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ABSTRACT 

We demonstrate through quantum chemical calculations that the keto-enol tautomerization of 
malonic acid can be catalysed by the two tautomers of malonic acid itself. This self-catalyzed 
process proceeds with a relatively low barrier (Gibbs energy ca. 13 kcal/mol in gas phase, 20 
kcal/mol in aqueous phase), and involves the concerted transfer of two protons between the 
substrate and the carboxylic acid functionality of the malonic acid catalyst. This mechanism is 
expected to compete with the proton relay mechanism currently favoured to explain the 
tautomerization of malonic acid in aqueous media. Malonic acid is an important constituent of 
secondary organic aerosol (SOA) where the present chemistry may play a role in determining 
chemical composition. 
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Introduction 

Malonic acid, CH2(CO2H)2 (Figure 1a), a simple dicarboxylic acid, has been widely studied since the 
early 20th century primarily due to its usefulness in organic synthesis. Interest in malonic acid has 
grown in recent years as it has been detected throughout the atmosphere in a variety of locales 
[1-4],[1-4] in both the gas phase and in aqueous aerosols. Accordingly, a considerable amount of 
work has been devoted to understanding how malonic acid influences aerosol properties.[5-8]  It 
has long been known that malonic acid can be halogenated, which is interpreted as evidence for 
the presence of the enol tautomer, CO2HCHC(OH)2 (Figure 1b).[9] The extent to which this process 
takes place in the atmosphere, both in the gas phase and in aqueous aerosols, and the effect that 
this has on aerosol composition, has to date been paid relatively little attention.[10,11]    
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Figure 1: Dicarboxylic acid (a) and enol (b) forms of malonic acid. 

 

Several mechanisms for the keto-enol tautomerization of malonic acid have been proposed, 
including (i) an intramolecular (direct) proton shift,[9,12] and (ii) a water-mediated proton relay.[13] 
Initial studies suggested that an intramolecular proton shift was responsible for the 
tautomerization reaction.9,12 A number of later studies,[10,13,14] however, showed that the water-
mediated proton relay achieves a significant reduction in the barrier height (activation energy of 
~16 kcal/mol),[13] and may thus be the primary tautomerization mechanism for malonic acid in the 
presence of condensed water. 

A further mechanism for keto-enol tautomerizations is available,[15] involving concerted 
movement of two protons between the substrate and an acid catalyst molecule, such as formic 
acid. Further studies have shown that acid catalyzed double hydrogen atom transfer reactions 
occur in a wide variety of situations,[16] including other tautomerizations,[17-23] decomposition[24-31] 
and bimolecular reactions,[32,33] and in keto-enol tautomerizations of dimer complexes.[34,35] 
Furthermore, this mechanism may also play a role in the isomerization of free radicals,[36] in the 
hydration of SO3,[37-40] and in the hydrolysis of carbonyl compounds[41-43] in the atmosphere, as 
well as in the unimolecular rearrangement of oxygenated volatile organic compounds (VOCs).[44,45] 
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Malonic acid represents a prototypical compound with a carboxylic acid group that can undergo 
keto-enol tautomerization, and therefore may undergo self-catalyzed keto-enol tautomerization.15 
As well as being of fundamental interest as an extension of the acid-catalyzed double hydrogen 
shift mechanism, this process may help to explain the observed tautomerization of malonic acid in 
solution and in aerosol particles. In this study we have therefore used computational chemistry 
techniques to investigate this reaction. Quantum chemical calculations were performed using 
composite wavefunction theory and density functional theory methods, both in the gas phase and 
in aqueous media (using continuum solvent models).  

 

Computational Methods 

All calculations were performed in Gaussian 09.[46] Reported structures were initially optimized at 
the M06-2X/6-31G(2df,p)[47] density functional theory (DFT) level. Calculations were performed for 
structures optimized both in vacuo and with aqueous media (using IEFPCM,[48] the default 
polarisable continuum model implemented in Gaussian 09, as well as using SMD).[49] Frequency 
calculations confirmed all reported minima have no imaginary frequencies and all transition states 
have a single imaginary mode corresponding to movement between the stated reactants and 
products. Further to this, intrinsic reaction coordinate scans were used to confirm transition state 
connectivity to reactants and products. Lowest energy conformers for the dicarboxylic acid and 
enol forms of malonic acid, as well as the DHS transition states, were identified through a series of 
optimizations initiated in different starting configurations, as well as through systematic internal 
rotor scans (for minima). For selected structures, the calculations were also performed at the 
M05-2X/cc-pVTZ DFT level,[50,51] and higher-level energy calculations were conducted using the 
composite wavefunction theory (WFT) method G3SX,[52] on the basis of B3LYP/6-31G(2df,p) DFT 
optimized structures and vibrational frequencies. The reported DFT and composite WFT energies 
are expected to have mean uncertainties in the range of 2 and 1 kcal/mol, respectively. Energies 
are reported as electronic energies with zero point energy corrections (E+ZPE) and as 298 K 
enthalpies (H) and Gibbs energies (G). 

