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Abstract: Implementation of new activated carboxylic acids is crucial 

to switch reversibly chemical systems over time in a safer manner. By 

applying cheap 1,3-acetonedicarboxylic acid, the pH of aqueous 

solutions can be decreased before autonomously evolving over time 

back again to a higher value upon diacid decarboxylation. This 

decarboxylation can be catalysed by different species such as simple 

amines or simple metals such as iron and copper salts. This process 

generates 2 molecules of CO2 and acetone as single waste, 

considerably decreasing the toxicity associated with such activated 

acids. The potential of this weak diacid was confirmed by reversibly 

disrupting a strong gel upon diacid addition and opens the way to the 

application in complex chemically fuelled systems.    

Introduction 

Ability to reversibly and autonomously change in properties is key 

for both natural biological systems and man-made machines. This 

requires an initial energy input to modify the system, followed by 

a reaction over time, ultimately allowing the system to 

autonomously return to its initial state.1 Among the different fuels, 

chemical fuels, have the advantage of being transportable and 

applicable in different media. However, as a main limitation, they 

generate waste which can accumulate within the systems. In 

order to circumvent this issue, Nature has find complex solutions 

to recycle and eliminate all the waste generated.  

In recent years, scientists have started working on the 

development of purely synthetic small chemical systems capable 

of changing properties in answer to a chemical stimuli and 

autonomously returning upon chemical reagent consumption to 

their initial state. Such properties were notably applied for simple 

switches, to complex motors or smart materials changing 

properties autonomously over time.2 

Among the different chemical stimuli, the use of activated 

carboxylic acids enables to modulate easily system properties 

through changes in the relative acidity of the media (Scheme 1). 

Through such an approach, the reversible change in pH is 

obtained autonomously upon one single input while avoiding salts 

accumulation, as opposed to successive acid-base additions. 

These acids are based on carboxylic acids possessing adjacent 

electro-withdrawing groups.3 The acids can protonate a variety of 

basic functions (X), while the presence of the electron-

withdrawing group favors decarboxylation, enabling the liberation 

of the initial bases with the concomitant release of CO2 and of the 

protonated electron-withdrawing groups.  

Scheme 1. Known activated carboxylic acids for chemical systems and 1,3-

acetonedicarboxylic acid (drawn as the ketone form) 

 

Different strong acids have been used for such purpose. The 

group of Di Stefano has notably used 2-cyano-2-arylpropanoic 

acids to fuel a variety of systems (Scheme 1a).4 The main 

advantage of these acids lies in the easily tunable kinetic of 

decarboxylation which depends on the nature of the aromatic 

group. As a limitation, these acids require three steps for their 

synthesis and generate non-volatile accumulating side-products. 

The same group reported that nitroacetic acid could act as an 

excellent chemical fuel notably in water but such approach was 

hampered by the increased hazards (Scheme 1b).5 Commercially 

available trichloroacetic acid is the most classically used acid 

(Scheme 1c).6,7 It has been used with success to fuel chemical 
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systems based on rotaxanes, precipitation of supramolecular 

assemblies or time-dependent materials. However, this 

hygroscopic chemical liberates toxic chloroform upon 

decomposition, which prohibits its application as soon as 

biological environments are envisaged. It would thus be of great 

interest to find a simple alternative to these acids, that would be 

based on an easily handled cheap chemical, operable in water 

and liberating more volatile and less toxic waste. In addition, it 

would be further attractive to have a chemical whose kinetic of 

consumption could be modulated through the use of different 

catalysts and conditions.8 

1,3-acetonedicarboxylic acid is a particular weaker diacid (pka 3.1 

and 3.77 in water).9 Its decarboxylation which can be mediated by 

different metal or organic catalysts liberates 2 molecules of CO2 

and volatile acetone.10 Since the pioneering tropinone synthesis 

by Robinson,11 it was notably used with success notably by our 

group as an attractive acetone surrogate in different synthetic 

transformations upon activation by a suitable catalyst.12 It is bio-

based, coming from the decarboxylation of citric acid,13 and as a 

result represents a potential interesting alternative to classical 

fuels for out of equilibrium chemical systems. Interestingly, in 

Nature acetoacetate decarboxylases are known to convert the 

parent acetoacetic acid into acetone, a secondary mechanism 

providing energy.14 However, the lack of stability of the mono-acid 

make it harder to handle and to use as potential fuel for synthetic 

out of equilibrium systems.   

Herein, the potential of this diacid as an interesting chemical 

stimuli to induce a decrease in pH and an autonomous return to 

higher pH is described. It is a weaker acids than traditionally used 

acids presented in Scheme 1. As a result, the application of a 

weaker acid for time-controlled pH change would provide new 

opportunities to change pH of different systems with 

complementary properties.  

