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Abstract

In aqueous solution, biological decarboxylation reactions proceed irreversibly to completion, 

whereas the reverse carboxylation processes are typically powered by the hydrolysis of ATP. The 

exchange of the carboxylate of ring-substituted arylacetates with isotope-labeled CO2 in polar 

aprotic solvents reported recently suggests a dramatic change in the partition of reaction pathways. 

Yet, there is little experimental data pertinent to the kinetic barriers for protonation, and 

thermodynamic data on CO2 capture by the carbanions of decarboxylation reactions. Employing a 

combined quantum mechanical and molecular mechanical simulation approach, we investigated 

the decarboxylation reactions of a series of organic carboxylate compounds in aqueous and in 

dimethylformamide solutions, revealing that the reverse carboxylation barriers in solution are fully 

induced by solvent effects. A linear Bell-Evans-Polanyi relationship was found between the rates 

of decarboxylation and the Gibbs energies of reaction, indicating diminishing recombination 

barriers in DMF. In contrast, protonation of the carbanions by the DMF solvent has large free-

energy barriers, rendering the competing exchange of isotope-labeled CO2 reversible in DMF. The 
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finding of an intricate interplay of carbanion stability and solute-solvent interaction in 

decarboxylation and carboxylation could be useful to designing novel materials for CO2 capture.

Graphical Abstract

In aqueous solution, enzymatic decarboxylations, such as that of orotidine monophosphate 

(OMP) catalyzed by OMP decarboxylase, proceed effectively irreversibly to 100% 

completion,1, 2 while biosynthetic carboxylation reactions are coupled to thermodynamically 

favorable processes, particularly the hydrolysis of ATP. In Nature, the equilibrium of 

decarboxylation and carboxylation is established through CO2 release by respiring 

organisms and CO2 fixation in photosynthesis on a mammoth scale of billions of tons per 

year.3 Although the change from water to aprotic solvents can accelerate decarboxylation 

reactions,4 we were intrigued by reports5, 6 that exchange between the carboxylate of ring-

substituted arylacetates (R-CO2
−, Scheme 1) and labeled 13CO2 or 14CO2 in polar aprotic 

solvents dimethylformamide (DMF) or dimethylsulfoxide (DMSO) is substantially faster 

than their decarboxylation to form substituted toluenes (RH).5–11 These reaction conditions 

dramatically change the course of decarboxylation. Scheme 1 shows partitioning of the 

carbanion intermediate R−…CO2 of decarboxylation of R−…CO2 among recombination to 

form the reactant (k−1), protonation to form a ring-substituted toluene (k′p), and diffusional 

separation (k−d) to form a free carbanion, which then partitions between protonation (kp) and 

addition of isotope-labelled *CO2. Other competing patyways include a nucleophilic 

addition to the solvent DMF and a disproportionation process of arylacetates;5, 6 they have 

high reaction barriers (SI) and are not further discussed in this study. The observation of 

exchange of *CO2 requires a large kinetic barrier to protonation of ring substituted benzyl 

carbanions, compared to the barrier for addition of CO2: kd[*CO2]>> k′p, kp. However, 
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there is little experimental data pertinent to the kinetic barriers for protonation of ring-

substituted benzyl carbanions by DMF or DMSO,12–14 and no data for addition of these 

carbanions to CO2. We report here the results of a combined quantum mechanical and 

molecular mechanical (QM/MM) simulation study to determine the relative barriers to 

partitioning a series of carbanions between addition to CO2 and protonation by DMF.

We carried out molecular dynamics simulations to determine the potentials of mean force 

(PMF) along the CO2 dissociation coordinate for a set of 11 organic acids in water and in 

DMF, employing a dual-level QM/MM potential15, 16 to yield results at a quality of density 

functional theory with the M06-2X/aug-cc-pVTZ functional.17 The PMF for six 

decarboxylation reactions in DMF and in aqueous solution are depicted in Figure 1, along 

with the free energy profiles in the gas phase for comparison. The remaining data and details 

are given in the SI. The experimental free-energy barriers are obtained from rate constants 

mostly extrapolated to ambient temperature,18 whereas free energies of reaction are taken 

from the analysis by Guthrie.18,19 For the nine reactions where experimental data are 

available, the root-mean-square-errors (RMSE) between experiment and computation are 4.4 

and 6.1 kcal/mol, respectively, for the barrier height and reaction free energy (Table S1), and 

the mean-signed-errors (MSE) are smaller (0.3 and 1.2 kcal/mol) than unsigned errors and 

RMSE. The agreement is good in view of the large span of rates and free energies. 

