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Abstract. The decarboxylation mechanism of oxaloacetate catalyzed by transition metal ions M(Ⅱ) 

(M=Cu, Zn, Co) has been studied using Density Functional Theory (DFT). The calculations show that 

the catalytic cycle contains two stages: the formation of oxaloacetate-M(Ⅱ) complexes, and the 

cleavage of the C-C bond, the latter one is the rate-determining step in the whole reaction. DFT 

studies suggest that there are two forms of oxaloacetate dianion, the enol and the keto, the energy 

barriers for the C-C bond cleavage of the three oxaloacetate(enol)-M(Ⅱ) complexes are 89.5(Cu), 

261.5(Zn), and 37.5(Co) kJ/mol, and the energy barrier for the keto form of oxaloacetate-M(Ⅱ) 

complexes are 25.3(Cu), 31.2(Zn) and 63.3(Co) kJ/mol, respectively. The results investigate that the 

keto form of the oxaloacetate-M(Ⅱ) complexes is easily than the enol form, and Cu(Ⅱ) has better 

catalytic activity than the other two metal ions.  

Introduction 

Essentially all of the carbon dioxide generated in fermentation and respiration is produced by 

decarboxylation of organic acids[1]. Therefore, decarboxylation is a process of widespread 

occurrence in nature and is of fundamental biological importance. A variety of mechanisms have been 

employed in biological systems to specifically decarboxylate substrate olecules[2-6]. Oxaloacetic 

acid(OAA) is a β-keto acid, it plays a central role in several metabolic pathways such as the 

tricarboxylic acid cycle, gluconeogenesis, fatty acid biosynthesis, amino acid degradation, and amino 

acid biosynthesis[7-11]. The β-Decarboxylation of oxaloacetate(OA) can be catalyzed by a number of 

agents including amines[12-15], enzymes[16-22], et al. Since Krampitz & Werkman reported that 

Mg(Ⅱ ) can accelerate the decomposition of oxaloacetate[23], many metal ions catalyzed 

decarboxylation of oxaloacetic acid have been studied[24-36], a number of multivalent cations 

(Cu(Ⅱ), Fe(Ⅱ), Co(Ⅱ), Ni(Ⅱ), Zn(Ⅱ), etc.) are shown have good catalytic activity in the ketone 

decarboxylation. The study of Ito’s group[37] on "metal-ion catalyzed decarboxylation of oxaloacetic 

acid" show that the decarboxylation of oxaloacetic acid is accelerated when oxaloacetic acid chelates 

with divalent cation ions, the activation energy is reduced upon metal chelate formation.  Then 

Leussing [38, 39] and Gregory[40] made some reports about Cu(Ⅱ) and Zn(Ⅱ) catalysis of 

oxalacetate enolization and decarboxylation, they observed that the ability of various metal ions to 

promote decarboxylation closely parallels the stabilities of their respective oxaloacetate complexes.  

Studies on mechanistic aspects of the reaction are almost from experimental research and as we 

know that there is less research on theoretical calculation aspects. Here we report a machanistic study 

on metal ions catalyzed decarboxylation of OA using density functional theory, revealing the catalytic 

activity of several metal ions in the decarboxylation reaction. 

Computational Method 

All calculations were carried out using B3LYP functional theory[41]. Herein, the metal (copper, zinc, 

cobalt) atom was treated with the SDD relativistic effective core potential[42-43]. For C, H and O, the 
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6-311+G (d, p) basis set was adopted. Geometries of the reactants, intermediates, transition states and 

products involving the decarboxylation reaction system of OA were fully optimized. Frequency 

calculations were performed to identify all the stationary points as minima (zero imaginary frequency) 

or transition states (one imaginary frequency), and provide zero-point vibration energy (ZPVE). The 

transition states were checked by intrinsic reaction coordinates (IRC) calculations to confirm their 

connections between the corresponding intermediates and products. The zero-point vibrational 

energy (ZPVE, 1/2Rhx1) scaling and the thermal correction (TC) were also carried out. 

Results and Discussion 

In this study, we first examined the coordination of OA with metal catalyst, followed by an 

investigation on the possible pathways. After that, careful comparisons of these pathways were 

performed to generate the most favorable one.  

A M(II) (M=Cu, Zn, Co) catalytic cycle is proposed for the decarboxylative reaction for the 

enol-type and keto-type of OA in Scheme 1. While Figs.1 and 2 display the optimized structures for 

relevant transition states and key intermediates. The free energy profiles are shown in Fig. 3. 

According to the study of Ito[37], two possible pathways of the catalyzed decarboxylation are 

listed in Scheme 1. Firstly, OA (enol-type or keto-type) coordinated with the metal ion forming the 

organometallic complex, then the complex decarboxylated to generate the product-metal complex, 

finally the product complex decomposed. The calculation illustrates that the decarboxylation step is 

the rate-limiting one, so here we mainly discussed the catalyzed decarboxylation step. 

