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Abstract

Through a dynamic polymerization and self-sorting process, a range of lowellane macrocycles
have been efficiently generated in nitroaldol systems composed of aromatic dialdehydes and
aliphatic or aromatic dinitroalkanes. All identified macrocycles show a composition of two
repeating units, resulting in tetra-β-nitroalcohols of different structures. The effects of
building block structure on the macrocyclization process have been demonstrated, and the
influence from the solvent has been explored. In general, the formation of the lowellanes were
amplified in response to phase-change effects, although solution-phase structures were in
some cases favored.

Introduction

Macrocycles are ubiquitous in nature and are vital to living organisms, such as macrocyclic
peptides in cells and porphyrin structures in chlorophyll, hemes and vitamin B12.1–3 With
cyclic structures of twelve or more atoms, macrocycles experience a restricted conformational
space, while exhibiting rich functionalities.4,5 Therefore, macrocycles have been in the focus
of scientific research, especially in supramolecular chemistry and medicinal chemistry, for
many decades.4,6–8 Occasionally inspired by nature, a large variety of macrocycles have been
synthesized, such as crown ethers,9–13, cyclodextrins,14–18 pillararenes,19–23 cucurbiturils,24–28

calixarenes,29–33 and molecular cages.34–38 Furthermore, macrocycles are part of rotaxanes and
catenanes,39–46 and are often used as components in molecular machines.47,48 Due to their large
cavities and rich binding sites, macrocycles are excellent scaffolds for noncovalent
interactions, and have thus been extensively studied in supramolecular chemistry.6,49

Moreover, many pharmaceuticals, naturally occurring or synthetic, have incorporated large
cyclic structures, which makes macrocycles one of the key interests in drug discovery.5,7,8

Therefore, it is of great importance to expand the collection of macrocycles and explore their
potential applications.

Conventionally, macrocycle preparation often requires a judicious design of the synthesis
route, although templates can be used to assist the cyclization through noncovalent
interactions.4,49–51 However, with the more recent upsurge in dynamic covalent chemistry
applied to polymers, the spontaneous transition from dynamic covalent polymers (dynamers)
to macrocycles under thermodynamic control has been observed in many systems,52–54 such as
imine and hydrazone formation/exchange,55,56 alkene and alkyne metatheses,35,57,58 disulfide
formation/exchange,59–61, amide formation,62 and the nitroaldol reaction.63 In principle,
macrocycles can be designed and synthesized by selecting a specific set of monomers and
controlling the reaction conditions in a dynamerization system. Self-sorting and error-c-
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orrection effects may assist in the formation of specific cyclic structures without human
intervention, provided that the desired macrocycles are thermodynamically favored.52–54 This
dynamic macrocyclization offers a new approach to constructing macrocycles with relative
ease, compared to traditional methods, and can further promote the discovery of new
applications of macrocyclic systems.

In our previous work, we described the first transformation of linear dynamers to
macrocycles in a nitroaldol reaction system.63 The resulting tetra-β-nitroalcohol macrocycles,
or lowellanes, were formed through depolymerization of longer dynamer chains, providing a
clear example of a ring-chain-type polymerization process. The resulting lowellane
macrocycles have unique properties that make them interesting for further development and
application, potentially also for biomedical purposes.64 Therefore, it is of importance to
expand the scope and explore the nature of this type of nitroaldol macrocyclization processes.
Hence, in this study, a range of new nitroaldol dynamerization systems, potentially able to
produce macrocycles, were investigated. The reactions of three aromatic dialdehydes with
eleven dinitro-compounds (aliphatic and aromatic) were explored, where several new
macrocyclic species were isolated and identified.

