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Abstract 

 

Implementing transient processes in networks of dynamic molecules holds great promise for developing new functional 

behaviours. Here we report that trichloroacetic acid can be used to temporarily rearrange networks of dynamic imine-based metal 

complexes towards new equilibrium states, forcing them to express complexes otherwise unfavourable in their initial equilibrium 

states. Basic design principles were determined for the creation of such networks. Where a complex distribution of products was 

obtained in the initial equilibrium state of the system, the transient rearrangement temporarily yielded a simplified output, forcing 

a more structured distribution of products. Where a single complex was obtained in the initial equilibrium state of the system, the 

transient rearrangement temporarily modified the properties of this complex. By doing so, the mechanical properties of an helical 

macrocyclic complex could be temporarily altered by rearranging it into a [2]catenane.  
  



 

Introduction 

To rival the capabilities of biological systems, temporal control 

over chemical reactivity must be achieved in synthetic systems. 

Most synthetic self-assembly processes are designed to 

generate well-ordered structures with high thermodynamic or 

kinetic stabilities—these structures being at the global 

minimum of the energy landscape or trapped in local minima.1 

By modifying the energy landscape using external stimuli (such 

as pH, light, or the addition of a chemical species) to create a 

new minimum, these structures could be forced to rearrange 

into new ones, yielding stimuli-responsive self-assembly 

processes.2 While this approach produces highly functional 

systems,3 it requires the repeated intervention of an operator 

to administer opposing stimuli at appropriate times to switch 

the system back and forth between its different functional 

states. 

To overcome this limitation and inspired by biological 

systems,1b,4 chemists have coupled self-assembly and energy-

dissipating processes so that self-assembly processes could 

transiently express different structures via an influx of energy in 

the form of light, heat or chemicals.1b,5 These so-called “transient 

self-assemblies” require a constant input of energy to persist in 

time. If the energy supply is stopped, these structures dismantle, 

their components being recaptured by the initial state of the 

system (i.e., its state prior to the energy influx). Interest in 

chemically-induced transient self-assembly is rapidly growing 

encouraged by examples of their unique capabilities, including 

transient gel formation,6 operation of molecular machines,7 

temporal control over host–guest systems,8 transient formation 

of supramolecular assemblies9 and non-equilibrium self-

replication.10 In most current reports, however, chemically-

induced transient processes are mostly used to modulate the 

behaviour of single component self-assemblies. Few examples 

exist in which the consumption of a chemical reactant regulates 

the organization of networks of dynamic molecules.10c,11 Using 

classical stimuli-responsive self-assembly, networks of dynamic 

molecules have enabled the emergence of complex functions 

inaccessible with simpler systems.3a,3d,3g,12,13 Combining the 

capabilities of such networks with energy-dissipating processes 

would enable the development of new adaptive behaviours, 

furthering our understanding of complex systems (including 

biological ones). 

To date, libraries of dynamic metal–organic complexes 

consisting of amine and 2-formylpyridine components 

reversibly condensed into imine ligands around labile metal-

ions have yielded some of the most advanced artificial networks 

of dynamic molecules.3a,3d,3g,12g,12k,13c–i  

Here we demonstrate that a ‘transient acid’5h,7b–g,7i,8c,11f,12j 

can force libraries of imine-based metal complexes to 

temporarily rearrange towards a new equilibrium state, 

generating complexes otherwise unfavourable in absence of the 

acid. The study provides basic design principles for creating 

networks of dynamic complexes with temporarily modifiable 

functions, showing that the properties of metal-organic 

complexes can be altered by their transient rearrangement. 

Figure 1. (A) Self-assembly of [Cu(32,2)]+ under thermodynamic control. Reaction 

conditions: 1:2:3:Cu(BF4) (2:2:2:1), CD3CN, 60 °C, 12 h. (B) Schematic representation of 

the Gibbs free energy landscape of the reaction; [Cu(3,1)2]+ only forms as a metastable 

intermediate during the self-assembly process. (C) Partial 1H NMR spectrum (400 MHz, 

CD3CN, 297 K) of the crude reaction mixture after 12 h at 60 °C; the diagnostic signals of 

[Cu(32,2)]+ are coloured in orange and two of the diagnostic signals of 1 are highlighted 

by a grey circle. 