 

 

 

 

 

 

 

 

 

 

 

 

We firstly analyzed the catalyzed reaction of enol. Fig. 1 shows that the enol coordinate with the 

three transition metal ions to intermediate complex RA-M (M=Co, Cu, Zn). In RA-M, the metal ions 

coordinated with O7 and O9, generating a four-member-ring, and the bond lengths of the M-O7 are 

2.109 (Co), 2.104(Cu), and 2.088 Å (Zn), respectively. Then with the breaking of C2-C6 bond, the 

complex decarboxylated to form the product complex and carbon dioxide, the transition state 

structures are TSA-M (M=Co, Cu, Zn), in which the lengths of C2-C6 bonds enlarged from 1.457 

(Co), 1.454(Cu), and 1.495 Å (Zn)(RA-M) to 2.071 (Co), 1.978(Cu), and 2.073 Å (Zn), respectively. 

And the energy barriers are 37.5(Co), 89.5(Cu), 261.3(Zn) kJ/mol (Fig. 3(a)) for the decarboxylation, 

which indicates that Co(II) is the most favorite catalyst for the decarboxylation of enol. The total 

energetic profile illustrate that the three catalytic reactions are all exothermic ones, and the Gibbs free 

energy released are 101.4, 87.5, and 101.4 kJ/mol for RA-M (M=Co, Cu, Zn) respectively.   

Then the mechanism of the decarboxylation of the keto is discussed. The optimized structures of 

the reactant complexes (RB-M, M=Co, Cu, Zn), transition states(TSB-M), and the products(P-M) are 

listed in Fig. 2. In RB-M, different with RA-M, the metal ions coordinated with O4 and O7, and a 

five-member-ring is generated. The bond lengths of the M-O4 are 2.089 (Co), 2.144(Cu), and 2.022 Å 

(Zn), respectively. Then same with RA-M, through the transition state TS-M, the C2-C6 bond is 

broken, and the product complexes PB-M are produced, releasing carbon dioxide. From RB-M to 

TS-M, the bond length of C2-C6 is enlarged from 1.523 (Co), 1.515(Cu), and 1.540 Å (Zn) to 2.080 

HO

O

HO
O

O

M -CO2

HO O

O

M

O O

O

M (1) 

(2) 

Scheme 1 M(II) (M=Cu, Zn, Co) catalytic decarboxylation mechanism of OA :  

(1) enol-type, (2) keto-type 
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(Co), 1.960 (Cu), and 1.960Å (Zn). Fig. 3(b) shows that the energy barriers are 63.3, 25.3, 31.2 kJ/mol 

(Fig. 3(a)) for the decarboxylation of RB-M (M=Co, Cu, Zn), indicating that Cu(II) is the most 

favorite catalyst for the reaction of Keto-type OA. Similar to enol, the three catalytic reactions are all 

exothermic, and the releasing Gibbs free energies are 269.5, 196.3, and 49.0 kJ/mol for RB-M (M=Co, 

Cu, Zn) respectively. 

 

 

 

 

 

Figure 1.  The structures of the intermediates and transition states in the 

metal-catalyzed decarboxylation of the enol-type of OA. (bond length: Å) 

RA-Co                      TSA-Co                      PA-Co 

RA-Cu                        TSA-Cu                      PA-Cu 

RA-Zn                        TSA-Zn                      PA-Zn 
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From the above analysis we can find that, whether it's an enol or a ketone, the catalytic 

decarboxylation is exothermic, indicating that the reaction is beneficial in thermodynamics. 

The above discussion also indicates that for the catalyst Co (II), the decarboxylation of enol is 

easier than the keto, and it has the best catalytic activity of the three transition metal ions in the 

reaction of enol-form of OA. While for Cu (II) or Zn (II), the decarboxylation of keto is much easier 

than the enol, and Cu (II) has the best catalytic activity. Comparing the activation energy of the two 

reaction pathways, it can be found that the decarboxylation of ketone is easier than enol, which is 

assistant with the study of Leussing[39]. 

 

RB-Co                    TSB-Co                 PB-Co 

RB-Cu                    TSB-Cu                  PB-Cu 

RB-Zn                  TSB-Zn                      PB-Zn 

Figure 2.  The structures of the intermediates and transition states in the 

metal-catalyzed decarboxylation of the keto-type of OA. (bond length: Å) 

Figure 3.  Energetic profiles for decarboxylation of OA catalyzed by metal 

ions (Co(II) Cu(II) Zn(II)) at B3LYP/SDD level 

(a) enol-type                             (b) keto-type  
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Conclusions 

Transition metal ions catalyzed-decarboxylation mechanism of oxaloacetate has been studied using 

Density Functional Theory (DFT). Two possible pathways of the catalyzed decarboxylation have 

been discussed. The calculations show that the catalytic decarboxylation of OA is exothermic whether 

it's an enol or a ketone. And from a dynamics point of view, the energy barriers for the C-C bond 

cleavage of the three oxaloacetate(enol)-M(Ⅱ) complexes (enol)-M(Ⅱ) complexes are respectively 

89.5(Cu), 261.5(Zn), and 37.5(Co) kJ/mol, and the energy barrier for the keto form of 

oxaloacetate-M(Ⅱ) complexes are 25.3(Cu), 31.2(Zn) and 63.3(Co) kJ/mol, respectively, showing 

that the keto form of the oxaloacetate-M(Ⅱ) complexes is easily than the enol form, and Cu(Ⅱ) has 

better catalytic activity than other two metal ions. 
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