 

Results and Discussion 

Conformations of malonic acid and comparison of model chemistries 

The seven lowest energy conformers for each of the dicarboxylic acid and enol conformations of 
malonic acid have been identified and are presented in Table 1. Dicarboxylic acid forms of malonic 
acid are denoted Kn (the K refers to “keto”) and enol forms of malonic acid are denoted En. The 
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most stable enol conformation (E1) is around 4 kcal/mol higher in energy than that of malonic acid 
itself (K1). The lowest-energy structures both have one proton from either the carboxylate or enol 
functionality donating a hydrogen bond into another carboxylate group, with the remaining OH 
groups undergoing hydrogen bonding with β oxygen atoms. 

 

 

 

Table 1: Illustrations of malonic acid conformations, K1 to K6 and E1 to E7 with 298 K relative enthalpies and Gibbs 
energies. Structures optimized in the gas phase at the M06-2X/6-31G(2df,p) level of theory. Species with a * are 
involved in the tautomerization pathways described later in this article. E1 is 4.1 kcal/mol higher in enthalpy and 
5.2 kcal/mol higher in Gibbs energy than K1. 

Dicarboxylic acid conformations  Enol conformations 

 
Relative 
Enthalpy 

(kcal/mol) 

Relative 
Gibbs Energy 

(kcal/mol) 
  

Relative 
Enthalpy 

(kcal/mol) 

Relative 
Gibbs Energy 

(kcal/mol) 
 

K1* 0.0 0.0 

 

E1* 0.0 0.0 

 

K2 1.1 0.6 

 

E2* 2.2 2.1 

 

K3 1.2 0.3 

 

E3 3.7 3.7 

 

K4* 3.7 3.6 

 

E4* 7.3 6.7 

 

K5 4.8 4.5 

 

E5 15.0 13.9 

 

K6 6.5 6.0 

 

E6 15.5 14.5 
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    E7 19.4 18.2 

 
 

The malonic acid conformations are used to compare the model chemistries and energy 
calculations. Looking within individual model chemistries, the electronic energies, zero point 
electronic energies, thermal electronic energies and enthalpies are all very similar.  

Comparison of the aqueous models with the gas phase calculation is shown in Figure 2 and Figure 
3. For the enol, the order of the relative energies is generally the same as in the gas phase but this 
is not the case for the dicarboxylic acid conformers K5 to K6, which are significantly lower in 
energy when modelled in the presence of water. 

When comparing across the levels of theory used (i.e. gas to gas, IEF-PCM to IEFPCM and SMD to 
SMD; see SI 001 to SI 020), it is seen that M05-2X and M06-2X are very similar, although there is 
some variation in the Gibbs energies for dicarboxylic acid conformations. 

Overall, all levels of theory follow similar trends (some variations in exact order of energies). For 
the remainder of this article, M06-2X energies will be reported for gas and aqueous calculations, 
with G3SX energies also reported in the gas phase. 
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Figure 2: Enthalpy of dicarboxylic acid and enol conformations of malonic acid, calculated at M06-2X. See Table 1 
for illustrations of the conformers. 
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Figure 3: Gibbs energy of dicarboxylic acid and enol conformations of malonic acid, calculated at M06-2X. See Table 
1 for illustrations of the conformers. 

 

Intramolecular (direct) proton shift 

The pathway for the intramolecular proton shift in malonic acid is shown in Figure 4 (with energies from 
other calculations in SI 021 to SI 029), and the transition state structure is illustrated in Figure 5. The model 
chemistries and type of energy examined vary slightly but have general agreement that there is a ~60 
kcal/mol energy barrier for intramolecular (direct) proton shift. As shown in Table 2, the calculated barrier 
height ranges from 54.2 kcal/mol for the enthalypy at M06-2X in the gas phase, to 61.3 kcal/mol for the 
Gibbs energy in the M06-2X SMD aqueous model. There is a further, smaller energy barrier, as the 
hydrogen in enol E2 rotates around to become E1. 