Results and Discussion 

Rational and main design 

Due to the differences of basicity between arylamine and 

alkylamine, we envisaged that trichloroacetic acid—an acid 

capable of temporarily acidifying a medium5h,7c,7d,7i,11f,12j—could 

be used to induce the transient rearrangement of imine-based 

metal complexes.  

Here we will use the notation (a,b) to refer to the imine-

based ligand obtained by the condensation of aldehyde a with 

amine b. The more basic ditopic amine 2 (Fig. 1A and 1B) should 

yield the most thermodynamically stable complex with Cu(I) 

and 2-formylpyridine 3 under neutral conditions, based on 

previous work.11f,13f,14 Complex [Cu(32,2)]+ should therefore be 

the unique complex observed when Cu(I) is added to an 

equimolar mixture of 1, 2 and 3. Upon addition of 

trichloroacetic acid, the initial acidification of the medium 

should displace 2 from the complex by protonation, allowing 

the incorporation of the less basic arylamine 1 (Fig. 2A and 2B). 

A new transient equilibrium state should quickly be achieved, 

expressing [Cu(3,1)2]+ as its most thermodynamically stable 

complex. The slow decarboxylation of 

trichloroacetate5h,7c,7d,7i,11f,12j should then incrementally return 

the system of the metal complexes to its initial equilibrium state 

(i.e., prior to the addition of acid) via a quasi-static process 

continually maintaining the metal complexes at equilibrium (the 

rearrangement of the metal complexes being faster than the 

decarboxylation of trichloroacetate). The decarboxylation of 

trichloroacetate generates a strong base—trichloromethyl 

anions—that should restore neutral alkylamine 2, regenerating 

[Cu(32,2)]+ with chloroform and carbon dioxide as the only side 

products. 



 

 
Figure 2. (A) Transient rearrangement of [Cu(32,2)]+ into [Cu(3,1)2]+. Conditions: 

CCl3COOH (2.5 eq.), CD3CN, r.t. (B) Schematic representation of the Gibbs free energy 

landscape of the rearrangement; [Cu(3,1)2]+ forms under thermodynamic control as part 

of a quasi-static process and [Cu(32,2)]+ forms under thermodynamic control in the 

default equilibrium state of the system. (C) Partial 1H NMR spectra (400 MHz, CD3CN, 297 

K) showing the evolution of the crude reaction mixture upon addition of CCl3COOH; the 

diagnostic signals of [Cu(32,2)]+ and [Cu(3,1)2]+ are coloured in orange and blue, 

respectively, two of the diagnostic signals of 1 are highlighted by a grey circle. 

This rational was tested. Combining alkylamine 2, 2-

formylpyridine 3 and Cu(I) in a 2:2:1 ratio in CD3CN led to the 

quantitative formation of [Cu(32,2)]+ after 12 h at 60 °C (see ESI 

for details and full characterization data of new compounds.) 

When arylamine 1 (2 eq.) was added to the solution at room 

temperature, [Cu(32,2)]+ remained the only complex observable 

by 1H NMR spectroscopy (Fig. 1C), hinting at its greater stability 

compared to [Cu(3,1)2]+. Addition of trichloroacetic acid (2.5 

eq.) to this stable mixture of [Cu(32,2)]+ and 1 immediately 

caused the rearrangement of the system, yielding [Cu(3,1)2]+ 

and [2+2H+] as unique products observable by 1H NMR 

spectroscopy (Fig. 2C). After a few minutes, the signals of 

[Cu(3,1)2]+ and [2+2H+] started to diminish giving place to those 

of [Cu(32,2)]+ and 1—the decarboxylation of trichloroacetate 

slowly returning the system to its initial state (ESI, Fig. S18). 

After ca. 40 min, the 1H NMR spectra of the reaction mixture 

closely matched that prior to the addition of acid, differing only 

by the emergence of a strong signal at 7.58 ppm attributed to 

the side product CHCl3 (Fig. 2C).  