Results and Discussion 

Figure 1. pH monitoring of the decomposition at 37°C of 1,3-acetonedicarboxylic acid in different solutions. 
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At the onset, in order to probe the potential role of 1,3-

acetonedicarboxylic acid as a time-dependent pH leveraging 

agent, we explored its decomposition using a wide array of 

reagents in order to probe their properties in the catalytic 

decarboxylation.  1,3-acetonedicarboxylic acid decarboxylation 

kinetic had been previously studied in aqueous buffered solutions, 

differing fundamentally from the present system leading to a 

change of the pH over time. Interestingly, a broad range of 

substances were able to catalyze the decarboxylation of 1,3-

acetonedicarboxylic acid. (Figure 1). Addition of the diacid to the 

initial solutions, provided the expected pH drop, while subsequent 

decarboxylation, efficient at 37°C, slowly increased the pH over 

time. Of importance, one single equivalence point was observed, 

in agreement with the lower stability of the intermediate 

acetoacetic acid, rapidly decarboxylated under various 

conditions.10,15 This indicates that once the first decarboxylation 

occurs, the in-situ generated acetoacetic acid salt is rapidly 

decarboxylated.  

 

In detail, adding 1 molar equivalent of diacid with respect to NaOH 

(Figure 1.a, red curve) did provide a jump from pH = 12.95 to pH 

= 3.30 before evolving overnight to a stable pH of 8.60. The 

observation of a final pH value higher than the initial one is due to 

the formation of hydrogen carbonate anions, generated upon 

reaction of the dissolved CO2 with water.5 Decreasing the amount 

of diacid (Figure 1.a, green curve), the pH evolved upon diacid 

addition from 12.95 to 4.59 before increasing back again more 

rapidly upon 8 hours to pH = 8.59. In the absence of catalyst, the 

diacid was relatively stable at this temperature and only slowly 

decomposed after several days (Figure S2). Aside from NaOH, 

several catalysts could also accelerate the decomposition of 1,3-

acetonedicarboxylic acid, enabling evolution upon catalyst 

addition and decomposition over a range of pH (min pH = 2.13; 

max pH = 4.44).  

Scheme 2. Representation of the pH evolution over time and of the chemical 

species present depending on the pH.  

 

Aniline was more active in the decarboxylation of 1,3-

acetonedicarboxylic acid, with only 20 mol% of this catalyst able 

to decompose the diacid almost completely after 500 minutes 

(Figure 1.b).  From the initial solution at pH 7.47, upon addition of 

the diacid, the pH decreased to 2.16 before increasing back again 

Figure 2. 1H NMR monitoring of the decomposition of 1,3-acetonedicarboxylic acid catalyzed by aniline (20 mol%) in D2O at 37°C. 
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to 4.07. Upon another addition of diacid, the same pH evolution 

was observed again. Aside from this organocatalyst, several 

simple metal complexes could also catalyze the decomposition of 

1,3-acetonedicarboxylic acid. Cu(Oac)2, Fe(acac)2 and Fe(acac)3 

were all good catalysts providing similar decarboxylation profiles 

over two cycles with a complete decarboxylation occurring after 

around 16 hours (Figure 1.c-e). Finally, an excess of sodium 

acetate (AcONa) was also tested in the process in view of its 

potential role as catalyst for smart materials properties modulation 

(vide infra)  (Figure 1.f). After a first cycle, similar shift of pH from 

4.3 to 3.3 evolving back again to the initial value were observed 

over five cycles. 

Altogether, these results confirm the behavior shown in Scheme 

2. From the initial basic solution containing, addition of an excess 

of diacid protonates the small amount of base and the excess 

diacid decreases the pH to acidic values. Base-catalyzed diacid 

decarboxylation liberates acetone (vide infra) and CO2, leading 

back again upon time to the basic solution.  

 

In order to gain more in-depth knowledge on the process, we then 

monitored by 1H NMR the diacid consumption in the presence of 

aniline as catalyst over multiple cycles in D2O (Figure 2). From the 

initial free amine (bottom), addition of an excess of 1,3-

acetonedicarboxylic acid protonates the basic nitrogen leading to 

the anilinium salt, shifting downfield all aniline aromatic protons 

by 0.27 to 0.53 ppm. The diacid is almost not visible in the NMR 

range (0-12 ppm), due to the presence of the different delocalized 

enol forms in solution and to deuteration in D2O.10  Upon aniline 

catalyzed decarboxylation, the free amine is liberated back again 

and most of the volatile acetone is evaporated outside of the 

system. The same cycle can be successfully repeated multiple 

times upon cycles initiated by the addition of the diacid and its 

subsequent decarboxylation. After several cycles, a small 

accumulation of acetone is observed (singlet at 2.22 ppm), not 

detrimental to the system since both aniline and anilinium ion are 

generated without any changes over the cycles. As a result, these 

results confirm the excellent behavior of the diacid which could be 

used to fuel a broad array of amine-based chemical out of 

equilibrium systems.2 

 

With these experiments in hand, 1,3-acetonedicarboxylic acid 

was applied to modulate the properties of a material with a 

temporal control. The idea was to demonstrate this potential by 

developing a system as easy to use as possible, from simple and 

cheap commercially available components, and displaying easily 

visible macroscopic properties. For this purpose, cheap sodium 

polyacrylate cross-linked,16 a common polymeric hydrogelator, 

was combined with the fueling by 1,3-acetonedicarboxylic acid 

(Scheme 3). At the initial state, the polymeric carboxylate anion 

would generate a strong gel, while in the presence of the diacid, 

protonation of the carboxylic acid would disassemble the gel. In 

order to better follow the pH transition in the system, bromocresol 

green, a colored pH indicator was added to the initial solution. 