It is highly unlikely that malonic acid would under go an intramolecular proton shift, as the expulsion of CO2 
via a decarboxlyation mechanism has a significantly lower energy barrier; this pathway is also shown in 
Figure 4 and the transition state is illustrated in Figure 5. This unimolecular pathway for decarboyxlation 
results in energy barriers shown in Table 3; there are gas phase barriers of 27 – 30 kcal/mol and solution 
phase barriers of 29 – 33 kcal/mol. These results compare well to those of of Staikova et al.,[53] who 
calculated gas phase single molecule (non-catalysed) decarboxylation to be 26 – 28 kcal/mol, and only 20 – 
22 kcal/mol if water is a catalyst. 
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Figure 4: Energy diagram for the intramolecular keto-enol tautomerization of malonic acid (in black) and the 
decarboxylation of malonic acid (in red). Energies listed are Gibbs energies calculated at M05-2X/cc-pVTZ in the gas 
phase.  

 

Table 2: Barrier heights (in kcal/mol) for keto-enol tautomerization of malonic acid (K1) via TS-A1. 

Model Chemistry ∆H ∆G 

M06-2X 
gas 54.2 55.1 

IEF-PCM 57.7 58.8 
SMD 59.5 61.3 

M05-2X 
gas 54.2 55.5 

IEF-PCM 58.3 55.4 
SMD 60.2 57.0 

G3SX gas 56.2 57.2 
 

 

Table 3: Relative energies (kcal/mol, compared with K1) of the energy barrier for decarboxylation. 

Model Chemistry H G 

M06-2X 
gas 27.2 28.0 

IEF-PCM 29.4 29.8 
SMD 31.6 32.4 

G3SX gas 29.8 30.6 
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(i) Transition state for intramolecular 
(direct) proton exchange 

 

(ii) Transition state for decarboxylation 

 

(iii) Transition state for K1 

 

(iv) Transition state for E1 

 

(v) Transition state for K2 

 

(vi) Transition state for E2 

Figure 5: Illustrations of the transition state structures of (i) intramolecular (direct) proton exchange, (ii) 
decarboxylation and (iii) to (vi) autocatalytic keto-enol tautomerization of malonic acid.  
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Figure 6: Acid catalysed tautomerization of malonic acid via the dicarboxylic acid (K1) and enol (E1) forms. Energies listed are Gibbs energies calculated at the M06-2X level of theory in 
the gas phase. 
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Dicarboxylic acid catalysed proton shift 

Gibbs energy diagrams for keto-enol tautomerization of malonic acid catalysed by the 
dicarboxylic acid form of malonic acid are provided in Figure 6. The catalyst is either K1 or 
K4 (see Table 1), which switches from one to the other after having served as the catalyst; 
this process turns the reactant K1 to E2, which then relaxes to E1. The transition state 
structures are illustrated in Figure 5.  

The four model chemistries used to compute the structures and energies in the reaction 
pathways follow similar trends, with some variation in relative energies. In general, M06-2X 
gas phase has the lowest energies, followed by G3SX, then M06-2X with the IEF-PCM solvent 
model and M06-2X with the SMD model. This difference is illustrated in the relative values 
of the energy barrier, as per Table 4 and reaction pathways in H, E+ZPE and G energies are 
shown in SI 030 to SI 046. 

When looking at the enthalpies, the reaction pathways appear barrier-less (except for in 
SMD, in which case the main transition state is the highest energy barrier, by ~1 kcal/mol), 
but Gibbs energies have barrier of 13 to 26 kcal/mol, which is generally the barrier due to 
the double proton shift transition state, and arises due to a loss of entropy. This is tabulated 
in Table 4. A slightly lower energy barrier is met when K4 is used as the catalyst, compared 
to K1. 

 

Table 4: Highest energy barriers in tautomerization of the dicarboxylic acid (“keto”) to enol form of malonic 
acid when catalyzed by the keto and enol forms of malonic acid (energies reported in kcal/mol). An 
expanded version of this table can be found in the Supporting Information, SI 072. 

Enthalpy of largest barrier 

Pathway M06-2X gas IEF-PCM SMD G3SX gas 
Keto catalyst 1: K4-K1 to K1-E2 4.1 barrierless 7.4 barrierless 9.7 K4K1 to K1E2 6.3 barrierless 
Keto catalyst 2: K1-K1 to K4-E2 4.1 barrierless 7.4 barrierless 10.2 K1K1 to K4E2 6.3 barrierless 
Enol catalyst 1: E4-K1 to E1-E2 9.5 E1K1 to E4K1 11.0 E1K1 to E4K1 10.4 E1K1 to E4K1 8.4 E1K1 to E4K1 
Enol catalyst 2: E1-K1 to E4-E2 10.7 E4E1 to E1E1 15.5 E4E1 to E1E1 17.2 E4E1 to E1E1 12.3 E4E1 to E1E1 