Quantitative rate constants for decarboxylation reactions in DMF are scarce,20 but in view of 

the good accord for the aqueous data and linear free energy relationships discussed below, 

the results demonstrate that the present simulations are adequate to provide insights on the 

origin of solvent effects on these decarboxylation reactions.

First, decarboxylation reactions in water typically have high free energy barriers 

accompanied by strong solvation effects,4, 20–23 occurring at elevated temperatures. This is 

due to greater reactant stabilization by aqueous solvation relative to that at the 

decarboxylation transition state.22, 23 This effect is especially dramatic in the reverse, 

carboxylation process, and clearly depicted in Figures 1 and S2. In the gas phase, there is no 

or little recombination barrier for CO2 capture, but in contrast, aqueous solvation induces 

substantial free-energy barriers to CO2 recombination in all decarboxylation reactions. For 

nitroacetate ion, the recombination barrier is as large as 17 kcal/mol in water, reflecting an 

unusual Brønsted relationship between the rate and equilibrium constants for deprotonation, 

called nitroalkane anomaly.24, 25 Both deprotonation and decarboxylation reactions yield the 

same carbanion intermediate, with slow re-hybridization of the charge localized carbanion.26 

It is remarkable that this phenomenon is carried over to the decarboxylation reaction. In 

protic solvents, protonation of the transient carbanion intermediate R−…CO2 to form RH 

(Scheme 1) renders decarboxylation reactions effectively irreversible. Consequently, in 

aqueous solution, the partition of R−…CO2 in Scheme 1 favors formation of RH because of 

the weak carbon acidity of the decarboxylation product. In DMF, the free energy barriers to 

CO2 recombination are much smaller than those in water (Figure 1). For several reactions, 

the overall free energy barriers of the recombination process are below the product state of 

decarboxylation or without a barrier at all. Overall, Figure 1 reveals that solvent 

reorganization, created by desolvation as the reacting species approach each other to form a 

chemical bond, induces CO2 recombination barriers, and the solvation-induced barriers are 

substantially smaller in DMF than in aqueous solution.
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Secondly, we have examined the partition between CO2 recombination and protonation of 

the carbanions of decarboxylation by proton abstraction from DMF. For the latter 

calculations, we employed M06-2X/aug-cc-pVTZ along with the Minnesota solvation 

model.27 The method was validated by comparison between the computed gas-phase 

basicities and the experimental data,28 with an RMSE of 2.0 kcal/mol. The thermodynamic 

driving forces and free energy barriers for the proton transfer and CO2 recombination 

reactions are listed in Table 1. Except phenyl anion, all carbanions have smaller gas-phase 

basicity than DMF (385.9 kcal/mol) and exhibit positive free energies of reaction. On the 

other hand, the carboxylation reactions are substantially favorable both in the gas phase and 

in solution. Furthermore, proton abstraction from DMF by the carbanions of decarboxylation 

have large free-energy barriers, typically greater than 30 kcal/mol, in sharp contrast to the 

small barriers for CO2 recapture in DMF (Table 1). Therefore, the partition (Scheme 1) is 

strongly favored to the carboxylation process over protonation to form toluene derivatives in 

DMF.

The rate of decarboxylation reactions in water are known to correlate with the pKa values of 

the conjugate acids of the anions of decarboxylation through Brønsted plots at 25 °C.29 

Interestingly, Shock and coworkers showed that a Brønsted plot of decarboxylation at 300 

°C is also correlated with the pKa at 25 °C,30 suggesting that the use of rate extrapolation to 

ambient temperature is reasonable.29 Here, we found that the decarboxylation rates both in 

water and in DMF fall in a linear Bell-Evans-Polanyi plot. Figure 2 shows that the 

agreement between experiments and computation for the decarboxylation reactions in water 

is excellent, yielding a slope of 0.71 and 0.76, respectively. The intercept in the experimental 

correlation (16.7 kcal/mol) is 1.6 kcal/mol greater than that of computational data (15.0 kcal/

mol). The Bell-Evans-Polanyi relationship for the decarboxylation reactions in DMF 

solution gives a slightly increased slope (0.79) and markedly reduced intercept (6.6 kcal/

mol). In physical organic chemistry, the slope of a Bell-Evans-Polanyi plot correlates with 

the transition state along the reaction pathway.31 As there is no free energy barrier for the 

carboxylation process in the gas phase, this limiting case implies a slope of unity and zero 

intercept. The small increase in slope in DMF relative to that in water is significant, 

indicating further advancement of the transition state in an aprotic solvent. The smaller 

intercept value in DMF solution than aqueous solution corresponds to weak solvent 

reorganization and, thus, smaller solvation-induced free-energy barrier. Indeed, the average 

solvent-induced recombination barrier height is only 1.5 kcal/mol above the decomposition 

products, whereas it is 8.8 (9.6) kcal/mol in water from computation (experiments).

