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Abstract 

High level CBS-QB3 calculations, combined with a cluster-continuum solvent model, have been 

employed to determine the solution free energy of all the reaction barriers in the amine-catalyzed aldol 

reaction of acetone with 4-nitrobenzaldeyde. The availability of one water molecule in each of the 

transition states is calculated to aid proton transfer in a concerted way, and thereby lowers the free-energy 

barrier. The presence of a second water molecule further lowers the free-energy barriers, while three water 

molecules appear to lead to a too large entropic penalty. This corresponds with the experimentally 

observed reaction rate enhancement upon co-feeding small amounts of water. Additionally, the formation 

pathway of a deactivating intermediate species derived from the aldol adduct, which is also experimentally 

observed, has been elucidated for the first time at the molecular level.  
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Introduction

Aldol reactions result in carbon-carbon coupling, and 

are widely used in the fine chemical and pharmaceutical 

industries to synthesize new and more complex organic 

molecules. Currently, these industrial applications typically 

employ homogeneous strong bases, such as NaOH. Despite 

their adequate activity, homogeneous strong base catalysts 

are dangerous to handle, pose an environmental risk, and 

are difficult to separate from the product stream. 

Heterogeneous base catalysts, such as amine functionalized 

mesoporous silica materials, may help to overcome these 

disadvantages (Kelly et al., 2002). 

The most active amine functionalized mesoporous 

silica catalyst to date bears an N-methylaminopropyl 

function, and is promoted by an excess of weakly acidic 

surface silanol groups (Brunelli et al., 2013). Recently, the 

crucial role of water on the stability of the N-

methylaminopropyl amine site was qualitatively assessed 

for the first time (De Vylder et al., 2018). It was found that 

without additional water, deactivating species are formed, 

and remain on the active site. Upon co-feeding 1 wt% of 
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water in a first run, these deactivating species were no 

longer observed, and the catalyst exhibited an increased 

reusability. Moreover, the addition of water appeared to 

increase the global reaction rate. 

In order to obtain a more quantitative insight into the 

effect of co-feeding water on the amine catalyzed aldol 

reaction mechanism, computational modeling of the full 

reaction mechanism is presented in this work. By 

employing a cluster-continuum solvent model, the charge 

stabilization by the dielectric continuum is taken into 

account, as well as the possibility of solvent molecules 

actively participating in the transition states. 

Computational Details 

The electronic energy of the lowest energy conformers, 

identified on the B3LYP/6-31G(d) potential energy surface, 

was calculated with the CBS-QB3 composite method using 

Gaussian 16. All thermal contributions were calculated with 

the harmonic oscillator approach. Partition functions were 
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calculated using a rigid-rotor and harmonic oscillator 

approximation with translational, external rotational, 

rovibrational, and electronic contributions. The active 

N-methylaminopropyl site on silica is modeled using free 

N-methylpropylamine. External rotation and translational 

contributions to the partition function have been removed 

for all surface species, to account for the rigidity of the silica 

grafted active site. Solvation energies, to account for the 

liquid-phase of 55wt% DMSO and 45 wt% acetone used in 

the experiments, are calculated using COSMO-RS theory, 

as implemented in the COSMOthermX17 software.  

Results and Discussion 

Free energy barriers of all intermediate steps in the 

aldol reaction of acetone with 4-nitrobenzaldehyde, 

catalyzed by an N-methylaminopropyl site (I), are displayed 

in Figure 1.  

 

Figure 1: Free energy profile for the amine 

catalyzed aldol reaction of acetone with 4-

nitrobenzaldehyde. Bottom numbers are free 

energy barrier heights in kJ mol-1.  

In the black free-energy diagram, no additional water 

molecules are considered in the transition state. 

Rehydration of the surface species IV with the water 

molecule that was expelled in TS2, appears to have a much 

higher barrier (166 kJ mol-1) than the concerted addition-

hydration step TS3-H2O (94 kJ mol-1). Under dry reaction 

conditions, species IV could thus be abundantly present on 

the active site, and possibly block access to it in a second 

run, as was also suggested based on experimental 

observations (De Vylder et al., 2018). 

In the green free-energy diagram, one water molecule 

actively participates in a concerted proton transfer in each 

of the transition states. This lowers each free energy barrier, 

which explains the increase in global reaction rate observed 

experimentally upon the addition of water (De Vylder et al., 

2018).  

Allowing two water molecules in the transition state 

further lowers the reaction barriers, albeit to a lesser extent. 

Additionally, due to the better charge stabilization by these 

two water molecules, an iminium intermediate of IV 

appeared as an intermediate species. Three water molecules 

in the transition state, however, increase the reaction 

barriers as compared to the case of one water molecule, due 

to unfavorable entropy contributions. 

Passive charge stabilization by water molecules was 

also investigated and found to lower the barrier as compared 

to the case without water, albeit the decrease in reaction 

barrier was not as considerable compared to actively 

participating in concerted proton transfers.  

Currently on-going work is focused on comparing the 

promoting ability of water molecules to the surface silanols. 

Preliminary results indicate that both species are hydrogen-

bond donors, which are promoting the amine function in a 

similar way. 

Conclusion 

Using the CBS-QB3 model chemistry, coupled with a 

cluster-continuum solvent model, the experimentally 

observed promoting ability of water in the amine catalyzed 

aldol reaction is clarified at the molecular level. Moreover, 

the pathway towards the deactivating surface intermediate 

IV, which was observed under dry reaction conditions, is 

now quantitatively understood.  

Acknowledgments 

European Research Council under the European 

Union’s Seventh Framework Programme (FP7/2007-2013) 

grant n°615456. Fund for Scientific Research Flanders 

(FWO 3G006813), J.L. is a postdoctoral fellow of Scientific 

Research Flanders (FWO, 12Z2218N). STEVIN 

Supercomputer Infrastructure at Ghent University, funded 

by Ghent University, the Flemish Supercomputer Center 

(VSC), the Hercules Foundation and the Flemish 

Government – department EWI. 

References 

Brunelli, N. A., Jones C. W., (2013). Tuning acid-base 

cooperativity to create next generation silica-supported 

organocatalysts. J. Catal., 308, 60-72 

De Vylder A., Lauwaert J, Esquivel D., Poelman D., De Clercq J., 

Van Der Voort P., Thybaut J.W. (2018) The role of 

water in the reusability of aminated silica catalysts for 

aldol reactions. J. Catal. 361, 51-61. 

Kelly GJ., King F., Kett, M. (2002) Waste elimination in 

condensation reactions of industrial importance. Green 

Chem., 4, 392-399 

 