 
Figure 3. (A) Transient ‘simplification’ of a mixture of complexes into [Cu(3,1)2]+. 

Conditions: CCl3COOH (2.5 eq.), CD3CN, r. t. (B) Partial 1H NMR spectra (400 MHz, CD3CN, 

297 K) showing the evolution of the crude reaction mixture upon addition of CCl3COOH; 

the diagnostic signals of [Cu(3,4)2]+ and [Cu(3,1)2]+ are coloured in orange and blue, 

respectively, two of the diagnostic signals of 1 are highlighted by a grey circles, the 

diagnostic signals of [Cu(3,1)(3,4)]+ overlap with those of [Cu(3,1)2]+ and [Cu(3,4)2]+. 

The robustness of the system was tested by subjecting the 

same sample to five consecutive rearrangement cycles (ESI, Fig. 

S18 – 23). The evolution of the system was monitored by 1H 

NMR spectroscopy, invariably showing behaviours identical to 

those observed during the first rearrangement cycle (ESI, Fig. 

S18 – 23) and showing only minimal deterioration of the system 

even after five consecutive cycles (ESI, Fig. S24). Having 

established that trichloroacetic acid could induce the transient 

rearrangement of a library of metal complexes—temporarily 

forming a complex unfavourable in the initial equilibrium state of 

the system—we sought to probe the tolerance of the system to 

modifications.  

Structural tolerance of the design 

The structural tolerance of the system shown in Figure 2 was 

studied by systematic modification of the nature of (i) the 

alkylamine, (ii) the tetrahedral metal ion and (iii) the arylamine. 

(i) The substitution of ditopic alkylamine 1 for monotopic 

alkylamine 4 resulted in a distribution of homoleptic and 

heteroleptic complexes in the initial equilibrium state of the 

system (Fig. 3); however, the acid-induced rearrangement of 

the system remained unchanged. Upon addition of arylamine 1 

(2 eq.) to [Cu(3,4)2]+ in CD3CN, 1H NMR signals corresponding to 

[Cu(3,1)2]+ (and to the heteroleptic complex [Cu(3,1)(3,4)]+) 

appeared besides those of [Cu(3,4)2]+ (Fig. 3B). The lack of the 

self-sorting in the initial equilibrium state of the system could 

be attributed to the reduced entropic driving force for the 

formation of [Cu(3,4)2]+ compared to the formation of 

[Cu(32,2)]+ (loss of the chelate effect).14b,15 Adding 

trichloroacetic acid (2.5 eq.) to the system immediately  



 

Figure 4. (A) Transient rearrangement of [Cu(32,2)]+ into [Cu(3,5)2]+. Conditions: 

CCl3COOH (2.5 eq.), CD3CN, r. t. (B) Partial 1H NMR spectra (400 MHz, CD3CN, 297 K) 

showing the evolution of the crude reaction mixture upon addition of CCl3COOH and 

after two rearrangement cycles; the diagnostic signals of [Cu(32,2)]+ and [Cu(3,5)2]+ are 

coloured in orange and blue, respectively, two of the diagnostic signals of 5 are 

highlighted by a grey circles, the diagnostic signals of trichloromethylated imine (3,5) are 

highlighted by green pentagons. 

simplified the reaction mixture, with only [Cu(3,1)2]+ and 

[2+2H+] being observable by 1H NMR spectroscopy. This 

‘simplified state’ persisted for a few minutes before slowly 

returning to the initial distribution of products (after ca. 40 min, 

ESI Fig. S26). This transient ‘simplified state’ could be recalled 

three times with little signs of fatigue (ESI, Fig. S26 – 30). This 

system exemplifies how a network of dynamic complexes can 

be forced to temporarily express fewer products—a simplified 

output— by populating a different more structured equilibrium 

state via an energy-dissipating process.  

(ii) The system behaves similarly when Cu(I) is replaced by 

Ag(I). The increased plasticity of the coordination geometry of 

Ag(I)16 yielded a distribution of complexes in the initial 

equilibrium state of the system, that immediately simplified 

upon addition of trichloroacetic acid. Following the addition of 

acid (2.5 eq.), [Ag(3,1)2]+ and [2+2H+] were the sole products 

observed in solution by 1H NMR spectroscopy (ESI, Fig. S31–32). 