Finally, the average recombination barriers in aqueous and DMF solutions are not without 

trends. Figure 3 depicts the computed barriers for CO2 capture by the anionic nucleophiles 

of decarboxylation against the free energies of reaction. Interestingly, greater barriers are 

found to accompany smaller overall endergonicity in both solvents with similar slopes 

(−0.21 and −0.24 in DMF and in water). In dry DMF, a solvent favoring CO2 capture, 

recombination barriers are absent when decarboxylation reactions become highly endergonic 

(Figure 3). In other words, the free energy cost for a spontaneous decarboxylation reaction is 

largely dictated by the intrinsic, i.e., gas-phase, free energy of decarboxylation. 

Nevertheless, the Bell-Evans-Polanyi plot does not show direct correlation of the rates of 

decarboxylation or CO2 recombination with the Gibbs energy of reaction in the gas phase. It 
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is the combined effects of the intrinsic stability of the carbanions and intermolecular 

interactions that lead to a highly correlated linear regression (R2 ≥ 0.95).

The reversibility of decarboxylation and carboxylation was reported in the synthesis of α-

nitro acids in methanol under basic and saturating CO2 conditions.32 Falvey and coworkers,
8, 9 and others,33, 34 showed that decarboxylation of zwitterionic imidazolium-2-carboxylate 

is reversible by 13CO2 exchange in aprotic solvents, but protonation of the decarboxylation 

product in solvent mixtures containing a proton source inhibits the recovery of the 

carboxylate starting material. These N-heterocyclic carbene materials have been used for a 

variety of applications, including organic synthesis and CO2-transfer agents.35 Wolfenden 

and coworkers found a modest rate enhancement by transferring N-methyl orotate from 

water to DMF,20 in accord with the present results. Mayr and coworkers investigated a range 

of nucleophilic addition of carbanions to heteroallenes.36 Recently, a number of groups 

reported reversible exchange reactions of spontaneous decarboxylation and carboxylation of 

organic acids.5–11 Decarboxylation reactions are inherently slow, typically carried out at 

high temperatures.30 The Bell-Evans-Polanyi relationship in Figure 2 reveals that a balanced 

act of both carbanion stabilization to increase the overall decarboxylation rate and solvation 

effects to facilitate deprotonation of the conjugate acid of the decarboxylation anion may be 

considered in designing materials for CO2 capture, storage and release.34, 37 An organic 

solvent favors CO2 capture, but it would be of interest to balance carbanion stability and 

solvation effects to carry out reversible decarboxylation and CO2 capture in the presence of 

water.

In summary, the present study reveals that the barrier for CO2 capture corresponding to the 

reverse decarboxylation reaction is fully induced by solvent effects, especially in aqueous 

solution. The rates of decarboxylation in water and in DMF fall linearly to the Bell-Evans-

Polanyi relationship, revealing diminishing recombination free-energy barriers in DMF 

relative to aqueous solution. For CO2 capture, the recombination reaction has an average 

solvent-induced free energy barrier of nearly 10 kcal/mol in water, and less than 2 kcal/mol 

in DMF. In contrast, protonation of the carbanions by the DMF solvent has large free-energy 

barriers, typically greater than 30 kcal/mol, rendering the competing diffusion and exchange 

of isotope-labeled CO2 reversible in DMF. Therefore, in DMF, the partition of the 

carbanions in Scheme 1 favors recombination with a CO2 molecule.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

DL dual level

DMF dimethylformamide

DMSO dimethyl sulfoxide

MSE mean signed errors

OMP orotidine monophosphate

PMF potential of mean force

QM/MM quantum mechanical and molecular mechanical

RMSE root-mean-square errors

SI supporting information
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Figure 1. 
Computed potential of mean force for decarboxylation reactions in the gas phase (red), 

aqueous solution (black), and dimethylformamide (green) along the distance coordinate 

between the carbon atom of the carboxylate and the carbanion site.
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Figure 2. 
Bell-Evans-Polanyi plots of computed and experimental Gibbs energies of activation for 

decarboxylation reactions in water and in dimethylformamide solutions versus the 

corresponding free energies of reactions.
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Figure 3. 
Computed free energy barriers for the reverse processes of decarboxylation reactions in 

aqueous and in dimethylformamide solutions plotted against the corresponding free energies 

of reactions.
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Scheme 1. 
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