Results and Discussion

In our previous study, we demonstrated the dynamic polymerization and macrocyclization of
2,6-pyridinedicarboxaldehyde (A1) with α,ω-dinitroalkanes (N1).63 To expand the macrocycle
scope, dialdehyde A1 and two other aromatic dialdehydes, 2,5-furandicarboxaldehyde (A2)
and 1,10-phenanthroline-2,9-dicarbaldehyde (A3), were chosen as dialdehyde building blocks
due to their electrophilic nature, which promotes the efficient formation of nitroaldol adducts.
For the dinitroalkane blocks, eight aliphatic dinitroalkanes, including 1,3-dinitropropane
(N1a), 1,4-dinitrobutane (N1b), 1,5-dinitropentane (N1c), 1,6-dinitrohexane (N1d), 1,7-
dinitroheptane (N1e), 1,8-dinitrooctane (N1f), 1,9-dinitrononane (N1g), and 1,10-
dinitrodecane (N1h) as well as their aromatic analogs, i.e., 1,2-bis(nitromethyl)benzene
(N2o), 1,4-bis(nitromethyl)benzene (N2p) and 1,3-bis(nitromethyl)benzene (N2m), were
employed in the reactions. In addition, several polar organic solvents (acetonitrile, DMSO,
methanol) were explored to evaluate the solubility effects, while triethylamine was generally
used as the catalyst due to its high efficiency in the nitroaldol reaction.63,65,66 Thus, the
nitroaldol systems consisting of combinations of these building blocks interacting under
different conditions were explored (Figure 1).
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Figure 1: a) Building blocks used in this study; b) general scheme of nitroaldol
macrocyclization.

The combination of dialdehyde A1 and different dinitroalkanes (N1a–N1h) yielded several
lowellane macrocycles in acetonitrile.63 Therefore, by replacing the aliphatic dinitroalkanes
with their aromatic analogs, the reactions between compound A1 and the
bis(dinitromethyl)benzenes (N2o, N2m, N2p) in acetonitrile were first carried out. Clear
solutions were initially formed in all reactions, but a large amount of precipitate started to
form in the solution of the reaction between dialdehyde A1 and bis(nitromethyl)benzene N2p
within 20 minutes after the base was added. ¹H-NMR analysis of the precipitate exhibited
features of an aromatic β-nitroalcohol without any peaks corresponding to the protons from
the aldehyde or nitromethyl groups (Figure 2c), indicating a full conversion of the starting
materials. By consequence, the product structure should have a cyclic structure in order to
satisfy the NMR results, and MS analysis also revealed that the compound had a molecular
weight of the exact sum of two A1 and two N2p moieties (Figure S21). Hence, the product
from the reaction between dialdehyde A1 and bis(nitromethyl)benzene N2p was a tetra-β-
nitroalcohol consisting of two repeating units (M1, Figure 2a), which thus added a new
member to the lowellane family.63 In addition, 1D NOE analysis of lowellane M1 revealed a
nuclear Overhauser effect between the pyridine protons (b-H) and the protons on the benzene
moiety (c-H) (Figure 2b), indicating that the two aromatic rings were in relatively close
proximity, and that the macrocycle would have a comparatively compact structure.

Figure 2: a) Structure; b) 1D NOE NMR spectrum (Excitation: 6.8 ppm); c) ¹H-NMR
spectrum, of lowellane M1 (400 MHz, DMSO-d6).

However, the reactions involving dialdehyde A1 and bis(nitromethyl)benzenes N2o or
N2m did not yield any precipitates and ¹H-NMR spectroscopy showed broad but not smooth
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peaks, indicating a lack of extensive polymerization (Figure S1). This could be caused by the
fact that the para-disubstituted bis(nitromethyl)benzene would lead to a less strained
geometry, in the formation of macrocycles with 2,6-pyridinedicarboxaldehyde, than the
corresponding ortho- or meta-substituted dinitroalkanes.

2,5-furandicarboxaldehyde (A2) was then applied in the reactions with the eight α,ω-
dinitroalkanes (N1a–N1h) in acetonitrile. After 24 h, ¹H-NMR analysis revealed that a
considerable amount of aldehyde groups and nitroalkanes were still present in the solutions
(Figure S2), indicating less prominent oligomerization. This could be reflective of the weaker
electron-withdrawing ability of furan compared to the pyridine ring, which then leads to the
lower reactivity of dialdehyde A2 compared to compound A1 in the nitroaldol reaction.67

However, somewhat surprisingly, solids started to precipitate out from five of the eight
solutions after 3-7 days. The precipitates were collected and analyzed, and the results revealed
the formation of five new lowellanes (M2-M6, Figure 3, Figure S22–Figure S36). This
demonstrates that even without efficient polymerization, the systems were able to generate
macrocycles, possibly driven by the limited solubility of these macrocycles in acetonitrile,
which worked as a stimulus to induce the formation of these cyclic molecules.68

Figure 3: Macrocycles M2–M6 formed in the reactions between dialdehyde A2 and
dinitroalkanes N1b–N1f in acetonitrile.