From the initial blue gel (basic pH), addition of 1,3-

acetonedicarboxylic acid acidifies the system providing a yellow 

solution (Figure 3). Upon diacid decarboxylation, occurring at 

37°C, the polymeric free acid is recovered, the solution turns back 

again overtime from yellow to green then blue, generating again 

the strong gel. Gel formation and disruption was observed through 

the vial inversion method (a sample was considered as a gel if 

when the vial was inverted, no solution dropped). One can notice 

that upon gel destruction, the solution is not perfectly 

homogeneous and polymers residue corresponding to the gelator 

seem to precipitate upon diacid addition to the gel. This was 

confirmed when exploring the rheology of this system where the 

presence of the precipitating polymer prevented the observation 

of a solution at acidic pH. Interestingly, complementary to the 

previous systems using stronger acids,6 in the present system, 

application of a weaker acid implies a slower gel disruption kinetic, 

complete after around 25 minutes in the absence of any stirring 

of the system through the slow diffusion of the diacid (Figure 3). 

Finally, demonstrating the efficiency of the system, the gel 

disruption and reformation could be observed by the vial inversion 

method over 7 cycles upon 1,3-acetonedicarboxylic acid addition.  

Figure 3. Images of the time-controlled reversible gelation by 1,3-acetonedicarboxylic acid. Diacid decarboxylation occurs at 37°C.  
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 Scheme 3. Time-controlled gel disruption triggered by 1,3-acetonedicarboxylic 

acid 

Conclusion  

To conclude, 1,3-acetonedicarboxylic acid was shown to be a 

convenient molecule to induce time-controlled reversible changes 

in different chemical systems. It is cheap, widely available and 

less toxic than classical activated acids. Through the catalyzed 

decarboxylation, it can be easily decomposed liberating acetone 

and two molecules of CO2 by triggering a reversible shift in pH 

over time. This decarboxylation can occur easily in the presence 

of a broad array of catalysts, from simple metal salts to amines. 

Demonstrating this potential, it was applied to reversibly disrupt a 

gel over time. Given these properties, this diacid should rapidly 

be applied in other complex time-controlled chemical systems. 

 

Experimental Section 

pH monitoring of the decomposition of 1,3-acetonedicarboxylic acid 

(0.1 M and 0.07 M) in 0.1 M NaOH at 37 °C. In a beaker placed in a 37°C 

bath, to a 20 mL NaOH solution (0.1 M), was added 1,3-

acetonedicarboxylic acid (184.9 mg, 0.0014 mol, 0.07 M). The beaker was 

kept at 37°C and pH variation was recorded as a function of time by directly 

reading the pH value on the pH meter screen. 

NMR monitoring of 1,3-acetonedicarboxylic acid decomposition: In a 

5 mL vial, 2.0 mg of aniline (0.02 mmol, 20 mol%) were dissolved in 2.0 

mL of D2O. 14.6 mg of 1,3-acetonedicarboxylic acid (0.1 mmol, 1 equiv) 

were added and the reaction placed at 37°C. The reaction was monitored 

by reversibly transferring the vial content to a NMR tube and recording 1H 

NMR spectra. Once all diacid consumed, the cycle was repeated by adding 

again 14.6±0.3 mg of 1,3-acetonedicarboxylic acid and heating at 37°C. 

Gel evolution over 7 cycles: In a vial containing 1 mL of distilled water, 

30.2 mg of sodium polyacrylate cross-linked were added and the mixture 

vigorously stirred for 5 seconds. A strong gel was rapidly formed within few 

seconds. Successive cycles of gel disruption and regeneration were 

performed by adding 40.3±2.0 mg of 1,3-acetonedicarboxylic acid (0.28 

mmol), the vial stirred for 5 seconds and a solution formed within few 

minutes upon standing at room temperature. The solution was placed at 

37°C leading back gradually to a strong gel after heating for 6-12 hours. 

Gel disruption was confirmed through the vial inversion method (a sample 

was considered as a gel if when the vial was inverted, no solution dropped). 

The gel disruption and reformation could be observed over 7 cycles upon 

1,3-acetonedicarboxylic acid addition. 

All experimental protocols, detailed analysis, pH-curves over time, other 

pictures of the material. This material is available free of charge in the 

Supporting information. The data that support the findings of this study are 

available in the supplementary material of this article. 
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