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Abstract 

Nature tends to inspire research in chemistry. Systems that emerge from 

molecules interacting via reaction networks is something that life has mastered 

over the course of evolution in order to produce complexity. Dynamic reactions 

are key in systems chemistry, where reaction networks give rise to complex, 

emergent behavior. This thesis aims to harness a special feature of selected 

dynamic reaction systems – responsiveness.   

The first chapter of this thesis introduces dynamic covalent chemistry and a 

general approach to create simple reaction networks by connecting dynamic 

covalent reactions. Concepts in systems chemistry are introduced in terms of 

network topology, responsiveness and non-equilibrium processes, while 

drawing parallels to natural systems.  

The second chapter explores the potential of the nitroaldol reaction for dynamic 

systems. Nitroaldol reactions are demonstrated for dynamic polymerization as 

well as formaldehyde-responsive breakdown of dynamic polymers. The 

simultaneous formation and breakdown of polymers create emergent non-

equilibrium behavior. Furthermore, nitroaldol produced-diols are used in 

boronate ester formation. This reactivity produces interdependence over two 

reactions. Combining nitroaldol and boronate building blocks enabled boronate 

dynamers of different topology. 

The third chapter explores metal coordination effects in dynamic reaction 

networks. Novel base-free nitroaldol reactivity is exploited in reaction networks 

with hemiacetals. A systemic response to metals is demonstrated by hemiacetal-

metal coordination. In the second half of the chapter, a biomimetic dynamic 

imine complex is shown to produce emergent, π-π-interactions resembling a 

“draw-bridge”. Variation of metal charge, effective electrostatic character of 

substituent and ligands gives control over the system and its emergent π-π-

interactions.  

Keywords: stimuli-responsiveness, dynamic covalent reactions, systems 

chemistry, constitutional dynamics, non-equilibrium systems, nitroaldol 

reaction, dynamers, reversible polymerization, boronate ester, imine ligand, 

metal coordination, self–assembly, emergent properties, network topology. 
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Sammanfattning på svenska 

 

Naturen tenderar att inspirera forskning inom kemi. System uppkommer från 

molekyler som interagerar i reaktionsnätverk, något som levande system genom 

hundratusentals år av evolution har utnyttjat för att producera ständigt växande 

komplexitet. Dynamiska reaktioner är en nyckelkomponent i systemkemi, där 

reaktionsnätverk ger upphov till komplexa, emergenta beteenden. Denna 

avhandling syftar till att utnyttja en speciell egenskap hos dynamiska 

reaktionssystem - responsivitet. 

Det första kapitlet i denna avhandling introducerar dynamisk kovalent kemi och 

en allmän metod för att skapa enkla reaktionsnätverk genom att sammankoppla 

olika dynamiska kovalenta reaktioner. Begrepp inom systemkemi introduceras 

i termer av nätverkstopologi, responsivitet och reaktionssystem långt ifrån 

jämvikt, samtidigt som paralleller dras till naturliga system. 

Det andra kapitlet undersöker potentialen för nitroaldolreaktioner för dynamiska 

system. Nitroaldol-reaktioner används här för dynamisk polymerisation såväl 

som formaldehyd-responsiv nedbrytning av dynamiska polymerer. Simultan 

bildning och nedbrytning av polymer skapar ett emergent icke-

jämviktsbeteende. Vidare används nitroaldol-producerade dioler i 

boronatesterbildning. Denna reaktivitet skapar en sammankoppling av två 

reaktioner som därmed influerar varandra. Genom att kombinera nitroaldol- och 

boronat-system öppnas möjligheterna att skapa boronatdynamerer av olika 

topologi. 

Det tredje kapitlet utforskar metallkoordinationseffekter i dynamiska 

reaktionsnätverk. Den nya basfria nitroaldolreaktionen beskriven i kapitel två 

utnyttjas här i ett reaktionsnätverk med hemiacetaler. Ett systemiskt svar på 

addition av metaller uppkommer således genom hemiacetal-metall-

koordination. Under andra hälften av kapitlet demonstreras ett naturinspirerat 

dynamiskt iminkomplex som ger emergenta π-π-interaktioner som liknar en så 

kallad ”klaff-bro”. Variation av metallernas laddning samt den effektiva 

elektrostatiska karaktären hos substitutuenterna och liganderna ger kontroll över 

systemet och dess emergenta π-π-interaktioner. 

Nyckelord: stimuli-responsivitet, dynamiska kovalenta reaktioner, systemkemi, 

konstitutionell dynamik, icke-jämviktssystem, nitroaldolreaktion, dynamerer, 

reversibel polymerisation, boronester, iminligand, metallkoordination, själv-

organisation, emergenta egenskaper, nätverkstopologi. 
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1.  
Introduction 

“Life appears to us to be a dynamical process. There is no 

evolution of individuals. Evolution is a property of 

populations.” 

Manfred Eigen 

Living nature is often a source of inspiration for research in chemistry. The 

evolutionary process creates distinct solutions to unique problems for synthetic 

chemistry to draw from. Discovery of bioactive molecules, catalysts and 

materials is quite often rooted in their analogues found in living systems, such 

as natural products, enzymes and biomaterials exhibiting specialized and 

explicit properties and functions. Living organisms are capable to adapt to their 

environment through diversification and selection which are the two key steps 

in obtaining such new features (Figure 1).1  

 

Figure 1. A. Evolution is often attributed to living systems, however it can originate at 
a chemical level. It can be understood as a repetitive two-step process involving 
diversification and selection.  B. Protease2 – a peptide sequence that catalyzes the 
cleavage of peptide bonds C. Hammerhead ribozyme3 – a ribonucleic acid sequence 
catalyzing the reversible cleavage of phosphodiester bonds of ribonucleic acids.4  

On a chemical level, the strategy for accessing complexity has been shown with 

a simple calculation already by Emil Fischer that 20 different amino acids may 

form 2.3·1018 different sequences in a 20-mer peptide.5 Normally catalysts such 

as enzymes require significant physical material to be assembled and, even 

though can be incredibly selective, are quite bulky by artificial synthetic 
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catalysis standards. However such practice can infact be chemically economical. 

The requirement to construct an enzyme is, in principal, the formation of one 

type of bond, in this case an amide bond. Remarkably, a peptide sequence made 

by a controlled arduous repetition of this reaction gives a unique sequence that 

acts, for instance, as a protease (Figure 1 B) which in fact catalyzes the reverse 

process – the hydrolysis of those same peptide bonds it is made of. Surprisingly 

it is not the only possible sequence to have the capacity do so. Organisms 

following different paths of evolution can arrive at the same solution via 

different means, in this case with completely different peptide sequences having 

identical active sites.6 Peptides are not the only case and in fact discoveries of 

ribozymes – ribonucleic acid (RNA) sequences that can also act as catalysts for 

RNA formation and cleavage, had a profound impact, since RNA is known to 

also act as storage of genetic information in some forms of life. There is 

speculation in how life on earth came to be, but this discovery gave rise to a 

popular theory of the RNA world7 which suggests that molecules capable of 

catalyzing their own formation and undergoing a prebiotic evolution leading to 

the first living cell could have been strands of RNA. 

In the field of chemistry, chemical systems has recently become an active area 

of research.8-9 It is now titled systems chemistry, the name for the discipline 

being inspired by systems biology.10 Due to the ability to generate function as 

opposed to properties, systems are able to give rise to responsiveness, 

adaptation and emergence through their chemical connectivity network. One of 

the most important foundations in generation of both natural and artificial 

systems are dynamic, reversible processes.8  

1.1 Dynamic chemistry 

Historically, the development of sophisticated analytical tools allowed for 

observing interactions of molecules and led to understanding of supramolecular 

chemistry – chemistry beyond the molecule. Subsequently, dynamic covalent 

chemistry, using dynamic covalent bonds, and constitutional dynamic networks 

(or dynamic systems) emerged which can be seen as subsets of supramolecular 

chemistry. All reversible interactions of matter serve as the basis for self-

assembly, self-organization, responsiveness, feedback and adaptation on a 

chemical level.11 The idea that supramolecular chemistry is in essence dynamic 

chemistry, let to the exploration of new types of dynamics and gave rise to 

dynamic constitutional chemistry, where dynamic covalent interactions are used 

to generate libraries of compounds, also called dynamic covalent systems.12 

These were then used to produce the process of selection via a number of ways. 

In essence this mimics the single step of evolution, where first diversity is 

created and the fittest molecule is selected out.13  
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Figure 2. Dynamic covalent chemistry deals with reversible reactions. It can be used 
as a cyclic process model. Furthermore a dynamic reaction is the simplest cyclic 
reaction from a network connectivity standpoint.14 

Reversible reactions are quite unique since they are not static. It is a continuous 

two-way process of making and breaking which can reach thermodynamic 

equilibrium when these two opposing processes occur at equal rates. Re-

cyclability15 not only appears to play an important role but is infact quite central 

in nature. In terms of network topology, a reversible chemical reaction is the 

simplest topologically-cyclic reaction. For this reason, dynamic covalent 

chemistry could be envisioned as a tool for studying cyclic processes (Figure 

2).16 Conveniently, spectroscopic methods developed for studying individual 

molecules can be directly applied to study molecules in mixtures where they are 

interacting reversibly.16 The interactions can thus be quantified by parameters 

such as rates and equilibrium distributions. 

 Reversibility  

Reversibility can be achieved by different means. In a reversible chemical 

reaction, typically the dissociation and formation of the bond follows the same 

minimum energy path over the activation barrier.17 The forward and reverse 

reactions are then determined by the relative energy barriers in the opposing 

directions. Subsequently the overall equilibrium distribution is determined by 

the relative thermodynamic stability of starting material and product. However 

several irreversible reactions in a network can form a subset cyclic reaction 

network (Figure 3).  

 

Figure 3. Microscopic (left) and (right) weak reversibility.18 Weak reversibility can 
occur over multiple steps, which can be reversible. Such larger cyclic processes are 
often an isolated subcomponent, while standalone macroscopic reversibility is a topic 
in non-equilibrium thermodynamics.19  

Microscopic reversibility can be seen as the simplest case of a cyclic reaction. 

Cyclic reactions do not have a fundamental limit in how many chemical species 
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are in a cycle, but large cycles have some disfavored constraints in nature. On 

the other hand, many transition states appear crucial and can be identified in 

certain reactions. A cycle in such case can be somewhat less ambiguous than an 

individual reaction arrow or intermediate molecular species in terms of numeric 

countability. In living systems, reversibility is often in control and cyclic 

reactions are created under non-equilibrium conditions, consuming energy to 

drive reactions while enabling the reuse of building blocks through processes 

such as selective catalytic cleavage. 

 Self-organization 

Reversibility is a prerequisite for self-organization such as self-assembly or self-

sorting.20 This means that any type of assembly has to be reversible to avoid 

kinetically trapped states.21 In living systems, lipid-membranes or formation of 

double helices through multiple combined interactions are prime examples that 

require microscopic reversibility to reach a global organized state.22   

 

Figure 4. Dynamic process is prerequisite of self-assembly, self-sorting and self-
organization which allows for emergence of structures from relatively simple building 
blocks.20-22 

In artificial systems, reversibility has been used to generate dynamic libraries of 

small molecules, form dynamic polymers and template the formation of 

macrocycles (Figure 4). Furthermore, highly ordered shape persistent structures 

such as molecular cages and frameworks can be created, using dynamic covalent 

bonds.  Here, metal coordination is often used to direct the geometry. This 

strategy is based on coordination numbers and coordination sphere geometry 

with designed synthetic or self-assembling ligands.23 

 Dynamic non-covalent interactions 

Non-covalent interactions are important in nature. The commonly encountered 

types can be loosely grouped into electrostatic, π-effects, van der Waals forces 

and solvophobic forces. In organisms this is used for instance in assembly and 

stabilization of higher order structure of proteins, exploiting different amino acid 

side chains to produce complementary ion pairing. On the other hand repulsive 
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effects are also important and often a net negative charge is common to prevent 

aggregation of large macromolecules. The hydrophobic effect is primary driving 

force between fatty acid chains, enabling the self-assembly of vesicles and 

membranes.  

 

Figure 5. Important examples of non-covalent interactions. a. Ion pairing, observed in 
peptides helps to stabilize tertiary structure. b. Stabilizing Interactions between π-
systems. c. Hydrogen bonding in a guanine and cytosine base pair.  

Hydrogen bonding is crucial in DNA and RNA (Figure 5c), where it acts both 

for complementary base pair recognition as well as stabilization of the double 

helix structure in DNA – typically DNA having more guanine and cytosi. 

Furthermore, aromatic interactions (Figure 5b) between the base pairs act to 

further minimize the energy of the macroscopic structure in DNA, RNA and in 

some cases protein. The multivalence effect – multiple repeating interactions 

extended over space, serves to substantially stabilize the structures while 

maintaining the reversibility for any dismount or disassembly required for 

biological processes.17, 24 

 Dynamic covalent reactions 

Dynamic covalent reactions, as the name implies, reversibly form bonds that are 

covalent.25 The selection of most common dynamic bonds can be classified in 

several ways, but in general, they can be loosely classified into reversible 

formation and constituent exchange (Figure 6). 

 

Figure 6. General types of dynamic covalent reactions. Reversible formation and 
constitutional exchange often act together in multi-constituent systems.   

Any bond that can form reversibly can, in principal, undergo constituent 

exchange under the same reaction conditions, if additional reactants are present 

in the system. Further classification of formation can be according to functional 
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groups into homo/cross-coupling reactions and exchange can be further 

separated from metathesis. Additionally, isomerizations and transsymmetric 

reactions are an important class of reactions occurring on the same molecule.26 

Classification by dynamic bond into carbon-carbon, carbon-heteroatom and 

heteroatom-heteroatom is commonplace.  Interestingly, the characterization by 

reaction type is less common.27 For instance addition and condensation reactions 

differ since in case of addition, reactions are self-contained, while condensation 

reactions, that form an additional small molecule product, such as water, require 

it for the reverse reaction (Figure 7). 