To promote the polymerization in the A2/N1 system and explore the effects of the solvents,
acetonitrile was replaced by DMSO due to the higher solubility of the nitroaldol adducts,
which would repress the precipitation-driven depolymerization. Stable solutions were formed
in all reactions, except that precipitation still occurred in the reaction between dialdehyde A2
and dinitrobutane (N1b). Characterization results of the precipitate revealed that it was
composed of macrocycle M2 (Figure S37–Figure S39), which could be caused by its low
solubility even in DMSO. Upon closer examination, it was found that, although lowellane M2
obtained from two different solvents had the same molecular weight, their ¹H-NMR spectra
showed peaks at the same chemical shifts but of different intensities (Figure 4). Since
lowellane M2 has eight chiral centers, these results indicate a different distribution of
stereoisomers, which could be reflective of the different macrocyclization environments.
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Figure 4: ¹H-NMR spectra of lowellane M2 from acetonitrile (blue) and DMSO (yellow) (400
MHz, DMSO-d6).

In contrast, the combination of dialdehyde A2 and dinitropropane (N1a) did not produce
macrocycles or polymers due to stability issues of the formed nitroalcohols.63,65 However,
broad peaks were exhibited in the ¹H-NMR spectra of the solutions of dialdehyde A2 and
dinitroalkanes N1c–N1h (Figure S3), indicating a more pronounced polymerization process
than the corresponding reactions in acetonitrile. Gel permeation chromatography (GPC)
showed that oligomer peaks were only detected in the reactions involving longer
dinitroalkanes N1d–N1h, and the number average molecular weights Mn ranged from 2200–
3500 and the degrees of polymerization varied from 7 to 10 (Table 1). These results
demonstrate that the systems undergo good oligomerization but less macrocyclization due to
the high solubility of those macrocycles in DMSO. Without precipitation as the driving force,
the dynamer-macrocycle transition was in these cases hampered.

Table 1: GPC data of oligomers in the reactions of A2 and N1 in DMSO.

Reaction Mn (g/mol) Mw (g/mol) Mz (g/mol) Đ DP
A2/N1d 2200 2400 2500 1.1 7
A2/N1e 2400 2600 2800 1.1 8
A2/N1f 2800 3300 4000 1.2 9
A2/N1g 3000 3600 4300 1.2 9
A2/N1h 3500 4300 5100 1.2 10

Đ: polydispersity index; DP: degree of polymerization

Interestingly, the product from the solution of dialdehyde A2 and 1,5-dinitropentane (N1c) in
DMSO showed no polymer peaks by GPC, but was later identified to be macrocycle M3
(Figure S40–Figure S42). This indicates that macrocycles can be formed to a high degree in
the reaction even without precipitation, and that this structure was thermodynamically favored
in the system.

Figure 5: Structure of lowellane M7.
In light of the efficient macrocyclization of dialdehyde A1 and the para-disubstituted

aromatic structure N2p, the reaction between compounds A2 and N2p in acetonitrile was next
investigated. As expected, a yellow precipitate, falling out from the solution after 24 h, was
revealed to be lowellane M7 (Figure 5, Figure S43–Figure S45). The similarity between M1
and M7 indicates that the nitroaldol macrocyclization can be designed and predicted if the
starting materials and reaction conditions are carefully selected.

To explore the macrocyclization in systems with larger aromatic moieties, 1,10-
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phenanthroline-2,9-dicarbaldehyde (A3) was chosen since it has fused pyridine rings and
similar reactivity as dialdehyde A1 in the nitroaldol reaction. However, due to the strong π–π
stacking effect of phenanthroline rings,69 dialdehyde A3 shows very low solubility in many
common solvents, thereby hampering its application. To address this challenge, a secondary
dynamic covalent reaction was adopted, and it was found that the phenanthroline aldehyde
could be sufficiently dissolved in NEt3-containing methanol through reversible hemiacetal
formation (Figure 6, Figure S5). Thus, instead of using compound A3 in its pure aldehyde
form, the hemiacetals would serve as an aldehyde reservoir for the nitroaldol reaction.

Figure 6: Hemiacetal formation in the reaction of phenanthroline dialdehyde A3 with
methanol in the presence of Et3N.