The system gradually returned to its initial distribution of 

products over ca. 40 min (ESI, Fig. S32). This process could be 

repeated for five consecutive cycles with minimal deterioration 

(ESI, Fig. S32–38), indicating the compatibility of Ag(I) with our 

transient rearrangement process. 

(iii) The use of the less electron-rich p-anisidine 5 in place of 

4-(dimethylamino)aniline 1 was uninfluential on the initial self-

assembly of the system or its transient rearrangement (Fig. 4). 

From 1H NMR spectra, [Cu(32,2)]+ and 5 were the only species 

present initially and [Cu(3,5)2]+ and [2+2H+] were the only 

species present upon addition of trichloroacetic acid (Fig. 4B). 

However, in subsequent rearrangement cycles (Fig. 4B, top 

spectrum), 5 led to the rapid deterioration of the system via the 

trichloromethylation of imine (3,5) (ESI, Fig. S40–S42).17 This 

result indicates that in our original system (Fig. 2) the strong  

Figure 5. (A) Self-assembly of macrocycle [Ag2(62,22)]2+ and [2]catenane [Ag2(6,7)2]2+ 

under thermodynamic control. Reaction conditions: 6:2:Ag(SbF6) (1:1:1) or 6:7:Ag(SbF6) 

(1:1:1), CD3CN:CDCl3 3:1, 60 °C, 12 h. (B) Single crystal X-ray structures of macrocycle 

[Ag2(62,22)](BPh4)2 and of [2]catenane [Ag2(6,7)2](BPh4)2; solvent molecules and 

counterions have been omitted for clarity.  

electron-donating N,N-dimethyl group of 1 must reduce the 

reactivity of imine (3,1) towards nucleophilic attack by the 

trichloromethyl anions generated by the decarboxylation of 

trichloroacetate.  

Having established basic design principles, we envisaged 

that the transient rearrangement of metal-organic complexes 

described in Figure 2 could be used to temporarily modify the 

properties of supramolecular architectures, enabling a 

macrocyclic complex to become a [2]catenane—two  

mechanically interlocked macrocycles. 

Transient rearrangement of a macrocyclic complex into a 

[2]catenane 

Dialdehyde 6 (Fig. 5A) is known to self-assemble with p-

anisidine 5 and tetrahedral metal ions to produce dinuclear 

double-helical complexes (e.g., [Cu2(6,52)2]2+).13h Based on 

previous work by Nitschke,14b we anticipated that both a 

macrocyclic complex and a [2]catenane could be generated 

from this helical motif if appropriate diamines were used in 

place of 5 (Fig. 5A).  

In the presence of Ag(I) and aided by the gauche effect,18 

dialkylamine 2 should have the right length and flexibility, to 

preferentially bridge two distinctive dialdehydes 6 while being 

incorporated in the helical complex, generating the dinuclear 

helical macrocycle [Ag2(62,22)]2+ (Fig. 5A). In contrast, the longer 

length and increased rigidity of diarylamine 7 should favour its 

condensation with the same dialdehyde 6 in the helical 

complex, yielding the dinuclear helical [2]catenane [Ag2(6,7)2]2+ 

(Fig. 5A). 

To confirm their architectures, both complexes were 

prepared by heating an equimolar mixture of dialdehyde 6, 



 

diamine 2 or 7 and Ag(SbF6) in CD3CN:CDCl3 3:1 at 60 °C for 12 

h. In both cases, a single product was obtained with NMR 

spectra and ESI-MS analyses consistent with the structures 

shown in Figure 5 (ESI Section 2.4.2 and 2.4.3). X-ray-quality 

crystals of both architectures were grown by liquid−liquid 

diffusion (ESI, Section 4.1 and 4.2). The solid-state structures of 

both complexes unambiguously confirmed their topologies (Fig. 

5B and ESI, Section 4.1 and 4.2).  