 

Figure 7. Commonly encountered representative examples of dynamic covalent 
reactions.28-29   

Thus condensation reactions, such as ester or imine formations, could in-fact be 

seen as a special case of exchange since two molecules are formed from two 

initial molecules. Due to different mechanism of formation, the choice between 

exchange, condensation and addition can be an important factor for material 

design.27  

 Other processes 

There are a variety of physical phenomena that can occur together with dynamic 

reactions. For instance crystallization,30 evaporation,31  bidirectional interface 

crossing,32 phase change,33 as well as energy exchange are physical processes 

that sometimes are inseparable from, and often are crucial in chemical changes 

of molecules and materials.34 
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1.2 Systems chemistry 

Traditionally and especially in organic chemistry, challenges revolve around 

making synthetic molecules or materials. However chemical systems have 

become a topic of active research over the past few decades.35 The interplay 

between chemical species in systems gives rise to chemical reaction networks 

in which molecules can be made, broken up, replicated, repaired and recycled 

enabling a new level of complexity. Systemic functions such as responsiveness, 

use of chemical fuel and transient formation are gradually becoming not just 

interesting properties, but a part of the actual toolbox for developing novel smart 

materials, in biomedical applications,36 energy and origin of life studies.8 

Emergence, by definition, is a property of systems and is not attributable to 

individual building blocks. The difference to the traditional chemical design 

approach is that systems are studied and engineered for function rather than 

properties, where structure can arise not just from atomic architecture but rather 

chemical reaction connectivity itself. Dynamic networks can be created by 

stacking robust dynamics exhibiting processes or components into a single 

multidynamic system.28  Not unlike nature, artificial systems can be created to 

operate out-of-equilibrium, consuming energy or fuel to transiently create or 

even maintain the system in certain non-equilibrium states, form dissipative 

structures or give rise to phenomena such as chemical oscillations.  

 Topology of reaction networks 

Chemical systems are not simply explained by the chemistry of the constituents. 

Networks understood in terms of their topology which can be represented by a 

network graph.37 In graph theory, a directed graph (or digraph) is a graph that 

is made up of a set of vertices or nodes connected by edges. When edges have a 

direction associated with them, they can also be called arrows (Figure 8).  

 

Figure 8. Examples of network connectivity represented by directed graphs: a. 
Directed graph containing two cycles and an exit node (sink); b. Complete graph K5, 
where all nodes are directly connected to each other. C. a tree graph with a branching 
factor of 2.38 Well connected networks exhibit robustness, while the presence of a 
cycle is a requisite for a chemical system to be self-maintaining.14 

Chemical reactions, even in traditional synthetic schemes are already typically 

represented by molecules which correspond to nodes in a digraph and 
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transformations of them are represented by arrows. Connectivity still arises 

guided by chemical principles, but the resulting network can be interpreted by 

the nature or degree of connectivity of the components. There are several levels 

of complexity in analyzing the network connectivity:  relational, stoichiometric 

and kinetic.39 Different limitations are present for each level. For design 

implications in stimuli-responsive systems the relational approach can often be 

sufficient, while for instance modeling kinetics of complex biochemical 

reactions is computationally demanding. Representative network constituents, 

such as the arrows and the nodes, the degree of node connectivity, hierarchy, the 

number of cyclic processes14 of different degrees,15 can all be counted and 

assigned to the system in order to classify it for general comparison to other 

systems. The mathematical representation can not only be used for comparison 

but it also maintains the potential for distinguishing new, emergent processes in 

complex mixtures.  

1.3 Dynamic-kinetic coupled systems 

When an irreversible process such as a kinetic reaction is coupled to a dynamic 

process, it gives rise to new phenomena with broad classification scope. Some 

common examples include switch-on dynamics,40 kinetic selection (resolution) 

and a case of catalysis (Figure 9).41 

 

Figure 9. Dynamic reaction coupled to a unidirectional reaction gives rise to several 
phenomenon. Left - switch on-dynamics; middle - selection, also known as dynamic 
kinetic resolution (DKR); right – catalysis.42 Usually catalytic cycles have varying 
number of nodes that represent different intermediate species.  

When dynamic kinetic resolution is employed in stereoselective synthesis,43 a 

stereoselective reaction in tandem with racemization allows for chiral resolution 

yielding up to 100% theoretical conversion. In contrast, resolving a racemic 

mixture by other means is limited, in theory, to yields of no more than 50%. 

Unidirectional processes can be of physical nature and systems where reaction-

diffusion is coupled can yield emergent systemic properties.44 In graph theory 

and especially flow networks, the nodes that have associated arrows pointing 

only toward them, are sometimes called exit nodes or sinks. A system possessing 

at least a single such node is draining, meaning that it will be resolved over time 

and will not persist without addition of new starting or intermediate material as 

represented in Figure 9 middle and right illustrations, making it non-equilibrium 

system. 
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1.4 Multi-dynamic covalent systems 

Comparing multi-dynamic systems against one another is not straightforward. 

However, the number of dynamic processes, that a multicomponent system 

contains, is a good indication of the nature of its connectivity.14 There are 

substantial differences in terms of network topology of such systems arising 

from the use of orthogonal or non-orthogonal processes. In a chemical sense, 

reactions are orthogonal when they can occur without interfering, while non-

orthogonal reactions do interfere. There is some variation in definitions in case 

of dynamic covalent systems, one being that  orthogonality is achieved when a 

single reaction is occurring at a given time,45 while another approach describes 

simultaneous reactions taking place independently on different functional 

groups.46 In general, both approaches have inherent utility, for instance allowing 

for superior level of control over assembly of functional materials in the first 

case and accessing more simultaneous diversity in the second.  

On the other hand non-orthogonality can be utilized as well, especially in 

designing responsive molecular systems, since interdependence of reactions 

allows to form network connectivity, in turn enabling to transfer chemical 

reactivity, such as in a dynamic signaling cascade.47-48  

Overall, multiple reactions can occur between both the different building blocks 

as well as the different functional groups on the same building block. This allows 

coupling different dynamic reactions and processes into a single dynamic 

system for creating simple molecular networks. An important case of such 

networks is dynamic covalent polymerization. The uniqueness of dynamic 

polymerization systems is the absence of a predetermined reaction network size. 

1.5 Dynamic covalent polymers  

Dynamic covalent polymers are usually categorized by main chain dynamics 

(Figure 10 a, b) and side chain dynamics (Figure 10 c).49-51 Linear dynamic 

covalent polymers can be formed from a single self-complementary bifunctional 

building block.  

 

Figure 10. Common types of dynamic polymers:11, 49-51 a. From a self-complementary 
monomer; b. From two complementary bifunctional monomers; c. Side chain dynamic 
polymer.  
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A directional dynamer forms when two functional groups are cross-coupled in 

self-complementary building blocks. This is also the most common case of 

polymerization in nature – for example peptides have the amino or carboxy 

terminals on the linear polymers. If a homo-coupling bifunctional molecule is 

used, there is no directionality in the resulting dynamer. Similarly, two homo-

bifunctional building blocks cross couple to give a non-directional or alternating 

directional dynamer, analogous to a synthetic co-polymer. Corresponding 

examples of dynamer systems are presented in Figure 11. 

 

Figure 11. a. Cyclic and open chain polydisulfide;52 b. Hydrazone dynamic co-
polymer;53 c. Polylactic acid (PLA) is a reversible ester formation product and a linear 
directional polymer;5 d. Polyvinyl alcohol dynamic side chain esterification with borate, 
producing crosslinking after the second addition.54 

Furthermore, macrocylization55-58 is a common process, especially if the 

dynamer is formed via ring opening that occurs through an exchange mechanism 

such as disulfide exchange between the same-type cyclic building blocks 

(Figure 11 a).  Macrocyclization can occur with linear and directional molecules 

(Figure 11 c) and can hinder the determination of molecular weight from 

conversions.5 This holds true to directional and co-polymers.5, 11, 36, 49-51, 59-64 

Macrocyclic products can sometimes become kinetically trapped and therefore 

undesired.65 Having control over the topology of macromolecules can thus be 

an advantage in dynamic systems. Crosslinking66-69 (Figure 11 d) and 

branching,70-71 occur when there is a possibility for more than bifunctional 

reactivity. By extension - frameworks72 are essentially dynamic polymerization 
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in three dimensions with a requisite of building block functionality being greater 

than two. Also, fixed dimension nano-objects, such as micelles,73-74 can form by 

dynamic polyfunctional reactivity - in this case the morphology and geometry 

assist and dictate the outcome into reproducible sized nano-objects. Side chain 

dynamics occurs when the side groups of a polymer with a static backbone is 

reacting to form dynamic bonds (Figure 10 c, d). In essence this is a case for 

polyfunctional reactivity rather than dynamic polymerization however it is an 

important case of dynamers due to the unique features this difference allows. In 

addition, the side chain dynamic feature can be used to express or create 

multivalency to self-assemble materials that have a fixed and predetermined 

number of dynamic bonds.59 There are important differences in dynamic 

reaction networks where dynamic polymerization can occur. Typically the 

reaction network topology for dynamer formation is not described in detail, 

however qualitative analysis of the reaction network connectivity, as well as the 

knowledge of the mathematical expressions for growth of the particular 

dynamer reaction networks can give insights into operating and controlling 

dynamic systems where the different types of dynamic polymerizations occur.  

 Terminal node-dynamic oligomerization 

A linearly propagating dynamic system network is created when dynamic 

oligomerizations occur from a single bifunctional building block, which adds 

and cleaves only at the terminus. It could be seen as a version of coupling or 

stacking of non-orthogonal dynamic reactions rather than network 

multiplication (Figure 12).   

  

Figure 12. Terminal node-dynamic oligomerization scheme. Any given node exhibits 
only stepwise reversible formation. A close example of this system is a directional 
thioester75   

A case of n-dynamic, or terminal node-dynamic oligomerization network can be 

attributed to the formation of biomolecules. For instance template-directed 

nucleic acid synthesis has the stepwise growth reaction occurring at the 

terminus, while the reverse stepwise process is achieved by an endonuclease, 

which cleaves the terminal building blocks one at a time. A synthetic biomimetic 
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biodynamer was recently reported,75 where growth and cleavage were shown to 

occur through the terminus. Scrambling was also shown to occur if nucleophilic 

thiol groups are presented in larger numbers, and thus dynamics can be mixed 

and condition dependent rather than terminal node-type. In terms of network 

connectivity, a complete dynamic system with nmax of four units would have four 

species and the number of first degree dynamic processes for the entire system 

(or the first degree dynamics order) would be equal to three. In a general case, 

the first degree dynamic order of the system would be N-1. Furthermore, all 

nodes except for the neighboring ones are weakly connected and the degree of 

separation between any two nodes is proportional to the distance between those 

two nodes. 

 Hyper-dynamic oligomerization 

A hyper-dynamic oligomerization system can form from single self- 

complementary bifunctional monomer. The forming chain can be broken at any 

point to form a smaller building block of any lesser size, and in opposite 

direction - any building blocks of two sizes can fuse to form a dynamer equal to 

the combined size (Figure 13). This is a more commonly encountered artificial 

dynamer than n-dynamic type. In terms of network topology, the dynamic 

system has every point connected to every other point in both directions (Figure 

13), making each node microscopically reversible with every other node in the 

system. 

  

Figure 13. Hyper-dynamic oligomerization. Each node is accessible from any other 
one by one single step (blue and gray arrows). In topological terms this system forms 
n-complete76 graph set (Kn). Polyester formation from lactic acid is an example of such 
a system.5 

This dynamic polymerization system exhibits much greater connectivity than n-

dynamic. In fact, it is completely connected in terms of network topology 

forming a Kn graph set. Size nmax = 4 creates a system exhibiting six first-order 

dynamic processes and in a general case system of n sized molecules would have 

N(N-1)/2 first order dynamic processes. It is worthwhile noting that “mixed” 

dynamics are also possible in systems. For example, the templated synthesis of 
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nucleic acids occurs stepwise and when coupled with a rapid endonuclease 

scission of the main chain, would give a stepwise growth process together with 

a “hyper-” reverse process. On the opposite note, if a peptide chain stepwise 

growth is coupled with an exo-peptidase, which cleaves dipeptide fragments 

from the terminus, it would give a hypo-dynamic system: mixed system with 

dynamic order lower than n-dynamic. 

 Dynamic co-polymer analogues 

Copolymers are much more prevalent in artificial chemistry. The terminal-

dynamic co-polymer system forms in a reversible cross-coupling reaction of two 

complementary homo-bifunctional components that react in a stepwise fashion, 

similarly to earlier terminal node-dynamic case (Figure 14 blue arrows). In the 

general case first-order dynamics of the system is 2·(N-1), which is twice the 

size as for a single building block terminal-dynamic system. Similarly to the 

hyper-dynamic oligomerization, a dynamic co-polymer formation also exhibits 

a type of hyper-connectivity, but with the addition of the emergence of 

macroscopic reversibility (Figure 14 blue and gray arrows). In contrast to the 

hyper-dynamic oligomerization case, this system is not completely connected, 

and the symmetric building blocks of type BAB and ABA are not directly 

connected by a reaction. 

 

Figure 14. Hyper-dynamic co-oligomerization scheme of two complementary 
bifunctional building blocks. The complementary nodes ABA and BAB, representing 
symmetric molecules, are weakly connected to each other. An example of this system 
is hydrazone dynamer formation by reversible condensation of dhihydrazide and 
dialdehyde building blocks.53 

The hyper-dynamic oligomerization system has first order dynamics of N(N-1). 

It also exhibits weak reversibility through formation of nodes ABA and BAB 

which are not directly connected.  For these nodes to interconvert it takes at least 

two reactions. Example of such a system is a hydrazone formation (Figure 14 

right). 
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 Side chain-dynamic polymers 

Side chain dynamics is a case often attributable to dynamers.  In reality, 

reversible reaction of a polymer with monofunctional building blocks, creates a 

dynamic system of fixed size, predetermined by the static length of the main 

chain (Figure 15). Thus such systems generate networks attributable to 

polyfunctional building blocks and the dynamics of the system is not a function 

as in earlier cases, but rather a network of fixed size. This is solely dictated by 

the length, or more precisely, by the number of functional side groups present 

on the backbone. Side chain dynamic 3-functional building block with a 

directional backbone, has a fixed dynamic network consisting of eight nodes and 

an order of 12 according to first-degree dynamics (Figure 15). 