The reaction of phenanthroline dialdehyde A3 in basic methanol solution with
dinitroalkane N1d was first carried out to test whether the hemiacetal formation was
compatible with the nitroaldol reaction. Although a clear solution was initially formed,
precipitates started to form within minutes. ¹H-NMR and GPC results revealed that the
product was a nitroalcohol oligomer with an average of five repeating units (Figure S6–Figure
S7). This was assumed to be caused by the low solubility of the phenanthroline-based
nitroalcohols in methanol, leading to precipitation and insufficient time for the transformation
of the dynamers to macrocycles. To address this issue, instead of only using methanol, mixed
solvents were applied in the reactions to increase the solubility of the oligomers based on
dialdehyde A3.

Figure 7: Macrocycles formed in the reactions of A3 with N1.
In a mixture of methanol and acetonitrile, solutions of phenanthroline dialdehyde A3 with

dinitroalkanes N1a and N1b did not lead to precipitation until after several hours, and the ¹H-
NMR results showed that the solids were complex mixtures of nitroalcohols (Figure S8). On
the other hand, in the reactions with compounds N1c and N1d, solids started to appear after
24 h, and further analyses revealed that these precipitates were composed of lowellanes M8
and M9 (Figure S46–Figure S51). Moreover, lowellane M10 could also be identified in the
reaction of dialdehyde A3 with compound N1e, precipitating out from the mixed solvent of
methanol and chloroform (Figure S52–Figure S54). In contrast, the reactions between
compound A3 and dinitroalkanes N1f–N1h remained in the solution state without any
precipitation. These results demonstrate that the alkane chain length in the starting material, as
well as the solvent, play important roles in determining if macrocyclization occurs in these
nitroaldol reaction systems.
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Figure 8: Macrocycle M11 formed in the reaction between dialdehyde A3 and
bis(nitromethyl)benzene N2p.

To complete the series of combinations, the reaction between phenanthroline dialdehyde
A3 and bis(nitroaldol)benzene N2p was carried out in a mixture of methanol and acetonitrile.
As predicted, a precipitate was again isolated from the solution, and the ¹H-NMR analysis of
the product resulted in very broad signals with low resolution, indicative of strong π–π
stacking (Figure S55). MS data revealed that the compound was composed of two of each
starting material, implying formation of lowellane M11 (Figure 8). These results again
demonstrate the excellent performance of 1,4-bis(nitromethyl)benzene in the
macrocyclization with dialdehydes.

Figure 9: General structure of known lowellanes.
The previously reported lowellanes,63 and those synthesized in this study are all composed

of two of their respective repeating units. In comparison with oligomerization/polymerization,
macrocyclization is a unimolecular process that becomes favored under dilute conditions
when the concentration of monomer units is low.53,54,70 For dynamic covalent polymers, the
thermodynamics of the system also comes into play, governed by the respective equilibria of
the many connections taking place. Furthermore, due to the abundant reversible linkages in
larger dynamers, bond-breaking events happen more frequently. As a result, the degrees of
polymerization are typically low in such systems.

As shown in our previous study,63 a ring-chain-type polymerization process can take place
in nitroaldol polymerization systems, and the systems are composed of both macrocycles and
oligomers to different degrees. Although macrocycles of different size in principle can be
formed, smaller cycles form easier due to proximity effects, provided the macrocycle
structure remains unstrained, and are therefore favored in dynamer systems at
equilibrium.53,54,70 In our case, the associated phase-change of certain macrocycles play an
important role in determining the distribution of the adducts. Due to the low solubility of the
two-unit macrocycles in organic solvents, their precipitation perturbs the overall equilibria
and amplifies the selective formation of these lowellanes.

Conclusions

In summary, spontaneous and selective macrocyclization has been realized in several
nitroaldol reaction systems. Eleven new lowellane macrocycles, each composed of two
repeating units, have been identified. The effects of starting materials of different structure, as
well as different solvents and solvent combinations, have been investigated, in general leading
to efficient macrocycle formation. In most cases, precipitation-driven depolymerization and
formation of the resulting lowellane macrocycles were observed, although thermodynamically
favored macrocycles were also formed in solution in some cases. These results demonstrate
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the high dynamicity of the nitroaldol reaction and the feasibility and propensity of such
systems to lead to specific, new macrocycles of predicted structure. This work provides a new
approach to building discrete cyclic structures and the resulting nitroalcohol macrocycles
composed of aromatic moieties have the potential to be applied in the construction of intricate
molecular architectures and exploring supramolecular interactions. Furthermore, the
intriguing properties of lowellanes and their derivatives augurs for various applications in
chemistry and related areas.
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