The organic ligand of macrocycle [Ag2(62,22)]2+ forms a 42-

atom-loop twisted in a double-helical shape by two Ag(I) ions 

each coordinated to two iminopyridine domains of the ligand in 

a flattened tetrahedral geometry. The architecture of 

[2]catenane [Ag2(6,7)2]2+ consists of two interlocked 36-

membered rings entwined by an helical core created by two 

Ag(I) ions coordinating each to one of the iminopyridine domain 

of each macrocycles in an irregular four-coordinate geometry.  

These two structures exemplify the importance of 

controlling crossing point connectivity while synthesizing 

interlocked architectures.19 Both complexes have the same 

helical core, providing the same initial three crossing points. The 

difference of chemical topology between macrocycle 

[Ag2(62,22)]2+ and [2]catenane [Ag2(6,7)2]2+ arises from the 

retention of a different number of these initial crossing points 

when connecting the end-groups of the helical core with 

diamine 2 or 7. By connecting the closest end-groups of the 

helical core, diamine 2 retains none of the initial crossing points, 

yielding a topologically trivial macrocycle. By connecting the 

end-groups of the same strand of the helical core, diamine 7 

retains one of the initial crossing points, yielding a [2]catenane. 

Having established the nature of both complexes, we 

attempted the transient rearrangement of [Ag2(62,22)]2+ and 7 

into [Ag2(6,7)2]2+ and [2+2H+].  

As shown in Figure 6, when diarylamine 7 (1 eq.) was added 

to [Ag2(62,22)]2+ in CD3CN:CDCl3 3:1, 1H NMR spectroscopy 

provided no evidence of reaction between these two species, 

indicating that [2]catenane [Ag2(6,7)2]2+ is unfavourable in the 

initial equilibrium state of the system. Addition of 

trichloroacetic acid (10 eq.) triggered the transient 

rearrangement of the system: macrocycle [Ag2(62,22)]2+ was 

gradually converted into [2]catenane [Ag2(6,7)2]2+ and 

dialkylamine 2 was trapped in its protonated form (Fig. 6B). The 

concentration of [Ag2(6,7)2]2+ peaked at ca. 240 min before 

starting to decrease—slowly at first, but accelerating with 

depletion of the acid (ESI, Fig. S46 and S48). After ca. 870 min, 

macrocycle [Ag2(62,22)]2+was again the only complex visible by 
1H NMR spectroscopy. 

Compared to the systems of mononuclear complexes in 

Figures 2–4, the rate of rearrangement of this system was 

considerably lower ([Ag2(6,7)2]2+ peaked after ca. 240 min 

whereas [Ag(3,1)2]+ peaked after ca. 2 min), reflecting the 

increased complexity of this rearrangement process. Metal-

organic complexes involving dialdehyde and diamine 

components are known to self-assemble via the initial 

formation of metastable ill-defined oligomers and polymers 

slowly rearranging into (kinetically or thermodynamically) more 

stable structures.18b,20 A similar scenario is likely when the 

present system is rearranging towards [2]catenane [Ag2(6,7)2]2+  

Figure 6. (A) Transient rearrangement of macrocycle [Ag2(62,22)]2+ into [2]catenane 

[Ag2(6,7)2]2+. Conditions: CCl3COOH (10 eq.), CD3CN:CDCl3 3:1, r. t. (B) Partial 1H NMR 

spectra (400 MHz, CD3CN:CDCl3 3:1, 297 K) showing the evolution of the crude reaction 

mixture upon addition of CCl3COOH; the diagnostic signals of [Ag2(62,22)]2+ and 

[Ag2(6,7)2]2+ are coloured in orange and blue, respectively, two of the diagnostic signals 

of 7 are highlighted by a grey circle. 

following the addition of trichloroacetic acid. Indications of the 

formation of ill-defined oligomeric and polymeric species were 

found by monitoring the rearrangement of the system by 1H 

NMR spectroscopy. Despite [Ag2(62,22)]2+ and [Ag2(6,7)2]2+ being 

the only species visible by 1H NMR spectroscopy throughout the 

rearrangement process (Fig. 6B and ESI, Fig. 46), their combined 

populations remained under ca. 80% of the initial population of 

[Ag2(62,22)]2+ (i.e., prior to the addition of trichloroacetic acid), 

the missing material being presumably trapped in ill-defined 

oligomers and polymers undetectable by 1H NMR spectroscopy. 