 

 

Figure 15. Reaction network of a side chain-dynamic tri-functional building block with 
a complementary mono-functional molecule. This type of network is of fixed size, 
depending on the number of functional groups on the starting polymer. An example 
system is the side group dynamics of chitosan.77 

Such type of dynamic networks are created, for instance, in an artificial 

template-directed synthesis, where building blocks are dynamically assembled 

on a chain. The subsequent step is often a covalent derivatization to form a static 

complementary strand in artificial systems.78-80 On the other hand, 

multifunctional compound dynamic systems give better defined network 

topology81 because of having defined valency in comparison to a potential size 

distribution in case of static oligomers and polymers. As mentioned, the system 

does not exhibit growth and has a finite dynamic order predetermined by the 

main chain length. The backbone symmetry is also important, for example when 

the backbone is non-directional, a tri-functional building block with all 

functionalities being equivalent results in three stepwise consecutive reactions 
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in comparison to twelve reversible reactions with eight nodes, as is the case in 

Figure 15. 

 Biomacromolecules and biodynamers 

As mentioned earlier, nature exploits a strategy that allows for great diversity 

and complexity to arise economically from a chemical synthesis sense: 5- 

nucleobases to a phosphodiester backbone, and 20 amino acids connected 

through an amide bond is most of what it takes to make large macromolecules 

with a variety of functions. The varying nature of eukaryotic genome82 coupled 

with transposable elements83 and mutation rates which are progressively 

increasing while going downward in size84 could indeed serve the conceptual 

idea that although molecules such as proteins,85 prions,86 DNA and RNA are not 

“dynamers” in current understanding, they could indeed be considered as 

dynamic (Figure 16). In the more general sense, the ability to reverse the same 

reactions on demand allows to recycle the initial building blocks after the 

macromolecule has served its purpose. 

 

Figure 16. Reversible cleavage of RNA87 catalyzed by ribozymes4 and acid-catalyzed 
depurination.24 

Mutations – a type of natural constitutional dynamics, allows for diversification 

of a genome.88 The diversity of a genome that can be generated is extremely 

large,6 but not necessarily infinite as the hypothetical network topologies might 

imply. Extremes are encountered to natural molecules. For instance one of the 

largest known peptides is Titin, reaching up to 30k amino acids in length,24  

while arguably, the largest known genome of 670 giga-base pairs (Gb) belongs 

to Polychaos dubium.82 The smallest genome for a living cell is a target of active 

field of research named the minimum genome project. Currently, the record 

holder is a synthetic organism named syn3.0 with a completely synthetic 

genome of 531 kb.89 Viruses can have as little as 250–400 nucleotides for plant 

Viroids, which are essentially plain RNA strands exploiting insects as vectors 
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for spreading as well as all the replication machinery from their hosts. 

“Spiegelman’s monster” was a result of experimental replication of a phage 

under error prone conditions.90 It is a strand of RNA that gradually evolved and 

exhibited fast replication - a strand of RNA with 218 base pairs. This is an 

interesting Drakes law illustration, where larger genomes are observed to have 

lower mutation rates.84 From a network topology standpoint, there is little 

difference between a network populated by dynamic covalent polymerization 

and a stationary population of quasispecies obtained by error prone replication.6 

Extrapolating Drakes law downward to molecules such as oligomers, high 

mutation rate91 perhaps would appear like dynamic constitutional chemistry.92 

In such case, going the opposite way and progressively stabilizing88 a dynamic 

oligomerization process could serve as a key to adaptive chemistry and 

subsequent bottom-up directed chemical evolution93 where the most persistent 

constitutional preference information of the system is gradually inscribed in a 

sequence by diminishing dynamics.94 Such an approach has potential for 

investigating the information entropy threshold by artificial means. In a recent 

by Otto group, a self-replicator molecule emerged from a dynamic covalent 

system. At its core, it had dynamic covalent disulfide bonds and was able to 

undergo diverisifcation.95 Artificial macromolecules, such as peptide nucleic 

acids, chemically modified DNA sequences as well as synthetic amino acid 

analogues bearing peptides, have been a target of applied and fundamental 

research.96 A novel strategy in systems chemistry is biodynamers – acting as 

artificial macromolecules capable of self-assembly and mimicking nucleic 

acids, proteins and polysaccharides (Figure 17).  
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Figure 17. Examples of biodynamers. a. Linear directional thioester;75 b. peptoid;34 
Side group dynamics of chitosan.77 

The goals of studying such dynamic systems and networks include development 

of templated synthesis and assembly,78-80, 97 creating artificial self-replication as 

well as understanding cooperative behavior and interactions between 

macromolecules,93, 98 with one of the ultimate goals being the elucidation of the 

origins of life. A variety of strategies are employed,99 varying from 

thermodynamically and kinetically controlled systems to exploiting non-

equilibrium conditions.100 

1.6 Stimuli-responsiveness of dynamic covalent systems 

Stimuli-responsiveness plays a vital role in life. The ability to respond to the 

environment and its changes is essential for survival of living organisms. For 

instance, vernalization is the ability of a plant to respond to prolonged cold. This 

allows to trigger flowering after winter hibernation.101  Phototaxis is light-

triggered change of directionality of an organism observed in plants and 

bacteria.102 In artificial chemical systems, dynamic covalent reactions have 

inherent stimuli-responsiveness associated to them (Figure 18).  
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Figure 18. Possible strategies of harnessing inherent stimuli-responsiveness of 
dynamic covalent systems. Each dynamic covalent reaction has unique chemistry that 
can give rise to responsiveness to unique chemical stimuli.36, 49, 53, 62, 74, 103-108 

Artificial chemical systems allow for novel materials that can change their 

physical or chemical nature with an externally introduced trigger. This research 

is gaining traction in biomedical applications such as controlled drug release, as 

well as manufacturing novel “smart” materials capable of changing shape or 

consistency.103 Furthermore, chemical signaling cascades allow for signal 

mediation in sensing applications. For example signal auto-amplification can 

give further increase in responsiveness, providing greater design possibilities.109-

111 

 Physical 

The control over a dynamic system by physical means is sought after, since it 

makes it easy to control such systems by external manipulation (Figure 19).  
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Figure 19. Selected illustrative examples of redox,36 light112 and thermo-
responsiveness113 of dynamic covalent bonds as well as the type of systemic 
perturtbation 

For example the ability to electrochemically reduce and oxidize back to a 

disulfide bond allowed for creation of a system, in which upon reduction, a 

dynamic association of thiolate with CO2 to form a thiocarbonate occurs. This 

is reversed upon oxidation of the thiolate back to the disulfide allowing to 

control CO2 capture and release by the flip of a switch.40 Another example is 

diselenide exchange triggered upon introduction of a light source.112 

Incorporation of such bonds into polymer structures allows for molecular weight 

change through generation of block copolymers upon dynamic exchange of 

different size building blocks. Size control can also be achieved via temperature 

controlled dynamic oligomerization of hydrazones.113 Growth of the dynamer is 

triggered by heat while chain braking occurs upon cooling the system. 

 Chemical 

Chemical control of the direction of existing dynamic systems is usually based 

on inherent chemical properties of functional groups present in the building 

blocks, or functional groups appearing in the product after formation of dynamic 

bonds (Figure 20). In the most general case, introducing a new direction for the 

system always changes the previous equilibria of the initial system.  
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Figure 20. Chemical responsiveness of selected dynamic bonds: a. change in pH,114 
b. Metal coordination115 c. Competition with monofunctional building block116 d. Kinetic 
selection of a constituent,117 cat. = chiral catalyst. 

The native properties of the dynamic reaction can be useful in designing systems 

with desired responses. For instance imine formation is inherently responsive to 

pH (Figure 20 a), and allows for fine-tuning either building blocks or the actual 

pH of the system in order to control the overall equilibrium.  In some sense, the 

protonated amine can be considered as a new equilibrium product in a dynamic 

imine equilibrium, and the control of this new competing equilibrium can 

determine the ratio of free (protonated) amine and imine product.114 Several 

different responsive materials have been designed based on the inherent pH 

responsiveness of imines.104, 118-119 Alternatively, a new equilibrium process can 

be introduced to the system, resulting in amplification of a component in the 

dynamic mixture. For example metal coordination can induce amplification of 

hemiacetal molecule (Figure 20 b). Additional equilibria can change material 

properties such as in the case of imine coordination hydrogel. In a particular 

example,116 a competing monofunctional building block served to dissociate 

crosslinking of a diamine in a hydrogel which changed the overall mechanical 

properties of the gel from shape persistent to flowing. Nitroaldol reactions have 

proved as useful synthetic reactions, and their prochiral nature can be further 

utilized in case of dynamic kinetic resolution.  In a common example, one of the 

reversibly forming beta-nitroalcohol diastereomers is captured by 

stereoselective acylation by an enzyme (Figure 20 d). Interestingly, nitroaldol 

reactions appear to be somewhat underrepresented in dynamic systems and 

materials. 

 Physicochemical 

In some instances, a physical signal can be transformed into a chemical and vice 

versa (Figure 21). Materials capable of such function can be useful in chemical 
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systems since, they allow for mediating between physical and chemical 

processes and can provide the systems a much broader applicability scope. 

 

Figure 21. Reversible light triggered isomerization and cyclisation of a photoacid by 
light releases a proton (top).120 Switch on fluorescence upon reversible formation of 
boronate ester with a diol is pursued in sugar sensing applications (bottom).121  

Pairing a chemical mediator to a dynamic system can allow to change a physical 

effect into a chemical one. This enables chemical-responsive systems to be 

triggered by physical stimuli, as was shown by combining self-assembly of a 

clatrotetrachelate cage with a photoacidic mediator in a system in which the 

generated acid triggered the disassembly of the cage. Since the acidity of the 

photoacid disappears when light is discontinued, the cage is able to re-assemble 

in the dark.120 On the opposite end, fluorescence is significantly milder effect 

and is useful for sensing applications. An ortho-aminomethylphenylboronic acid 

with an N-substituted fluorescent label showed an increase in fluorescence upon 

formation of a boronic ester. The mechanism of fluorescence increase appears 

to have been elusive.  It was recently clarified to be a “loose bolt effect” where 

fluorescence is quenched by O–H bond vibrations, capable of accepting the 

excitation energy. Quenching is diminished by boronate ester formation 

resulting in increased fluorescence.121  

 Stimuli-responsiveness effects in multi-dynamic systems 

Similarly to a simple dynamic equilibrium, in a multi-dynamic system, all the 

components are connected, thus perturbation of one component or concentration 

perturbs the entire system. An important implication of this is that it allows for 

transfer of chemical properties through the chemical reaction network 

connectivity. To a similar extent, changes in one equilibrium affects the 

equilibrium positions in the entire system; however, it is important to consider 
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the connectivity in designing such systems. For instance, kinetic processes have 

a strong effect on the entire system since a sink node is introduced, creating a 

unidirectional flow for the system.122 On the other hand, well-connected 

networks exhibit systemic property of robustness (Figure 22).123  

 

Figure 22. Illustrations of multi-dynamic system perturbation with introduction of 
stimuli as a new reaction pathways. a. Introduction of a new equilibrium to a well-
connected (robust) system; b. Introduction of a unidirectional process to a lesser 
connected system. 

This means that in order to get a sizeable response effect, the system requires a 

stronger signal due to ability compensate. This resistance capacity arises from 

possible alternative reaction pathways. Furthermore, kinetic effects start playing 

a role and thus slow reaction pathways can essentially be neglected in certain 

systems and have to be considered early on in design steps.44 Nevertheless 

kinetic effects can also be exploited through controlled catalyst activity giving 

temporal control over reaction rates.124 Kinetic signal amplification can be 

achieved by modular enzymatic cascade networks, which are controlled through 

strong enzyme catalyst inhibitors, where one enzyme cleaves the inhibitor of 

another.109 

1.7 Non-equilibrium systems 

When a unidirectional process such as a kinetic reaction is introduced to a 

dynamic reaction network of a system, the equilibrium capacity of the system 

disappears and the system switches into a non-equilibrium state. It will 

eventually resolve to thermodynamically stable products. In order to maintain 

the system, additional energy125 or matter in the form of fuel has to be supplied, 

together with the removal of the kinetic product to prevent buildup that would 

eventually interfere with the system. If supply and removal of the kinetic product 

in the system occurs at equal rates, the system can achieve a non-equilibrium 

steady state,126 which unlike a thermodynamic equilibrium has to be actively 

maintained (Figure 23) and can be regulated by changes in rates of the kinetic 

reactions.127 
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Figure 23. A multi-dynamic non-equilibrium system is created when linear processes 
(kinetic asymmetry), such as consumption of fuel, are introduced into a dynamic 
system.127 The dotted line indicates boundary of the system and orange arrows 
indicate addition and removal of reagents and products (waste) to and from the 
system. A non-equilibrium system is created regardless of which product is added or 
removed from the system (gray arrows). A dynamic system in the flow of energy 
promotes self-organization and moves in the opposing direction of entropy increase 
inducing dissipative-adaptation to stimuli.128 

Physical addition and removal of material (e.g. fuel) as well as energy can also 

create a system that operates outside of the equilibrium.129  If addition and 

removal rates match, the system is said to be operating at a steady state.126 This 

appears to be in close resemblance to living systems, where a steady state of an 

organism is called homeostasis. In other cases when the system is an out-of-

equilibrium state, the intermediate product formation is temporal and is said to 

be transient. An overall linear kinetic process in which fuel or energy is 

consumed, creates energy dissipation through the system.130 An interesting 

implication is that in a multi-dynamic system (Figure 23) there is no inherent 

difference which intermediate is supplied and which is removed - the system 

would maintain the non-equilibrium condition regardless as long as the kinetic 

asymmetry condition is maintained. Non-equilibrium systems allow for 

dissipative self-assembly127, 131-133 and polymerization,126, 129 chemical-

oscilators,134-135 materials130, 136-137 and systems with  tunable lifetime,138 

machineries that can operate as well as drive the system out-of-equilibrium.125, 

139-141 Furthermore,  natural closeness of non-equilibrium systems to living 

systems which are operating far-from-equilibrium, allows to elucidate and 

eventually borrow function such as adaptation, self-replication and autonomy 

from nature.142   

1.8 The aim of this thesis 

The aim of this thesis is to expand the scope of coupling non-orthogonal 

processes by investigating dynamic reactions that are underrepresented in 

chemical systems. Broadly, the strategic approach explored is based on pairing 

non-orthogonal combinations of dynamic covalent reactions to create simple 
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chemical networks, with the aim of exploiting, transferring, mediating and 

altering the different stimuli-responsive properties of select dynamic covalent 

bonds. The first chapter introduced dynamic covalent reactions as a tool to 

generate dynamic systems. Drawing parallels to systems found in nature, 

strategies for applications in artificial systems and materials were described. 

