkanediol 1 in CD;CN.
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Having evaluated the formation of the boronate nitroalkanediol esters, the impact of the
boronate reaction on the reactivity and topology of nitroaldol dynamers was addressed. In
principle, several different dynamer topologies can be be envisaged in this case, involving the
reversible formation and interplay of both the nitroaldol and the boronate species (Figure 4).
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Figure 4: Formation of nitroaldol-boronate co-dynamers of different topology: A) mainchain co-dynamer from
ditopic nitroalkanediol 2 and ditopic boronic acids p or m; B) modified (graft-on) co-dynamer 3a from polytopic
dynamer 3 and monotopic boronic acid a; C) network nitroaldol-boronate co-dynamers 3p or 3m from polytopic
dynamer 3 and ditopic boronic acids p or m. A2 = pyridine-2,6-dicarboxaldehyde, N2 = 2-nitroethanol, p = 1,4-
phenylenediboronic acid; m = 1,3-phenylenediboronic acid.

A range of building blocks of each type was evaluated for the co-dynamer formation
studies. Thus, compounds with one, two, or multiple reacting groups were selected, including
ditopic species with different geometries. For the nitroaldol products, ditopic bis-
nitroalkanediol 2, produced from pyridine-2,6-dicarboxaldehyde (A2) and 2-nitroethanol
(N2), and polytopic dynamer 3 (poly(A2-N1)),! produced from aldehyde A2 and
nitromethane (N1), were chosen. These nitroaldol species contain two or multiple 1,3-diol
functionalities in a linear arrangement, thereby leading to main chain dynamers. Monotopic
boronic acid a, and ditopic species p (l,4-phenylenediboronic acid) and m (1,3-
phenylenediboronic acid) were furthermore included, where the ditopic entities displayed
linear and bent configuration, respectively. These structures were combined in stoichiometric
amounts, enabling the formation of hybrid nitroaldol-boronate co-dynamers of different
topology and molecular weight (Figure 4).
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Figure 5: Relative molecular weights of combinations of nitroalkanediols and boronic acids obtained using
DOSY NMR (cf. Supporting Information).

The combinations were evaluated by 'H DOSY NMR and the molecular weights were
estimated through comparison with reference compounds of similar composition and known
molecular weights (Figure 5). The estimated average molecular weights of the main chain
alternating nitroaldol-boronate co-dynamers 2p (poly(N2-A2-N2-co-p)), and 2m (poly((N2-
A2-N2-co-m)), formed from bivalent building blocks of both classes, were of comparable
magnitude around 2800 g/mol, similar to the main chain nitroaldol dynamer 3 (poly(A2-N1)).
Although the geometry of the chains would be influenced by the arrangement of the
functional groups on the boronate benzene ring, this effect did not substantially affect the
degree of polymerization. However, co-dynamer 2m resulted in a slightly smaller estimated
size (2500 g/mol) compared to the more extended co-dynamer 2p (3100 g/mol).

More pronounced differences were observed in the reactions with nitroaldol dynamer 3.
When dynamer 3 was allowed to react with phenylboronic acid a, the molecular weight of co-
dynamer 3a (poly(A2-N1-mod-a)) increased from 2800 g/mol to 4600 g/mol, albeit without
any significant change in the degree of polymerization (~15). This amounts to a modified
(graft-)type topology of the co-dynamer, where the boronic acid units are grafted onto the
main chain dynamer and cage the basic nitroaldol entities. Similarly, the reactions between
nitroaldol dynamer 3 and diboronic acid building blocks m and p led to substantial increases
in molecular weight, in these cases associated with noticeable aggregation as expected from
the crosslinking nature of the reactions. The NMR signals broadened significantly and the
analysis of the average molecular weight of the aggregates resulted in larger errors.
Nevertheless, the diffusion coefficient of co-dynamer 3m (net-poly(A2-N1-v-m), My,
5900 g/mol) decreased more than the coefficient of co-dynamer 3p (net-poly(A2-N1-v-p), My,
4700 g/mol). Since the reactivities of the diboronic acids are comparable, as seen from the
results with bis-nitroalkanediol 2, this is most likely an effect of the different crosslinking
modes of the two diboronic acids. The more bent geometry of diboronic acid m in comparison
to that of boronic acid p could thus result in a higher degree of crosslinking (interchain
crosslinking or folding), or from lower mono-saturation of the reactive nitroaldol dynamer
sites (graft-type topology).

The reactions of dynamer 3 with phenylboronic acids a, p, and m were also evaluated by
"B NMR and FTIR spectroscopy. Although phenylboronic acid derivative 3a and boronic
acid a displayed largely coincidental chemical shifts in the "B NMR spectra, significant
changes were revealed in the FTIR spectra (Figure S34). The major asymmetric B-O stretch
thus shifted from 1333 cm™ in compound a to 1304 cm™ in modified polymer 3a, consistent
with boronic ester formation.[®”-%%] On the other hand, the ''B NMR results of the diboronic
acid-based combinations were more clear. The spectrum of network polymer 3p showed a
new peak at 12.5 ppm, corresponding to boronate formation, along with a remaining boronic
acid signal at 27.9 ppm (Figures S30-S31). In addition, the FTIR spectrum displayed a shift of
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the asymmetric B-O stretch from 1335 cm™ in compound p to 1296 cm™! in structure 3p
(Figure S35). The "B NMR and FTIR spectra of combination 3m followed a pattern similar
to that of structure 3p (Figures S32-S33, S36). These results underscore the dynamic
formation of the boronic esters between the dynamer and the three boronic acids.

Conclusions

In summary, dynamic systems based on the combination of the nitroaldol reaction and boronic
ester formation have been demonstrated. The esters were thus formed from the
nitroalkanediols generated by the nitroaldol reaction in the presence of different boronic acids.
The reversible boronic ester formation proved to be favored in most aprotic solvents, whereas
hydrolysis was dominant in water-rich media. Both reactions were mutually dependent on
each other; nitroalkanediol formation being a prerequisite for boronic ester establishment, and
the esters significantly stabilizing the nitroaldol adducts under basic conditions. The systems
were furthermore extended to topologically distinct nitroaldol-boronate-dynamers. In these
cases, the formation of the esters was dependent on the configuration of the boronic acids,
apparently influencing the shape and rigidity of the resulting dynamers.

These results show the potential of these systems to enable enhanced stimuli-responsive
systems, operating under the influence of either, or both, reaction type. For example, the
construction of logic AND-gates can be envisaged, in which the overall assembly would be
activated only if the conditions for both reactions were met, i.e. by requiring boronate
exchange and the presence of a base. In principle, this effect could also be applied to
controlled delivery/release systems. Furthermore, a range of polymeric entities with different
topologies can be produced. The system thus enables the grafting to and
labeling/functionalization of nitroaldol dynamers, formation of main-chain dynamers
involving both reaction types, crosslinking of nitroaldol dynamer chains, establishment of
folded geometries, etc. Selective chain cleavage, functionalization by biomimetic hydrogen-
bonding substituents and extension to stimuli-responsive systems and nanomaterials for
biomedical applications are thus under further investigation.
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