         Gibbs Energy of largest barrier 

Pathway M06-2X gas IEF-PCM SMD G3SX gas 
Keto catalyst 1: K4-K1 to K1-E2 13.4 K4K1 to K1E2 19.5 K1E2 to K1E1 25.5 K4K1 to K1E2 18.6 K4K1 to K1E2 
Keto catalyst 2: K1-K1 to K4-E2 13.6 K1K1 to K4E2 20.0 K1K1 to K4E2 26.4 K1K1 to K4E2 18.9 K1K1 to K4E2 
Enol catalyst 1: E4-K1 to E1-E2 19.1 E1K1 to E4K1 20.9 E1K1 to E4K1 23.8 E4K1 to E1E2 18.6 E4K1 to E1E2 
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Enol catalyst 2: E1-K1 to E4-E2 21.8 E4E1 to E1E1 27.2 E4E1 to E1E1 30.1 E4E1 to E1E1 22.9 E4E1 to E1E1 
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Enol catalysed proton shift 

Energy diagrams for keto-enol tautomerization of malonic acid catalysed by the enol form of 
malonic acid are provided in Figure 6 (with other calculated energies illustrated in SI 047 to 
SI 063). Similar to the dicarboxylic acid catalysed case, the catalyst is either E1 or E4 (see 
Table 1), which switches conformation across the double hydrogen shift reaction step; this 
process turns the reactant K1 to E2, which then relaxes to E1. These transition state 
structures are illustrated in Figure 5. 

As listed in Table 4, the enthalpies have a barrier of ~10 kcal/mol, while in terms of Gibbs 
energy of the barrier heights are ~20 to 30 kcal/mol. The barrier is generally due to 
conformation change of the catalyst but is sometimes due to the main transition state. A 
slightly lower energy barrier is met when E4 is used as the catalyst, compared to E1. Both 
have significantly lower energy barriers than those of an intramolecular proton shift or 
decarboxylation but higher energy barriers than when a dicarboxylic acid form of malonic 
acid acts as the catalyst. 

Other reaction pathways 

We have seen that in the gas phase and in solution the dicarboxylic acid and enol forms of 
malonic acid are effective catalysts for the keto-enol tautomerization of malonic acid. It is 
worth noting that other reaction pathways are also possible, but have higher energy 
barriers. These mechanisms, for instance, involve changing the conformation of the two 
species once they have separated (see Figure 7 and Figure 8) or in a different order (see SI 
064 to SI 071).  
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Figure 7: Enthalpy diagram for keto-enol tautomerization of malonic acid catalysed by the dicarboxylic acid 
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and 2) as discussed above. Also illustrated is changing conformation while the catalyst and reactant are (a) 
interacting and (b) separate. Enthalpies are calculated at M06-2X in vacuo.  
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and enol (E) forms of malonic acid. For each catalyst, two possible reaction pathways are presented (1 and 
2) as discussed above. Also illustrated is changing conformation while the catalyst and reactant are (a) 
interacting and (b) separate. Energies are Gibbs energies calculated at M06-2X in vacuo. 

 

Conclusions 
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This work has identified conformations of malonic acid in both dicarboxylic acid and enol 
forms. The most stable enol conformation (E1) is 4.1 kcal/mol higher in Enthalpy, and 5.2 
kcal/mol higher in Gibbs Energy than the most stable dicarboxylic acid conformation (K1) in 
the gas phase. Several potential reaction pathways for the keto-enol tautomerization of 
malonic acid were identified. Intramolecular proton shift results in a barrier of ~60 kcal/mol, 
while decarboxylation has an energy barrier of ~30 kcal/mol; this suggests that in isolation, 
malonic acid is more likely to break apart than tautomerize to the enol form. The use of a 
dicarboxylic acid (K1 or K4) as a catalyst results in a reaction pathway that is barrierless in 
terms of enthalpy, and with Gibbs energy barrier heights of ~13 kcal in the gas phase, while 
there are slightly higher barriers in solution and when an enol form (E1 or E2) is used as the 
catalyst. Importantly, this work shows that malonic acid can undergo catalytic keto-enol 
tautomerization even in the absence of water, which may have implications for the 
composition of concentrated atmospheric aerosols. 
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Graphical Abstract 

 

 

 

Theoretical calculations demonstrate that the tautomerisation of malonic acid is catalysed by both the 
acid and enol forms of malonic acid. The mechanism involves the transfer of two protons, and in 
aqueous media is predicted to require a barrier of 20 kcal/mol. Malonic acid is a significant component 
of secondary organic aerosol, where keto-enol tautomerizaztion has been observed. 
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