In the second chapter, nitroaldol reactions under neutral aqueous conditions are 

studied. A dynamic copolymer based on nitroaldol reaction is made using 

nitromethane as a bifunctional building block. This dynamer is further 

investigated for its responsive properties, as well as transient out-of-equilibrium 

formation modes. Furthermore, the dynamic nitroaldol systems are extended to 

include an interdependent boronate formation. This shows to have an inhibitory 

effect to the rates of nitroaldol reaction in both directions, stabilizing the system 

against degradation by action of base. By coupling nitroaldol building blocks 

with boronate formation, a number of dynamers with different topologies can be 

produced, including side chain and main chain-dynamic type as well as 

crosslinking. 

In the third chapter – metal coordination coupling to dynamic systems is 

investigated. Firstly, nitroaldol building blocks, exhibiting catalysis-free 

reactivity are studied for systems using metal coordination. It is demonstrated 

that in a nitroaldol-hemiacetal coupled system, metal coordination to hemiacetal 

species downregulates the nitroaldol reaction, through network connectivity. 

This new-found reactivity is also extended to nitroaldol dynamers, which form 

spontaneously upon dissolution of building blocks and their size being initial 

concentration dependent. Furthermore, downregulation of the dynamer size is 

demonstrated by metal coordination. Lastly, in a nature-inspired coordination 

system, emergent π-π-interactions are demonstrated in bis-meridional 

complexes with zinc and gallium. The π-π-interaction is shown to be induced by 

metal coordination, while number of π-bridges was controlled by changing 

opposing ligand as well as metal charge in the coordination complex, allowing 

for future extensions to redox-responsive systems. 
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2.  
Nitroaldol-coupled dynamic systems 

(Papers I, IV) 

 

“An investigator starts research in a new field with faith, 

a foggy idea, and a few wild experiments. Eventually the 

interplay of negative and positive results guides the work. 

By the time the research is completed, he or she knows 

how it should have been started and conducted“ 

Donald J. Cram 

2.1 Introduction 

Dynamic covalent reactions enable a large scope of chemical systems34, 50, 79, 100, 

124, 143-145 and materials.55, 60, 74, 107, 146-147 Currently, this covers self-

assembling,108 self-healing,51, 148 stimuli-responsive56, 75, 106-107, 149 materials for a 

variety of applications. Furthermore chemical reversibility in multi-dynamic 

systems allows to explore complex behavior.109, 150-151 Systems have been design 

to create self-replicators,93, 152 chemical oscillators153 and out-of-equilibrium 

operation,139, 154 which can introduce functions such as tunable lifetime into 

materials.138 Often a single dynamic covalent bond can be the basis for 

emergence of function in a system, with each type of bond enabling a whole 

domain of unique complexity and function attributable to its chemistry.45, 139, 147, 

155-162 At a bare minimum, it allows for responsiveness to molecules, bearing 

functional groups that are homologues to ones making the dynamic covalent 

bond, i.e. an imine bond can be broken by exchange with both aldehydes and 

amines. The unique chemistries of dynamic covalent reactions enable transfer, 

inhibition or emergence of new systemic properties through reaction pathways 

connected into networks.44, 163 Thus, it makes it an advantageous strategy to 

integrate different dynamic covalent bonds into systems and explore new 

systemic effects. 

Due to its stereogenic nature, simultaneous nitro- and hydroxyl-functionality 

introduction and a reversible C-C bond, the nitroaldol (Henry) reaction is quite 

unique amongst a limited number of available dynamic covalent reactions that 

are commonly used.12, 28-29, 36, 49-50, 55, 62, 103, 105, 164-166 Nevertheless nitroaldol 

reaction appears to be underrepresented in systems chemistry. It is essentially a 

self-contained addition reaction and does not require the product to react with 

additional molecules to reverse the bond formation, contrasting to condensation 
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reactions such as imine formation. Therefore, dynamic covalent systems enable 

research into stimuli responsiveness and adaptation with the intent of addressing 

important challenges in chemistry, biology and materials sciences.166-170 Water 

is an especially attractive media for tackling these challenges. Furthermore, it 

can serve as the prerequisite for dynamic exchange required for self-assembly,21 

and in the most direct case - dynamic oligomerization. Dynamic covalent 

polymers bear inherent responsive nature which makes them well-suited for a 

variety of applications including drug delivery as well as creating smart, 

cyclable materials capable of self-assembly or self-healing.51, 145, 147, 165, 171 

Recently, the complex behavior between oligomers having complementary 

functionalities that allow multivalency effect-driven assembly of unnatural 

peptide strands have been demonstrated.60, 79, 145 Dynamic supramolecular and 

covalent polymers are gaining a lot of attention, especially in terms of bio-

inspired functions.98, 130 For example the ability to introduce multiple 

exchanging functionalities to a macromolecule with as little as one type of 

dynamic bond50, 75  is an approach that closely resembles the strategy living of 

systems. While reversibility of certain chemical bonds, such as amides,132 

typically requires continuous chemical energy input, biodynamers are a good 

example of a workaround approach for trying to replicate the complexity of 

natural systems using bonds that are dynamic at ambient conditions.172 Even 

though the toolbox of dynamic covalent chemistry is gradually expanding,45, 161, 

173 a handful of bonds maintain popularity for specific types of applications. For 

instance, boronic acids are excellent in terms of chemo-selectivity towards diols 

and thus have continuously been investigated for recognition,174-176 as well as 

formation of various structures, e.g. macrocycles177 and cages.146 Due to their 

utility in synthesis, a variety of boronic acid building blocks are commercially 

available, making boronate chemistry attractive for creating and evaluating 

dynamic systems.106, 178 Evolution, which is suggested to emerge at a chemical 

level,179 can be seen as a two-step process, requiring diversification and 

selection. Polymeric macromolecules are excellent in this regard, since only 

several initial building blocks enable exponential number of different 

configurations. Similarly to natural oligomers,75, 180 hypothetical binary 

dynamer systems, where a single unit/bond introduces two configurations, 

provides access to over 215 possible configurations of unique sequence dynamic 

molecules, with as little as 17 repeating units. If stereoconfiguration is ever to 

be used for diversification, the nitroaldol reaction is one of the few C–C bond 

forming dynamic covalent reactions, combined with the introduction of β-

nitroalcohol functionalities which can be achieved in potentially excellent 

stereochemical purity and in high yields.181-186  
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2.2 Aqueous nitroaldol systems  

The nitroaldol reaction has been studied for synthetic applications in water-rich 

solutions to some extent. Reports include the use of different catalysts,187-190 

while stereoselectivity can be greatly enhanced in some examples by coupling 

with lipase-mediated resolution processes.117, 191-193 The reaction has not been 

explored for dynamic chemistry in aqueous media however, other than in our 

preliminary studies.194 To our knowledge the formation of dynamic covalent 

polymers (dynamers) or frameworks have not been shown earlier as well. 

Non-equilibrium systems chemistry has seen a lot of progress in recent years.8, 

93, 126, 131-132, 137-139, 153-154, 195-199 It enables new function in chemical systems, as 

for example transient self-assembly. Non-equilibrium systems are classified by 

the nature of formation and dissipation. Sorrenti et al129 suggested that when a 

state of a system requires fuel or mass exchange with environment to maintain 

that state, it is a non-equilibrium state. Furthermore - a transiently forming 

structure in such system is dissipative. Kinetic asymmetry was proposed to be  

prerequisite for a  system to be non-equilibrium,127 meaning that fuel is used to 

drive the system into a less thermodynamically favored state.200 A large interest 

remains in non-equilibrium oligomerization due to the direct relevance to 

biological systems,7, 93, 132, 136, 198, 201-203 which tend to naturally exploit 

oligomeric species. A non-equilibrium state that exists by means of consumption 

of energy/fuel is transient (short-lived) if the energy/fuel is limited. Artificially 

maintaining a steady, out-of-equilibrium state for prolonged time is not trivial 

and can require elaborate experimental set up.126  

 pH influence on reaction rates 

 

 

Figure 24. Water soluble building blocks pyridine-2-carboxaldehyde 1 and 
nitroethanol 2 were employed to make a model dynamic nitroaldol system in aqueous 
buffer.  

With the aim of achieving dynamic nitroaldol oligomerization in aqueous media, 

we employed two model systems for the elucidation of essential reaction 

parameters. First, reaction rate and pD dependence was established in the initial 

model system study of 2-nitroethanol 1 and pyridine-2-carboxaldehyde 2 
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(Figure 24). Several different pD values in 0.4 M phosphate buffered aqueous 

solutions were used.  

 

Figure 25. Model nitroaldol reaction of 1 and 2 at different pD values. 

Formation of nitroaldol product 3 (Figure 24) was rapid in all cases with a lower 

comparative rate at pD 6.0. Equilibrium constants were estimated to be >500 M-

1, indicating greater thermodynamic stability of the product vs. the starting 

materials. The hydrated aldehyde species appeared at a relatively constant level 

throughout the reaction. At pD = 7.4, the forward rate was 2.9 M-1 min-1 and χ50 

(50% reaction advancement degree/equilibration degree)204-205 was reached in 

approximately 6 min. This rate is greater than some other reversible covalent 

reactions under similar conditions, e.g. hydrazone/oxime formation,206 as well 

as more rapid than reported in earlier nitroaldol reaction studies in organic 

solvents.117, 192   

 di-Henry dynamic systems 

For the subsequent studies with nitromethane, pD 7.4 was selected as the optimal 

pD, having excellent equilibration rate while displaying good systemic stability 

over prolonged period of time. In comparison to the reactivity of 2-nitroethanol, 

nitromethane 4 can react twice, acting as a bifunctional molecule. This leads to 

multiple simultaneous equilibria (Figure 26). For this reason, equilibration was 

studied from both the substrate- as well as the intermediate/product directions, 

initiating the dynamic system from compounds 1 and 4, intermediate 5, or 

product 6 (Figure 26). 
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Figure 26. Nitromethane 4 reacting as a bifunctional molecule with pyridine-2-
carboxaldehye 1. 

The buffer was proposed to be the catalyst acting as a general base. The 

concentration of the buffer was decreased to increase accuracy by decreasing 

the rate and minimizing formation of the trace amounts of the deprotonated 

product species that were observed in the system. The deprotonated species 

decreased to negligible amounts upon decreasing the buffer concentration from 

0.4 M to 0.1 M. Observation of both of the species simultaneously can likely be 

attributable to the nitroalkane anomaly.207-208  

   

Figure 27. Different possible diastereomers of 6, and their corresponding 1H NMR 
signals as observed in the dynamic system after equilibration and H-D exchange. 

A hydrogen-bonded six-membered transition state with a water molecule has 

been proposed to induce syn-stereoselectivity in aqueous media.187 This 

preference would suggest that the syn,syn-producing reaction could have the 

faster formation rate, but the subsequent isomerization between the meso-

isomers is likely to be rapid as well, thus the basis for the faster formation is not 

sufficient to establish the absolute configuration in the present case even though 

one of the meso-diastereomers appears dominant at equilibrium (Figure 27, 

Figure 28).  
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Figure 28. Conversions at equilibrium in different starting scenarios: 1 and 4 (1:1 and 
2:1 ratio), 5 and 6 . Gray bar indicates fraction of aldehyde 1, blue bar indicates 
fraction of mono-Henry product 5, orange bar indicates di-Henry product 6. 
Conversion is calculated according to aldehyde functional groups. Maximum 
conversion to mono-Henry product in case of starting with  a 2:1 ratio of 1 and 4 as 
well as 6 is 50%.  

The different systems (Figure 28) were monitored by 1H NMR. Distributions 

appeared to be similar between the complementary pairs of experiments. (Figure 

26, Figure 28). The equimolar 1 and 4 dynamic system resulted in a higher 

amount of nitroaldol product (K1: 4500 M-1) compared to the result with 2-

nitroethanol (K: 1020 M-1). This effect is creditable to the nitromethane having 

lower steric hindrance in comparison to the secondary nitrocompound 2. It is 

interesting to note that one meso-isomer of product 6 dominated in aqueous 

media, while the corresponding non-meso compound formed exclusively in 

organic solvent.  The non-meso diastereomers are in fact a racemic pair (Figure 

27). 

 Nitroaldol dynamer 

The reaction between building blocks 7 and 4 was then addressed to establish 

dynamic polymerization (Figure 29). Reaction was followed by 1H NMR under 

neutral aqueous conditions, resulting in significantly broadened peaks. This 

hindered the determination of the extent of the reaction. However at and above 

40 mM of initial concentrations, precipitation of the polymeric adduct gradually 

occurred and the formed dynamer 8 could be isolated by filtration. 

0

20

40

60

80

100

1/4
(1:1)

5 1/4
(2:1)

6

C
o

n
v

e
rs

io
n

, 
%



   31 

 

Figure 29. Formation of nitroaldol dynamer under neutral aqueous conditions based 
on the bifuntional reactivity of nitromethane 4 and pyridine-2,6-dialdehyde 7.  

Since precipitation occurs due to a threshold in molecular weight formation, 

dynamer formation could be easily upscaled without affecting the average size 

distribution. Significant quantities of dynamer 8 could therefore be obtained for 

further characterization and analysis. MALDI-TOF mass spectrometry showed 

peaks up to 3 kDa in weight, with the major peaks being 196 Da apart, 

corresponding to a repeating single unit of dialdehyde/nitromethane adduct. 

Some minor peaks appearing at the same frequency are attributable to the 

different possible combinations of terminal groups, such as aldehyde/hemiacetal 

or nitroalcohol. The highest observed signals corresponded to approximately 15 

repeating units at around 3 kDa. Additional lower-weight signals could be 

attributed to multiple ionizations and fragmentation in the ion trap. Diffusion 

NMR (DOSY) experiments in THF-d8 were used to additionally estimate the 

molecular weight by correlating molecular weight to diffusion constant.  When 

used with a reference of known mass, the correlation is expressed as Dsol/Dref = 

(Mref/Msol)1/3 where Dsol is the diffusion constant for the dynamer and Dref in this 

case is the diffusion constant recorded for dimer 6 as an external reference under 

the same conditions (Figure 30).209 The diffusion constant of the oligomer 

corresponded to approximately 3.3 kDa representing an oligomerization degree 

of ca. 17 repeating units, as obtained from the signal decay fitting. The diffusion 

constant is calculated for spherical species according to the equation. The 

variation of the diffusion constant can therefore occur on solubilization and self-

folding for the dynamer. If larger sizes were to be investigated, these parameters 

would have to be additionally checked using different solvents.  
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Figure 30. Pseudo 2D-DOSY NMR plot for the dynamer 8 (left) and di-Henry product 
6 (right) in THF-d8. 