After the concentration of [Ag2(6,7)2]2+ peaked, the baseline of 

the 1H NMR spectra of the reaction became broad and uneven 

in the aromatic region (Fig. 6B and ESI, Fig. 46), indicating an 

increased formation of oligomeric and polymeric species. This 

observation is consistent with the progressive deprotonation of 

[2+2H+] during the decomposition process of trichloroacetate 

into CHCl3 and CO2, making both diamines 2 and 7 available to 

form oligomeric and polymeric species as the system returns to 

its initial equilibrium state. 

Compared to the systems of mononuclear complexes in 

Figures 2–4, a large excess of trichloroacetic acid was required 

to maximize the formation of [2]catenane [Ag2(6,7)2]2+ (10 eq. 

of trichloroacetic acid were needed in this case vs. 2.5 eq. in the 

case of the simpler systems). The amount of [Ag2(6,7)2]2+ 

generated during the transient process and its lifetime were 

both found to be roughly proportional to the amount of acid 

added (ESI, Fig. S44–S46 and S48). When the amount of acid 

added was increased from 7.5 to 10 eq., the peak population of 

[Ag2(6,7)2]2+ increased from ca. 35 to 70% of the initial 

population of [Ag2(62,22)]2+ and the amount of time required for 



 

the system to return to its initial equilibrium state increased 

from ca. 450 to 810 min. This high requirement in acid suggests 

that the rearrangement of the system is slow compared to the 

rate of decarboxylation of trichloroacetate. An excess of acid is 

therefore needed to reach a steady state in the system, 

maximizing the transient formation of catenane [Ag2(6,7)2]2+ 

under thermodynamic control.  

Higher amounts of acid (up to 12 eq., ESI Fig. S47 and S48) 

did not increase the peak population of [Ag2(6,7)2]2+ further, 

hinting that some of the oligomeric and polymeric 

intermediates formed during the rearrangement of the system 

may be too kinetically stable to rearrange in the time scale of 

the transient process (in the conditions used). 

While all the initial macrocycle [Ag2(62,22)]2+ could be 

recovered at the end of the rearrangement using 7.5 eq. of 

trichloroacetic acid (ESI Fig. S44 and S48), the amount of 

macrocycle recovered at the end of the rearrangement cycle 

diminished when more acid was used (90 and 70% of the initial 

macrocycle were recovered when 8.5 or 12 eq. of 

trichloroacetic acid were used, respectively, ESI, Fig. S45 – S48). 

Performing a second rearrangement cycle led to significant 

deterioration of the system (ESI, Fig. S50). 

Conclusions 

Trichloroacetic acid has been used to control in time the 

composition of imine-based metal complexes via energy-

dissipation. By exploiting the base-promoted decarboxylation of 

trichloroacetic acid, it was possible to cycle between the 

preferential incorporation of an arylamine or an alkylamine 

component in a metal complex, enabling the transient 

expression of complexes otherwise unfavourable in absence of 

trichloroacetic acid. 

The electronic properties of the arylamine component 

appeared to be crucial to the robustness of the transient 

rearrangement process, whereas the nature of the alkylamine 

component and tetrahedral metal ions had little influence. 

Transient processes can temporarily simplify the output of a 

self-assembly process by populating a different, more 

structured, equilibrium state. The properties of metal 

complexes can be controlled in time via the transient 

modification of their compositions. We showed that the 

mechanical properties of a macrocyclic complex could be 

temporarily altered by rearranging it into a topologically more 

complex [2]catenane. 

By providing a generalizable method to transiently access 

different equilibrium states in systems of metal-organic 

complexes (or architectures), the information gleaned from our 

investigation will facilitate the development of new adaptive 

behaviours in these systems; behaviours exploiting both the 

capabilities of the default equilibrium (or kinetically trapped) 

state of the system and the capabilities of transient equilibrium 

states accessible via energy-dissipation. 
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