The stereopreference of the model system allows to anticipate similarirties in 

the multiplied configurations over the length oligomer chain. Solvent effects 

observed in model systems enable the possibility to change between the 

racemic-like and the meso-like configurations, albeit both size control and 

extent of stereopreference would have to be re-established in cases for the 

dynamer.  

 Stimuli-response studies 

When the initial building block concentrations were kept below 20 mM, no 

precipitation occurred during the equilibration. After approximately 6 h, the 

aldehyde signals decreased to 3.5% of the initial values and no further change 

was observed over several days. The mixture appeared stable and this allowed 

studying the stimuli-responsiveness of the dynamer. The inherent 

responsiveness of the nitroaldol systems to both aldehydes and nitro compounds 

was tested for perturbation or reversal of the equilibrated dynamer system 

(Figure 31).  
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Figure 31. Stimuli responsiveness of the dynamer 8 to monofunctional building blocks: 
Nitroethanol (left) and formaldehyde (right). 

Formaldehyde was chosen as the stimulus for evaluating the nature of stimuli-

responsiveness of the dynamer. Remarkably, no formaldehyde-responsive 

materials appear to have been studied, even though the molecule is of biological 

significance.210-211  

 

Figure 32. NMR spectra of formation and formaldehyde triggered breakdown of 
dynamer 8. Bottom – starting mixture of aldedhyde 7 and nitromethane 4, middle – 
dynamic polymer at equilibrium, top – dialdehyde 7 after formaldehyde-driven 
disassembly of dynamic polymer. 

The control reaction between nitromethane and formaldehyde appeared to be 

slow. However, high conversion (approximately 95%) to nitroethanol and its 

subsequent addition products (Figure 31) was reached within 8 days. Building 
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on this result, 10 equiv. of formaldehyde were introduced to an equilibrated 

system of the dynamer 8. Perturbation of the equilibrium over 4 days resulted in 

re-emergence of the dialdehyde 7 at 97% of the initial mixture (Figure 32). The 

experimental results demonstrate that recycling of dialdehyde can be achieved 

using formaldehyde. When 10 equiv. of 2-nitroethanol was introduced, a new 

equilibrium reaching 89% conversion to the dinitroaldol product was achieved 

within 4 days, and remained stable over the next 4 days. 

 Transient polymerization in non-equilibrium systems  

Differences in nitroaldol product rates and stabilities in the competing reactions 

gave an indication that an out-of-equilibrium oligomer formation could be 

achieved in a reaction network (Figure 33).  

 

Figure 33. A non-equilibrium system created when formation of oligomer is occurring 
together with formaldehyde induced breakdown.  

NMR was used to follow the progress of the system with signal broadening 

being a qualitative indicator of change of the system between high (polymeric) 

and low (monomeric) states (Figure 34). Three separate experiments were set 

up. In the first case, 1 equiv. of nitromethane, 1 equiv. of dialdehyde 7 and 10 

equiv. of formaldehyde were introduced simultaneously. This resulted in a harsh 

environment where no substantial oligomerization occurred. The nitromethane 

was substantially digested by formaldehyde before any larger oligomers could 

form. Upon subsequent repeated addition of nitromethane and formaldehyde the 

same result was observed. In the second case, 2 equiv. of nitromethane were 

used, leading to significant oligomerization. According to the model system, this 

should not have been the case in the absence of formaldehyde due to saturation 

of the dialdehyde (Figure 28). This situation is indicative of transient oligomer 

formation, where the system operates out-of-equilibrium when the produced 

waste products are inert and the building block ratio is maintained in the process. 

The behavior of the system can be seen as emergent since a transient balance is 

achieved through interplay of two processes. In the third experiment the system 

was pre-equilibrated to a higher oligomeric state with 1 equiv. of nitromethane, 

but without formaldehyde. After apparent equilibrium, an additional 1 equiv. of 

nitromethane and 10 equiv. of formaldehyde were added simultaneously. This 
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noticeably perturbed the system. However a significant delay occurred before 

the system moved toward the lower molecular weight extreme. In this case, the 

excessive nitromethane acted to protect and maintain the system at a high state.  

 

Figure 34. Qualitative investigation of non-equilibrium dynamer 8 formation under 
three different scenarios. Yellow line indicates transient “High” molecular weight state. 
A) When 1 equiv. of nitromethane 4 is introduced to a solution of 7 in presence of 
excessive formaldehyde. B) When 2 equiv. of nitromethane 4 is introduced under 
same initial conditions as A; C) When 1 equiv. of nitromethane 4 together  with 
excessive formaldehyde is introduced to a pre-formed dynamer 8 system; D) Snippets 
of 1H NMR spectra of the system at “High” and “Low” molecular weight states.  

According to classification mentioned in the introduction, the system forms the 

oligomers transiently because of the discontinuous experimental set-up, with 

nitromethane acting as fuel in the formaldehyde-rich system. Interestingly, in 

these conditions both aldehydes react fairly rapidly with free nitromethane. 

However, if the dynamer is already pre-formed, it seems to suppress the 

presence of any free nitromethane and therefore slow down the digestion 

process. In the model system (Figure 28), the formation of the competing dimer 

and monomer has kinetic “overshoots”, which can be observed for intermediate 

products. This is suggestive of a kinetic and thermodynamic disparity between 

stereoisomers. If this effect is also present in dynamer formation, this implies 

that the dissipative systemic state, which is continuously recycling the transient 

larger dynamer, could have an effect on the distribution of preferential 
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stereoconfigurations on the main chain. It could suppress the 

thermodynamically preferred stereoconfiguration, which is likely to lead to 

some meta-stable chain configurations under normal thermodynamic control. 

Furthermore, the upregulation of the kinetic effect might, in principal, allow 

access to more of the stereodiversity. This could occur by minimization of both 

kinetic and thermodynamic traps through the continuous mass reflux, enabling 

higher expression of alternative configurations on the chain. 

The difference observed by changing the starting point for the experiments 

suggests that creating a steady state for this system would require the content of 

the nitromethane to be in some excess. Reaching the steady state would likely 

require continuous addition of nitromethane, and the addition rate would be a 

function of oligomer size as well as free nitromethane/formaldehyde 

concentration ratio. Overall, the higher size-state requires lower concentrations 

of free nitromethane, which would in turn slow down the digestion of the excess, 

resulting in the protecting effect. Furthermore, depending on the desired 

molecular weight-state, the system might require prolonged reaction time to 

reach a steady state if the starting point of the system is the low initial state and 

could likely be shortened by starting from the high molecular weight state.  

2.3 Boronate-nitroaldol systems  

Building on the results on novel nitroaldol dynamers described earlier in this 

chapter, we wanted to exploit the 1,3-diol functional groups forming in the 

nitroaldol reaction with nitromethane and 2-nitroethanol in dynamic boronate 

formation. Boronate formation was first established between model substrates 1 

and a in different solvents by 1H NMR (Figure 35). As described earlier, 1 is a 

double-addition product of 2-pyridinecarboxaldehyde to nitromethane.  

 

Figure 35. Boronate ester 1-a formation from di-Henry product 1 and phenyl boronic 
acid a in different solvents. 

Boronate ester 1-a appears favored in all tested aprotic solvents, while methanol 

disfavors its formation. 10% v/v of D2O in acetonitrile reverses the equilibrium 

to starting materials. Consequently, acetonitrile was chosen as the most 

universal solvent, exhibiting good solubility of both starting materials, as well 
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as displaying reasonable stability for 1 in solution over prolonged time, being 

only slightly worse than THF-d8.  

 Coupled nitroaldol reaction and boronate ester formation 

As the aqueous conditions were unsuitable for boronate formation, we could not 

use the aqueous buffer employed in the initial study (see section 2.2.2). 

Therefore basic conditions for nitroaldol reaction were investigated using TEA 

in acetonitrile in three separate experiments (Figure 36). 

 

Figure 36. Investigation of non-orthogonal nitroaldol and boronate formation reactions 
in systems using TEA as base. A)  Equilibrium position for nitroaldol reaction, 1 + 
TEA; B) 1-a boronate with TEA; C) Nitroaldol reaction (1 + TEA, 12 h) from mixture A 
after 12 h incubation (starting point) treated with phenylboronic acid a. 

In the first case, the equilibrium direction for 1 by addition of TEA (Figure 36, 

A) was examined. It showed that the di-Henry product broke into the mono-

Henry product and an equivalent amount of aldehyde almost immediately. It is 

clear that the second step of the nitroaldol reaction is unfavored under these 

conditions. In the second case (Figure 36, B), in situ pre-formed boronate was 

treated with TEA.  Interestingly, almost no retro-nitroaldol reaction was 

observed. In the third case, addition of phenyl boronic acid a into a pre-

equilibrated mixture of 1 and TEA was checked for any influence on di-Henry 

product formation and overall equilibrium (Figure 36, C). As anticipated, some 

emergence of 1-a was gradually noticeable, albeit seemed to be slow.  Overall, 

trace signals of 1-a were observed in case C as well as aldehyde signals in case 

B, gradually appearing over the course of 12h. This shows that the equilibration 

rate of nitroaldol reaction is inhibited in both directions. Regardless of the slow 

rates, a selection of di-product is in fact observable.  This means that the new 

equilibrium introduced into the dynamic system serves to increase the 

expression of di-Henry product 1 by an observable margin. 
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 Stereopreference 

The di-Henry product of nitromethane, which is reacting as bifunctional 

molecule with pyridine-2-caboxaldehyde has three stereocenters, and in turn 

enable two meso diastereomers and a pair of diastereomers that are enantiomeric 

in regard to each other (Figure 37). During the nitroaldol reaction, as discussed 

in the earlier part of this chapter, stereochemistry is dictated by solvent effects. 

This is the determining factor for diastereomer distribution at equilibrium. In an 

aqueous system the one of the meso-diastereomers formed as a trace compound, 

while the other two diastereomers are present in near-equimolar amounts at 

equilibrium, with a slight preference for the major meso-diastereomer. Synthesis 

of the di-Henry product 1 in organic aprotic solvent exclusively yields the 

racemic diastereomer. The boronic ester of the three isolated compounds have 

different couplings on the 2-nitropropan-1,3-diol- bridge: 1-meso* is  the minor 

meso-diastereomer formed at equilibrium in aqueous media. Only a single peak 

that corresponds to overlap of 3 H signals appears after the boronate 1meso*a 

formation. The disappearance of spin-coupling strongly suggests that the two 

equivalent protons next to the hydroxyl groups are close to 90° angle with the 

proton on the nitro-substituted carbon when the boronate cycle formation locks 

the configuration. Furthermore, the other 1mesoa compound shows coupling 

between the protons on the same position. 

 

Figure 37. Stereopreferential boronate ester formation between 1 equiv. of 1 mixture 
with equal ratios of diastereomers, reacting with 0.33 equiv. of phenylboronic acid a.  

The stereopreference of different boronate formations was investigated under 

equimolar conditions for the three diastereomers of 1. (Figure 37). The dynamic 

boronate formation showed a preference for racemic boronate, followed by the 

minor meso* diastereomer, while the major meso diastereomer appears to be the 

least-favored.  
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Additional studies were done with a selection of boronic acids (Figure 38). The 

system was simplified for this stereopreference study by omitting the minor 

meso* diastereomer and only the two major diastereomers were investigated. 

For this experiment, 2D COSY NMR was employed since the boronate signals 

of the two diastereomers form either 2 or 3-spin systems. It means that formation 

of peaks belonging to symmetric 2 spin or asymmetric 3 spin systems are 

attributable to meso and racemic diastereomers accordingly, except for two 

noted cases, where in the mixed system the corresponding ratio was derived 

from free diols (Figure 38). 

 

Figure 38. Boronate esters forming from different boronic acids (a-g) and equimolar 
mixture of 1-rac and 1-meso compounds. aRatio of 1mesoa/1raca.  bRatio derived from 
unreacted starting diols. cNo reaction observed, due to limited solubility of boronic 
acid d.  

It was established, that a stereopreference of approximately a 2:1 ratio was 

common for the boronates regardless of the boronic acid used, with some 

deviations. No inversion of stereopreference was observed. Generally, 1raca 

forms preferentially, with an approximate 2:1 ratio. 

 Boronate dynamers of different topology 

In the formation of boronate ester-bearing dynamers several unique dynamer 

topologies can be envisioned (Figure 39). Combinations of mono-, bi-, and 

polyfunctional building blocks were investigated in terms of the forming 

dynamer size. DOSY NMR experiments yielded molecular weights (Figure 39 

iv) which were obtained by correlating the diffusion constants with external 

reference standards of similar compositions and known molecular weights (as 

described in chapter 2.2.3). 
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Figure 39. i. Coupling diol-bearing substrates with diboronic acids enable a boronate 
ester based-dynamers of different topology, molecular weight and properties. The Bis-
Henry product 2 produces two sets of diols for boronate formation while oligomer 3 
contains multiple reactive sites proportional to chain length ii. Schematic illustration 
of different possible topologies between bis-Henry product 2 and di-boronic acid 
building blocks p and m; iii. Schematic illustration of labeled, crosslinked or folded 
oligomer 3 arrangements by coupling to boronic acids a-m; iv. Molecular weights 
obtained from DOSY NMR experiments (see section 2.2.3). *Repeating unit mass 
calculated by taking single smallest repeating unit assuming complete diol and 
boronic acid conversion to boronate esters. 

Interestingly, comparing of the molecular weight of phenyl boronic derivative 

3-a to its corresponding nitroaldol dynamer 3 revealed that single-unit weight-

increase for the boronate is smaller than the molecular weight obtained from the 

diffusion constant correlation. This discrepancy in weight increase suggests two 

possible effects: 1) additional aggregation or 2) unfolding of the dynamer by 

extension lengthwise due to increased rigidity of the backbone upon boronate 

derivatization. The increased rigidity would give a lower value, since the 

diffusion constant correlation is presumptive of spherical species. It does not 

account for diffusion change going from more packed to more unpacked states 

for the oligomer. Additionally, two boronate dynamers 2-p and 2-m are formed 

between the corresponding bifunctional building blocks. The geometry of the 

backbone (Figure 39, ii) is dictated by the diboronic acid groups on the phenyl 

ring. Despite this difference, the resulting dynamer molecular weight is similar 

in this case. The dynamer 3 mixtures with m and p diboronic acid building 

blocks lead to noticeable aggregations and a substantial increase in molecular 

weight in both cases, evident by significant NMR signal broadening. This 
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broadening results in higher error margins. Nonetheless, the increase of the 

molecular weight of 3-p appears to be smaller than for 3-m. This could be due 

to reactivity differences of di-boronic acids (i.e. p-diboronic is known to have a 

higher tendency to self-condense), different modes of crosslinking or even due 

to the absence of crosslinking due to mono-saturation of more reactive dynamer 

sites leading to some extent to presence of “label” topology (Figure 39 iii). 

To sum up, we established the scope for the dynamic covalent boronate ester 

formation for diastereotopic 1,3-diols, which are formed in nitroaldol reactions. 

Boronate ester formation appears to be favored in most aprotic solvents. The 

presence of boronate ester on the diol inhibits its native favorable retro-

nitroaldol reaction, substantially stabilizing the diol in the presence of base. A 

possible application for this effect is “AND” logic gate for a stimuli-responsive 

system. In this gate nitroaldol dynamics would be activated if two conditions are 

met: 1) boronate cleavage (e.g. by competing diol); 2) presence of a base 

catalyst. The stereopreference of boronate formation was elucidated for 

diastereomeric nitroaldol diols together with strong evidence supporting the 

absolute configuration of meso-diastereomers used in this study. The systems 

were extended to topologically-distinct boronate functional group-bearing 

dynamers. Furthermore, the formation of boronate esters on the nitroaldol 

dynamers appears to be influenced by conformation, which in accord to initial 

boronate stereopreference study with di-Henry products. Moreover, boronate 

ester formation changes the diffusion constant slightly unproportioned to the 

molecular weight change. Diboronic acid building blocks, with both meta- and 

para-substitution, enabled main chain formation of nitroaldol-boronate 

dynamer. Similar molecular weight dynamers were formed in both cases, while 

permitting variation differences in geometries. Additionally, nitroaldol dynamer 

interaction with diboronic acids leads to crosslinking of dynamer strands and 

substantial increase in the molecular weight. Fold-like geometries by 

intramolecular bind are also possible in this case. 

Several future research directions can be envisioned based on the results of this 

study: 1) Investigation of sequence-selective cleavage for the nitroaldol 

dynamer by action of a base and a boronic acid in tandem. 2) Functionalization 

by complementary-bonding substituents; 3) Extensions to stimuli-responsive 

materials for biomedical applications. 
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3.  
Metal coordination-coupled multi-dynamic 

systems 

(Papers II, III) 

 

“Now OK, it works also, in less than 170 °C glycol, but if 

you want to finish your PhD in a reasonable timespan - 

you better heat it!”  

J. M. Lehn 

3.1 Introduction 

Novel reactivity that enables seamless, catalyst-free and spontaneous generation 

of a dynamic system is highly sought after in self-assembly,155, 212 dynamic 

covalent chemistry as well as adaptive31, 213 and responsive molecular systems.64 

One of the most straightforward approaches for generation of such systems is 

coupling dynamic processes together. This enables extension of the responsive 

property of a dynamic cluster to the entire system, e.g. through a dynamic 

signaling cascade,47 or in more simple cases – through reaction network 

connectivity. Combining dynamic covalent bonds with other interactions such 

as π-stacking, metal coordination and diffusion allows for discovery of new 

complexity and function of materials 32-33, 45, 155-159, 173. Dynamic covalent 

systems using metal coordination receive a lot of attention32, 139, 146, 156-157, 159-162, 

173 for a good reason: metal-ligand interactions can be used to control structural 

assembly with precision as well as induce response to mechanical systems. This 

is due to the predictable nature of coordination bonds and their spatial 

arrangements guided by metal coordination number, ligand denticity and 

rigidity. 

In nature metal coordination plays key roles in photosynthesis, cellular 

respiration and numerous enzymatic functions.214 Sometimes metal complexes 

appear in unexpected places – for example, about 10% dry weight of a 

dipicolinic acid complex which is reported to be present in certain bacterial 

endospores was proposed to be implicated in preferential intercalation to DNA, 

binding to RNA as well as drying-stabilization of the species. The stabilization 

of RNA by various dynamic modes in the medical and prebiotic setting is openly 

being discussed7, 215-216 however, interactions with possible natural coordination 

complexes is not often considered in this regard. On the other hand 
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oligonucleotide conjugates with metal complexes are studied for a variety of 

interactions.217-228 In biomedical setting, metal complex intercalation is typically 

studied either for therapeutic219, 222 or labeling functions.222, 229-230 Conjugate 

complexes are used for DNA supramolecular and nano-technology224, 231 as well 

as sequence specific DNA cleavage96 which is suggested occurr through some 

level of metal complex intercalation. Both the mechanism and extent of 

coordination-driven dynamic assembly through electrostatic π-π-interactions 

and intercalation in natural nucleic acid systems appears unrepresented in 

literature. Although electrostatic properties232 and modes of dynamic (covalent) 

stabilization of RNA in the rough conditions of the hypothetical RNA world 

have been proposed,7, 233 there seems to be no overlap with the primitive 

chemistry  exploited by organisms that are extremely resilient and long-lived in 

nature.234 Dipicolinate-related natural structures are known to help with 

shuttling of different metals in bacteria,235 and substituted pyridines such as 

pyridoxal,236-237 seem to be a prime suspect in pre-metabolic processes possibly 

involving metal coordination. It is therefore important to investigate natural 

substituted pyridine intercalation mechanisms, especially in cases that involve 

metal coordination.  

3.2 Metal coordination in nitroaldol-hemiacetal double dynamic 
system 

In this study, the possibility of combining nitroaldol reactions with metal 

coordination in a single system was addressed. A common limitation of 

nitroaldol reactions is the requirement of base catalysis. In a continuation of 

work involving out-of-equilibrium systems exploiting nitroaldol reactions under 

neutral aqueous conditions,238 a nitroalkyl compound that exhibits tautomerism 

was noted (Figure 40). Interestingly, the proposed nitronate form is known to be 

the reactive form in the Henry reaction with aldehydes.  

 

Figure 40. 2-(Nitromethyl)pyridine 1a and its tautomeric nitronate form.239 

The pursuit of this system was carried out in methanol, because of its similarities 

to water, superior solubility of building blocks and mitigation of acidic metal 

aqua-complex formation, in consequent steps. Realizing a system for the 

nitroaldol reaction with 2-pyridinecarboxaldedehyde 2 was initially 
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investigated. The aldehyde forms hemiacetal 4 upon interaction with methanol 

as a second dynamic process in the system (Figure 41).  

 

Figure 41. Nitroaldol reaction between 2-nitromethyl pyridine 1 and pyridine-2-
carboxaldehyde 2 to form nitroaldol product 3 as well as aldehyde 2 equilibrium with 
its hemiacetal 4. 

A rather unusual kinetic behavior was observed for this system (Figure 42 top). 

An overall “overshoot” is observable, which then equilibrates to the 

thermodynamic equilibrium. This “overshoot” typically occurs approximately 

10–15 times earlier than the perceived systemic equilibrium is reached. This 

feature is further noted as “peak conversions” (Figure 42).  
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Figure 42. Aldehyde 2, hemiacetal 4, Henry product 3 (A, B, - are two observavable 
diastereomeres, 3A being the higher-shifted) distributions during the model nitroaldol 
reaction of 1 and 2  in d4-MeOD (top) and control reaction (bottom) where aldehyde-
hemiacetal is pre-equilibrated by incubating in methanol before the start of the Henry 
Reaction. 

To elucidate the cause, the multiple-equilibria effect was investigated first. For 

this, a control experiment was performed where aldehyde 2 is pre-equilibrated 

in methanol to form 4 before the addition of nitroaldol reaction (Figure 42 

bottom). The reaction displays a similar overall kinetic profile both before and 

after pre-equilibration. Also, supramolecular interactions cannot be easily 

dismissed due to the high substrate/product display of hydrogen bond donating 

and accepting groups. This observable perturbed reactivity cannot be fitted using 

simple kinetic models; however, the characterization of these multiple equilibria 

systems using the observed peak conversion was used as a convenient time point 
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in recording reaction progress. Noting the similarities to the nitromethylene 

compound 1, ethyl nitroacetate 1a was also investigated for its capacity to 

undergo spontaneous Henry reactions. (Table 1).  

Table 1. Comparison of active nitromethylene-bearing building blocks in double 
dynamic systems. 

1 1Duration 2 3 3 4 4 A:B ratio  

1 

9.8 h** 

80 h 

58% 

44% 

36% 

47% 

0.58 

0.47 

 1a 

47 min** 

12 h* 

56% 

45% 

29% 

47% 

0.76 

0.53 
1Duration noted for different criteria: * when apparent equilibrium reached; ** at peak 
Henry conversions; after 80h, when equilibriation rate diminished. 2Overall conversion 
to Henry product (all diastereomers and nitronate species if present). 3Percent 
conversion to hemiacetal 4. 4Ratio between two observable sets of diastereomers at 
noted time: A – higher ppm shift diastereomer, B – lower ppm shift diastereomer, 
absolute configurations not established. 

The nitroacetic acid showed good reactivity with comparable equilibrium 

distributions, albeit also displaying a kinetic overshoot. Similar results between 

the two building blocks indicate that this could be a feature of the system under 

these conditions. Good reactivity permitted to expand the scope of the system to 

dialdehydes which can be employed for nitroaldol reactions as well. 

Furthermore, work by Drahoňovský et al115 showed that hemiacetal formation 

is promoted by introduction of a coordinating metal, such as zinc (Figure 43). 

In that work, amongst various alcohols, methanol was also shown to form 

hemiacetals that were amplified by zinc coordination.   

 

Figure 43. di-Hemiacetal formation and zinc coordination.  

Both hemiacetal and nitroaldol products have a similarly furnished coordination 

sphere. This led us to question how a double-dynamic nitroaldol–hemiacetal 

system would behave upon introduction of metal ions. Unfortunately, the 

nitroaldol reaction kinetics were more difficult to plot and follow by NMR 
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spectroscopy due to multiple species displaying overlapping signals when 

dialdehyde 5 is used in contrast to monoaldehyde 2.  Instead it was possible to 

estimate the overall conversion of the initial aldehyde to nitroaldol, as well as 

the hemiacetal products by % functional group conversion (Figure 44). 

 

Figure 44. Dynamic nitroaldol system between 2-nitromethylpyridine 1 and dialdehyde 
2. Reaction followed by NMR. 3* (Blue line) – conversion to nitroaldol, product by 
functional group conversion, 6  (red line) – hemiacetal. 

Interestingly, even though there are substantially more intermediate equilibria 

that occur when a dialdehyde 5 is used (Figure 45), the conversions seem to peak 

in a similar time frames to the monoaldehyde 2 case (cf. Figure 42). 

 

Figure 45. Dynamic nitroaldol system between 1 and dialdehyde 5. i. Multiple 
equilibria resulting from nitroaldol reaction and hemiacetal formation. ii. Extended 
dyanmic system - upon addition of zinc, dihemiacetal complex is amplified by 
complexation.  



   49 

After establishing the dynamics for the system, zinc was introduced for 

coordinating ligands. In the presence of zinc, the amplification of dihemiacetal 

is quite clear from the 1H NMR (Figure 46). DOSY NMR experiments, the 

separate species could be further confirmed.  

 

Figure 46.  Systemic response to 3 equiv. Zn2+ addition. Bottom: equilibrated mixture; 
top – 4h after addition of 3 equiv. Zn2+. Blue color indicates free 1 signals, red - free 
6 and coordinating 6-Zn. Pre-equilibrated mixture at a 2:1 ratio of 1 and 5 (left). 

From these results, it appears that di-hemiacetal component is amplified more 

than five-fold from the initial mixture in under 4 h under consumption of 

nitroaldol products (Figure 47). 

 

Figure 47. Systemic response to 3 eq Zn2+ addition. Pre-equilibrated system of 5 and 
1 response to 3 equiv. of Zinc chloride. Red line 6 indicates content of dihemiacetal 
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by functional group and blue line 3 indicates nitroaldol overall conversion by functional 
group.  

The system was further investigated using 1, 3 and 5 equivalents of zinc chloride 

to examine if the degree of the response would change (Table 2). The 

dihemiacetal component 6 gets amplified up to fives times in most cases, to 

maximum of 57% conversion. The overall conversion for the nitroaldol reaction 

drop dramatically in correlation to the excess used, from 71% at initial 

equilibrium to 22% in cases of using 5 equivalents. Time to peak conversion 

also decreases substantially with larger excess, suggesting a kinetic effect to the 

selection. These results indicate that zinc coordination makes the hemiacetal 

thermodynamically more favourable due to complexation, giving rise to change 

in product distribution in the double-dynamic system. 

Table 2. Peak conversions and their change upon introduction of Zn2+ at different 
equivalents for dialdehyde 5 systems with 1.  

Entry Conversion1 6  Time 

Equilibrated sample i 71% 9% 14 h 

1 equiv. ZnCl2 

ii 

46% 52% 7 h 

3 equiv. ZnCl2 38% 52%  3.7 h 

5 equiv. ZnCl2 22% 57% 1.8 h 
1Noted conversions are at maximum conversion change (cf. Figure 47). Conversions 
calculated as fraction by functional group. 2Overall nitroaldol conversion is calculated 
by functional group conversion which is corresponds to mixture of mono and di-Henry 
products.  

To force the system to regenerate after Zn2+ addition, tetramethylammonium 

oxalate was used to scavenge the metal. Oxalate successfully precipitates zinc 

from the methanol solution, although the system does not regenerate fully and 

remains perturbed. This perturbation could in part be due to temporal pH 

fluctuation as well as the presence of additional species that are introduced i.e.  

the counterions changing the overall chemical environment. After complete 

removal of the Zn2+ ions, the system does not appear the same due to changes in 

some shifts of the NMR signals, but nonetheless the overall nitroaldol 

conversion seems to gradually return to the conversion values at the initial 

equilibrium distribution before metal addition, approx. 63% in comparison to 

65% at the start of the experiment.  
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Figure 48. Cycling of the system into different states using metal coordination to 
suppres nitroaldol reaction and upregulate diacetal and oxalate was used to 
precipitate the zinc out of methanolic solution, restoring the initial state that can 
subsequently re-equilibrate.  

To further diversify the system we were interested in investigating the 

combination of dialdehydes and dinitromethylene compounds. Although 

aldehydes, dialdehydes, and nitroacetic acid mono-esters are commercially 

available building blocks, bifunctional activated nitromethylene molecules 

require additional synthetic efforts. Direct nitration, as was employed in the 

synthesis of 1 from 2-picoline, on more than one methyl group has been reported 

to be difficult on a single pyridine scaffold.239 The reactivity of nitroacetic acid 

ethyl ester was suggestive of evaluating a nitroacetic acid diester (Figure 49), 

which can be prepared by reacting nitroacetic acid with dry ethylene glycol 

under mild conditions and employing a mild dehydrating agent such as N,N'-

dicyclohexylcarbodiimide (DCC).240  Free nitroacetic acid is sensitive and tends 

to decarboxylate upon action of nucleophiles, especially in the presence of 

activating agents.240 However the mild reaction conditions however allow for 

the synthesis of polyfunctional nitroaldol building block 7 (Figure 49). 

 

Figure 49. Ethylene di-nitroacetate bifunctional nitroaldol building block 7 and the 
nitroacetic acid model 1a.  

After esterification, the diester appears to be bench-stable. Diester 7 was tested 

qualitatively with mono-aldehyde 2 in methanol and appears to have similar 
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reactivity to ethyl nitroacetate 1a. Overall, the peak conversion of diester 7 to 

nitroaldol products reached 53% in comparison to 56% of 1a (cf. Table 1). 

 Control of size in dynamic oligomerization 

Extending the system with dinitromethylene 7 to include dialdehyde 5, should 

provide extended chains of both starting materials after consequent Henry 

reactions. Indeed, oligomerization occurred spontaneously when 

complementary bifunctional building blocks were used, forming dynamer 8 

(Figure 50). The system behaves similarly to the previous cases with mono-

functional and bifunctional reactants, in terms of apparent rate and product 

distributions after equilibration.   

 

Figure 50. Spontaneous formation of dynamer 8 from bifunctional building blocks 5 
and 7.  

For the size of the forming dynamer 8 the determining factor is the conversion. 

Average molecular size and conversion interdependency5 can be expressed 

according to Carothers equation: �̅� =
1

1−𝑝
  where p is conversion. Despite the 

similarity between the model monofunctional building blocks and oligomers the 

conversion parameter could not be pinpointed for oligomer systems due to 

significant signal overlap and broadening of the NMR spectra. Instead, oligomer 

size can be probed using DOSY NMR by establishing the diffusion coefficient 

(D) for molecular average of dynamer 8, and compare the obtained D value with 

a reference compound with similar chemical properties, and known molecular 

weight. The diffusion constant can be correlated to molecular weight according 

to equation 
𝐷𝑠𝑜𝑙

𝐷𝑟𝑒𝑓
= √

𝑀𝑟𝑒𝑓

𝑀𝑠𝑜𝑙

3
 209. The diffusion coefficient is solvent parameter-

dependent. Changes in viscosity, especially in the higher molecular weight 

range are not accounted for and thus the values are indicative without additional 

experimental confirmation. 
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Figure 51. Average size of dynamer at equilibrium on initial concentration of 
bifunctional building blocks 5a and 7a. The molecular size estimated using DOSY 
experiments using the diHenry product formin in 5a and 1a system under the same 
conditions as external reference.  The unit size of the dynamer corresponds to a 
repeating conjugate unit comprised of 5a+7a. 

Dynamic oligomerization experiments indicate a correlation between molecular 

weight increase and building block concentration (Figure 51). The slope of the 

y axis provided the size in base 2 logarithmic scale. This gave an apparent linear 

trend for the weight increase of systems with different initial concentrations 

measured after equilibration. The data points range from 20 mM to 320 mM. It 

is worth noting that at high concentrations, a change in viscosity would have to 

be considered for larger dynamic oligomerization systems. 

This result confirms that dynamer size can be regulated by changing the 

concentrations of building blocks. The change in conversion is more difficult to 

see than in Table 4 due to signal drift and overlap in pre-equilibrated dynamer 

system (Figure 52). The next target was to investigate if the dynamer, which is 

a Henry product, is also downregulated by metal coordination. Qualitative 

response is similar to cases with dialdehyde 5a and 2-(nitromethyl)pyridine 1, 

where the conversion of nitroaldol product appears to decrease, while 

amplifying the diacetal 6 (Figure 52). The overall conversion cannot be exactly 

determined but the disappearance of broad signals at ca 7.5 ppm as well as 4.2 

ppm in the NMR spectrum indicates consumption of 8. Indeed, the formation of 

the hemiacetal product is clearly observed by enhancement of the NMR signals 

at ca 8.2, 7.9 and 5.8 ppm.  

On the opposite note, dihemiacetal formation reaches 25% upon Zn2+ addition. 
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Figure 52. Systemic response to 3 equiv. Zn2+ addition of a pre-equilibrated mixtures 
of equimolar 7a  and 5a at 40 mM initial concentration. Bottom – preequilibrated 
dynamer system, top – system after addition of zinc. Blue signals indicate free 7a, 
while free and zinc coordinating di-hemiacetal component 6a signals are makred red. 
6a gets amplified to 25% (top) from the trace in the equilibrated mixture (bottom). 

The interaction of the dialdehyde 5a – diester 7a system with zinc showed that 

the response of diester is less than that of the 2-nitromethyl pyridine 1 system 

with 5a. This result indicates that even though the systemic metal coordination 

response originates from hemiacetal coordination, the differences in competing 

molecules 1 and 7a creates systems with differing properties. As a result, this 

leads to variation in response magnitude, regardless of similar equilibration in 

model cases. 

In summary, the unprecedented reactivity of electron-withdrawing group-

bearing nitromethylene building blocks was demonstrated. These building 

blocks spontaneously create dynamic systems at ambient conditions and without 

external catalysis. This dynamic nitroaldol system allowed for assessing the 

assessing systemic responses upon metal coordination. It was demonstrated, that 

a double dynamic nitroaldol-hemiacetal system formed from 2,6-pyridine 

dicarboxaldehyde and 2-nitromethyl pyridine as well as nitroacetic acid ester 

building blocks in methanol is responsive to metal coordination. The dynamic 

behavior is incurred through coordination and upregulation of dihemiacetal 
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species, perturbing the equilibrium of the entire system and significantly 

reversing the nitroaldol reaction. This system can be recovered by subsequent 

removal of coordinating metal ions, through oxalate coordination. These unique 

features could be utilized in dynamic oligomerization, where size control can be 

achieved by simple regulation of the constituent concentrations. In addition, the 

dynamer size could be downregulated through metal coordination. This newly 

discovered reactivity of reported nitroaldol substrates can find utility for 

building up and breaking down complexity in dynamic covalent systems 

exploiting metal coordination. 

3.3 Metal coordination-triggered emergence of π-π interactions 

For effective DNA intercalation, π-π-interactions play a major role. In this work 

models for ligand-metal coordination effect on π-π-interaction are investigated. 

The study is inspired by a natural dipicolinate complex, which is suspected to 

stabilize the DNA in certain organisms by intercalation. The primary question 

addressed in this study is whether π-π-interaction, being the prime interaction in 

intercalation, could be triggered by metal coordination. The naturally occurring 

dipicolinate and dipicolinate-based metal chelators were investigated (Figure 

53). Methanol was chosen for this study since it is a polar protic solvent, similar 

to, but more practical than aqueous solutions, where the more hydrophobic 

molecules as well as imines are investigated.  

For the model study, Zn2+ and Ga3+ were chosen, since both metals tend to form 

well-defined octahedral complexes (Figure 53), are redox stable and 

diamagnetic, enabling rapid characterization by NMR spectroscopy. The 

similarity between these two metals and iron at +2 and +3 oxidation states, 

would also enable direct extrapolation of the results to a redox responsive system 

in the future.  

 

Figure 53. Similarity between the building blocks A and B. Both building blocks can 
act as tridentate ligands taking meridional (mer) configuration in octahedral 
coordination complexes (right). 

Initially the effects of electron donating (EDG) and withdrawing substituents 

(EWG) were compared, changing the effective electrostatic character of the 

flexible and unconjugated aryl group (Figure 54). 



   56 

 

Figure 54. In situ formation of imine ligands Am and Af. 

Initial observations upon introduction of 1 equiv. zinc triflate to 2 equiv. of in 

situ formed Am ligand displayed a notable downfield shift of the pyridine unit 

(Figure 55 red color) and up-field shift of the entire trimethoxybenzyl fragment 

signals (Figure 55 blue color). The up-field shift in NMR spectra is typical for 

functional groups in proximity to an electron-rich system, such as an aryl 

fragment, due to electron shielding. Since the benzylic group is freely flexible 

over the methylene bridge, homo and hetero interactions are possible, i.e. the 

substituted benzyl groups can be interacting with one another or with the 

pyridine π-system.  

 

Figure 55. NMR of in situ generated ligand Am (top) and the observed shielding effect 
from a 2:1 interaction with zinc2+ ions. 

To further verify the presence of π-π-interactions NOESY NMR experiments 

were performed. The results revealed cross-relaxation between the pyridine ring 

protons and methoxy substituents on the benzylic group (Figure 56 a). The 

methyl protons at the 3’ and 5’ positions showed a NOESY cross-peak with all 

protons in the pyridine ring while the 4-MeO- showed most intense cross-peaks 
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with the proton next to the carboxyl group of the pyridine ring. On the other 

hand, the cross-peak with the para-proton of the pyridine is negligible.  

The shielding effect observed by the 1H NMR spectroscopy together with the 

NOESY experiment suggests that the electron-rich aryl group stacks with the 

more π-deficient pyridine in a parallel offset fashion. Both of the benzyl protons 

show cross-peaks, which indicates that the two planes of the system could be 

moving over the conjugated π-system of the pyridine, giving a single average 

peak (Figure 56 b).  

 

Figure 56. a) 2D NMR spectrum of the AmAm-Zn complex indicating the NOE cross-
peaks of the “lowered-bridge”  and EXSY exchange cross-peak of the aryl group in 
the “raised-bridge”-position, labeled bridge flip; b) structure illustration indicating the 
spatial proximity of the fragments (circled) in lowered-bridge arrangement giving rise 
to NOE cross-peaks c) Crystal structure of AmAm-Zn complex. 

A feature of the NOESY spectra is that the EXSY cross-peaks appear from 

dynamic processes, such as the chemical exchange between functional groups. 

In this case, the raised and lowered bridge-state cross-peaks of the aryl group 

(Figure 56 a). Exchange cross-peaks can result from a few other dynamic 

processes such as imine or free ligand exchange. Unfortunately, the raised-

bridge complex signals are poorly resolved from the free ligand due to similar 

chemical shifts and are thus hard to quantify. However, the imine part of the 

raised-bridge system seems observable from an unshielded trace imine signal 

observed downfield, which likely belongs to this complex.  Over prolonged time 

the complex tends to crystallize from d4-methanol. A high-enough purity crystal 

was withdrawn from an NMR tube for X-ray diffraction experiments. The 

crystal structure of the corresponding complex also showed a preferential stack 



   58 

of the two ligands (Figure 56 c), in accordance with DFT-predicted geometry 

(Figure 57 a) and the results from NMR spectroscopy. The two aryl groups are 

locked above opposite parts of the picolinate, one appearing centered over the 

carboxy group and the other over the imine. The non-equivalence in π-π-

stacking modes of the two identical ligands is a unique feature of the present 

complex. In order to understand why the aryl groups are aligned differently, π-

π-interaction energies between trimethoxyphenyl moiety and the different sides 

of picolinate were evaluated computationally. Despite the fact that interaction 

with the carboxylate side of picolinate was found to be favored in isolated 

ligands (12.33 kcal/mol vs 9.25 kcal/mol or imine side stacking), analysis of 

conformations of zinc complex with dangling aryl groups revealed that the 

energy gain upon stacking with the imine part of picolinate is larger (7.4 

kcal/mol vs 5.0 kcal/mol for carboxylate side stacking, Figure 57 b). It appears 

that when one trimethoxyphenyl moiety is aligned over the imine, it sterically 

blocks this stacking mode for the second trimethoxyphenyl moiety. This steric 

hindrances forces the trimethoxyphenyl moiety to align on the carboxylate side 

of the picolinate (Figure 57 c). Since the opposing zinc-pyridine bond angle is 

below 180°, the sides become inequivalent. It is possible that this is a steric, 

electrostatic or crystal lattice-preferential configuration or a combination of 

these effects. Nonetheless, this can be also explained by strong π-π-interaction 

effects which are comparable with the Zn-imine bond energy241 and thus can 

overcome the ideal octahedral configuration. An asymmetry in π-π-effects as 

discussed above leads to asymmetry in the ligand coordination, representing an 

uncommon example of direct influence of second coordination sphere effects on 

the first coordination sphere. 
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Figure 57. a) Geometry-optimized structure of AmAm-Zn complex, H atoms omitted 
for clarity. b) Overlaid optimized structures of AmAm-Zn and its stable conformers 
with rotated aryl groups, H atoms omitted for clarity. c) Induction of disfavored stacking 
mode via sterical hindrance by preferred stacking mode. 

To see the influence of electronics on the π-π-interactions, the more electron 

poor trifluorophenyl derivative was used. This trifluorophenyl derivative is 

expected to present a less favorable stacking with the electron-deficient pyridine 

ring. The initial imine ligand formation from the starting fluorinated 

benzylamine Af (Figure 54) appeared slower and less favored than in the case 

of the trimethoxy substituent, indicating that there is an inherent limitation to 

the use of withdrawing groups for in-situ formed imines in this system. Upon 

introduction of 1 equiv. zinc triflate to 2 equiv. in situ formed Af ligand also 

produced a similar shielding effect, however, in this case the mixture gradually 

produced a precipitate. Dilution was required to inhibit precipitation. The 

dynamic self-organization process is indeed slow in this case and, while in the 

previous case equilibration was near immediate, the dilute system took 

overnight to equilibrate. The NOESY spectrum produced multiple cross-peaks 

between shielded and deshielded benzyl group, which could indicate 

intermolecular interactions. In AmAm-Zn complex configuration, which is 

similar to AfAf-Zn, this was not observed and the protons of the aryl groups 

would be fairly distant in the closed arrangement. Overall, the interaction is 

favored but association has a prolonged kinetic effect both due to hindered imine 

formation as well as diminished electrostatic effects.  
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Next, the factors affecting the π-π-interactions in these systems were further 

investigated, by creating a mixed system with dipicolinate ligand B (Figure 58). 

In particular, the change in net charge of the stack-accepting ligand in the bridge- 

stack was investigated for any possible changes in stacking preference. 

 

Figure 58. Structures for mixed mer-ligand system exisiting in equilibrium with the 
homo complexes and their charge and number of π-π-interactions in mixed ligand 
coordination systems with zinc2+. 

The NMR spectra of the mixed system was further processed to enhance the 

signals of the mixed AB systems (Figure 59). The separate spectra of homoleptic 

complexes were subtracted from the heteroleptic-complex mixture to make the 

mixed ligand complex NMR signals more discernable from the NMR spectrum 

the spectrum. 
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Figure 59. The spectra of homoleptic complexes with zinc as well as new heteroleptic 
complex species, emergent in the mixed ligand system. The imine peak at ca 8.8 ppm 
from AmB-Zn complex is evident due to lack of shielding from a benzyl, resulting in a 
higher shift. 

The mixed ligand complex AmB-Zn showed larger downfield shifts for the 

imine proton. This result demonstrated that in case of the AmAm-Zn complex, 

the shielding effect is also present for the pyridine ligand part from the benzyl 

group. However, the electrophilic interaction with the metal produces stronger 

deshielding, leading to a net downfield shift, albeit lower than either of the cases 

separate. The net complex charge can also be controlled by coordinating metal 

charge. For comparison Ga3+ was introduced, allowing to additionally check for 

a possible net charge effect on the distribution of the different species in the 

mixed ligand system (Figure 60). In this way the net charge of the mixed 

complex is 0 while the electron-withdrawing capacity can be enhanced through 

stronger electrophilic activation. However, it seemed that one of the imine 

ligands is typically broken and only the hemiacetal-imine mixed coordination is 

favored. This effect could be attributed to a combination of the electrophilic 

activation and the asymmetry between the ligands observed in the zinc crystal 

structure data – the opposing pyridine ligands bond zinc in a less-than-straight 

angle in the distorted octahedral coordination mode, which could be even further 

distorted between two ligands in a gallium imine complex, due to further change 

in length of the coordination bonds as was observed for structurally related 
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amine-based hexadentate chelators coordinating to Ga3+.242 The strain is likely 

reduced when the hemiacetal is coordinating instead. The interchange between 

acetal, hemiacetal and aminal is still possible, but was not investigated further 

in this study. 

 

Figure 60. Structures for mixed mer-ligand system and their charge and number of π-
π-interactions in mixed ligand coordination systems with gallium. 

The strong electrophilic activation and oxophilicity of gallium leads to the loss 

of the benzylamine unit as hemiacetal coordination becomes more prefered, and 

for the mixed system AB nearly no cross π-stacking was observed from the shifts 

in 1H NMR spectra (Figure 61). This is an interesting effect due to possible 

utility in redox-triggered capture-release of amines, with applications in redox-

responsive release of primary amine-containing bioactive moieties, 

extrapolating this system for redox active metals such as iron. 

Table 3. Net observed number of π-π interactions observed by NMR in homo and 
hetero ligand systems and AB/AA distributions of mixed systems after equilibration. 

Coordinating metal Zn2+ Ga3+ 

Benzylamine R groups -OMe -F -OMe -F 

1Homo complex AA-Mn+ 2x π-π 2x π-π 1x π-π 1x π-π 

2Hetero complex  AB-Mn+ 1x π-π 1x π-π 0x π-π 0x π-π 

3Approximate AB-Mn+ / AA-

Mn+distribution 3/1 4/1 4/1 3/1 

1Homo complex in case of zinc is the diimine complex, while for gallium the main 
species observed is the mixed hemiacetal/imine complex. 2Hetero complex for zinc is 
the imine and dipicolinate complex whilst for gallium the main species appears to be 
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hemiacetal-dipicolinate complex which appears the same in both cases. 3distributions 
in case of zinc are evaluated from imine peak integral ratios appearing at 8.8–8.6 ppm 
while in gallium case the hemiacetal signals were used and appear at 6.2–6.1 ppm. 
Minor species appear as trace signals in case of gallium complexes and were not 
accounted for. 

The 1H NMR spectra for the mixed systems are displayed in Figure 61 using 

signal suppression of the homo species by NMR subtraction. Note that in the 

case where there is some shift-drift the signal suppression is limited, since it is 

achieved by subtraction of entire spectra. 

 

Figure 61. Comparison of the mixed ligand complexes with zinc and gallium: Signals 
of homoligand complexes existing in equilibrium were suppressed through spectral 
subtraction. For the zinc complexes, both trimethoxy- and trifluorobenzylic group 
bearing complexes produce an up-field shift of the the corresponding protons 
indicating an interaction with the dipicolinate ligand, while in case of gallium the hybrid 
complex appears to be the hemiacetal with both amines free in the system 

For both of the mixed gallium complexes, the shifts suggest that the complexes 

are identical. For the mixed complexes, generally good solubility was observed, 

and no complex crystallized out of the solutions during the experiments. 

Since the π-interaction is observed in both EWG and EDG containing aryl 

groups, additional substituents were evaluated (Figure 62). The p-methoxy and 

p-CF3 groups were chosen to compare for any steric interaction against tested 

EWG and EDG containing benzylamines. In addition, an amine containing the 

fluorophore pyrene was tested. Fluorophores are relevant for sensing 

applications, where in this case the proximity of two pyrenyl groups next to each 

other is expected to promote excimer fluorescence243 while stacking interaction 

of pyrene with an electron-deficient π-system is known to produce quenching.244 
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Figure 62. Mono-substituted benzylamines b and e selected to further investigate 
steric influences in the ligand as well as 1-aminomethylpyrene based ligand p to check 
for a competing homoleptic  π-π-interaction, exploiting large surface, proximity and 
potential for excimer formation. 

The following part of the study addressed the π-stacking effects. As π-stacking 

effects were absent in AB-Ga complexes, the mixed ligand systems with 

dipicolinic acid were omitted and focus was placed on the homoleptic 

complexes. 

 

Figure 63. The scope study of AA coordination mode for zinc and gallium complexes. 
The π-π-bridge effect appeared in all case in the same fashion as for the tri-
substituted benzyl amines showing that the system is applicable for a variety of 
binders in further development. 

The observable NMR effects were similar as in cases of the tri-substituted aryl 

groups for ligands Ab and Ae. The more π-deficient trifluorobenzylamine based 

complex AeAe-Zn tends to crystallize out overnight into fine, cotton hair-like 

crystals, unsuitable for X-ray crystallography. As for the pyrenyl based-imine 

ligand, in case of zinc it produced a highly orderly structure according to NMR 

spectroscopy. The most interesting feature is that in this case the pyridine 

protons are shifted downfield. Again, no NOESY cross-peak could be observed 

between the pyridine and aromatic pyrene protons, as in previous cases. 

However, the strongly pronounced upfield shift of the pyridine protons indicate 

that the pyridine appears to be well overlapping with the central part of the 

pyrene ring. Also, the splitting of the benzyl group into two distinct proton 

signals appears downfield.  
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Figure 64. a) The ApAp-Zn complex structure with pyrenyl and pyridine group 
intramolecular π-π-interaction affected the marked protons b) NOESY spectrum of 
the complex with the spatially isolated three proton crosspeak system corresponding 
to pyridine protons and the spatially locked benzylic protons.   

The NOESY cross-peaks do not appear between the fragments, which, together 

with the strong shielding effect suggests that the electron-deficient pyridine 

protons end up above the epicenter of the pyrene π-system. Also, interesting to 

note is that each pyrene, due to asymmetric shape, can also interact by flipping 

to one of the two inequivalent sides in the complex. In this case it is difficult to 

suggest which of the rotational isomers is favored. In case of the gallium 

complexes, the mixture displayed poor solubility resulting in the less resolved 

NMR spectra which appear similar to the corresponding zinc complex. Similar 

to the previously studied gallium complexes, it is evident that the mixed 

hemiacetal and imine ligands are obtained.  

In summary, a π-π-interaction induced by metal coordination was investigated.  

The π-π-interaction is established between two meridional ligands on octahedral 

zinc and gallium complexes, acting as a drawbridge. For homoleptic complexes, 

two π-π-interactions are present. In mixed system, with the higher negatively 

charged dipicolinate ligand, the π-interaction is fairly strong but more of the 

open-bridge peaks appear when the approaching benzyl group is π-rich. 

Altogether, the results support the notion that the interaction is electrostatic in 

nature and is partially charge dependent.  

In case of complexes with gallium3+, one benzylamine fragment is cleaved per 

coordination complex, leading to only one π-interaction for a single ligand 

system and no π-π-interactions are observed for mixed ligand systems, 
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regardless of the substituents present on the benzylamine. This feature suggests 

the potential for redox-responsive stack and release ability.  

In perspective, the extension of this system to iron2+ and iron3+ complexes would 

enable capture and release of a range of amino-group bearing substrates, as well 

as capture or release of bioactive amino-functionalized entities. One of the 

challenges for switching to iron2+ and iron3+ complexes is the necessity to 

directly monitor the system by other means than NMR spectroscopy. Other 

spectroscopic signatures for these systems have to be considered to be able to 

directly compare whether π-stacking effects are present. This system can also be 

developed into sensor systems, and expanded to show color effect through e.g. 

extension of the π-surface. 

These complexes can further be used for competitive release of fluorophores, 

such as pyrene, upon intercalation, in a manner which would produce 

fluorescence. 

Furthermore, extension of the bridge ligand would immediately yield the 

sensing capability of bioactive compounds in the phenethylamine-class, such as 

dopamine. Moreover, owing to inherent chirality of meridional complexes,  

imine formation from chiral primary amines could enable chiral enrichment 

sensing of said amines by new dynamic covalent means.245  

We propose that a nucleic acid dynamic association with metal chelate auxiliary 

could allow for catalytic function in a biotic or prebiotic setting through 

exploitation of a variety of metal-catalyzed reactions. It was demonstrated that 

both zinc and gallium can induce the association between π-systems of opposing 

charge, which would suggest that different metal complexes could have the 

capacity to insert in-between the stacked nucleic π-system.  For now, one can 

only speculate what kind of catalytic or protective function these nucleic acid 

dynamic conjugates could bear with different metals. Further studies in this 

direction could find utility for both developing selective intercalators as well as 

a new approach on dynamic nucleic acid enzymes, which could be incorporating 

an auxiliary via π-stacked coordination complex for catalytic activity. 

 

 

 



   67 

4.  
Concluding remarks 

 

The first chapter discussed the design strategies based on dynamic covalent 

reaction networks for creating responsive molecular systems, as well as 

implications of multi-dynamic processes to systemic stability. The extensions of 

systems involving dynamic covalent polymerization to biomimetic molecules, 

templated synthesis and non-equilibrium systems were elaborated, and a gradual 

systemic stabilization strategy was proposed for adaptive behavior, as a stimuli-

responsiveness extension. 

The second chapter investigated dynamic nitroaldol systems. First, dynamic 

oligomerization in aqueous media was demonstrated. The inherent 

responsiveness to formaldehyde was addressed and exploited to create a 

dynamic covalent polymerization system, in which a nitroaldol dynamer formed 

transiently. The persistence of the dynamer was shown to be dependent on the 

initial conditions of the system. Furthermore, the nitroaldol reaction with 

nitroethanol and nitromethane enables functional groups (1,3-diols) that are able 

to form boronates.  

The interaction of nitroaldol and boronate systems was shown to be inhibitory – 

the nitroaldol reaction is strongly inhibited in both directions by the presence of 

boronate ester formation. The stereoselectivity of boronic acid was observed for 

different diastereomers of nitroaldol products. Several types of boronate-

nitroaldol dynamers were prepared, including side-chain, main chain and a 

crosslinking dynamer. Overall results demonstrate the potential of using 

nitroaldol reactions in non-equilibrium, multi-dynamic as well as responsive 

molecular systems.  

In the third chapter, metal coordination role was addressed in terms of control 

over supramolecular processes. A dynamic nitroaldol – hemiacetal system, 

where the nitroaldol reaction was shown to occur without external catalysis, was 

demonstrated to be responsive to metal coordination by emergence of a new 

dynamic reaction – metal - hemiacetal coordination, effectively showing that the 

control over one dynamic process gained influence over the other, through the 

connectivity of the network. This was extended to dynamic polymerization, in 

which the nitroaldol dynamer spontaneously formed upon dissolution of 

reagents. The size of the dynamer is effectively controlled either by increasing 

the concentration, making the dynamer larger, or by metal coordination, thereby 

disrupting the formation. The extent of the effects is effectively predetermined 
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by the reaction network and the interplay of systemic robustness as well as 

choice and specificity of stimulus response.  

Next, metal coordination-triggered π-π-assembly was demonstrated based on 

nature inspired systems. A tridentate meridional ligand was shown to have 

emergent π-stacking effects with an opposing ligand. The extent of these effects 

was investigated in a multi-dynamic system in which complexes having 2, 1 or 

0 π-π-interactions form. In case of increased metal charge, one amine molecule 

was demonstrated to cleave to form a hemiacetal instead. Overall, the system 

showed metal-triggered assembly and emergent π-π-interactions. Metal charge 

was demonstrated to have control over one of the dynamic covalent bonds of the 

ligand. This system shows promise for developing sensors based on π-π-

interactions, such as intercalation and redox-controlled capture-release of 

amino-functionalized molecules in the future.  

The approach of combining dynamic covalent reactions into reaction networks 

has been demonstrated to be a viable strategy for discovery of new systemic 

stimuli-responsive behaviors, emerging from connectivity in the dynamic 

systems, operating in equilibrium or non-equilibrium conditions.  
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