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Although we had some understanding of the Kolbe-Schmitt reaction as early as the 21th century, it is surprising
that the reaction did not receive sufficient attention through theoretical approaches. The mechanistic un-
derpinnings of the industrially pivotal Kolbe-Schmitt reaction have been the focus of intensive experimental and
computational scrutiny. In the present study, we scrutinized the carboxylation of sodium phenoxide with carbon
dioxide via density functional theory (DFT) based molecular modeling at the hybrid B3LYP level. Our simulations
unveiled that the reaction transpires through three discrete transition states and three discrete intermediates. The
last step of the Kolbe-Schmitt reaction is the rate-determining step, as it requires the highest activation energy,
which consistent with the experimental results. This concluding step of the Kolbe-Schmitt reaction demands the
most substantial activation energy and thus limits the overall rate. This theoretical interrogation has furnished
invaluable discernment into the intricacies of the Kolbe-Schmitt mechanism and provides strategic direction for

deeper comprehension and optimization of this profoundly applicable carboxylation protocol.

1. Introduction

Carbon dioxide, as a plentiful, renewable, and cost-effective com-
pound, despite its harmful impact on the environment, exhibits
tremendous potential in various industrial sectors. Numerous research
studies and review articles have been published to further promote
carbon dioxide reduction and explore its additional applications (Tor-
tajada et al., 2018; Gupta et al., 2022). Among them, the approach of
forming C-C bonds is considered an ideal pathway for carbon dioxide
utilization due to the higher energy density associated with the newly
formed C-C bonds, offering broader prospects for development.

In this regard, carboxylic acid (R-COOH) compounds hold particular
importance as they find wide applications in the fields of medicine,
pharmaceuticals, chemicals, and other industries (Wu and Zheng, 2018;
GooBen et al., 2008; Rozulan et al., 2022). They serve as model com-
pounds for synthesizing other high-value-added products, thus pre-
senting a captivating direction for the conversion of carbon dioxide.
However, a deeper understanding of the carboxylation reaction mech-
anism, which utilizes CO; as a reactant for complete transformation into
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new C-C bonds, still requires further in-depth research (Luo and Larrosa,
2017).

The Kolbe-Schmitt reaction is a carboxylation reaction that utilizes
alkali metal phenoxides and carbon dioxide as reactants, resulting in the
formation of hydroxybenzoic acids (Kolbe, 1860; Kolbe and Lautemann,
1860). This reaction has been widely employed in the industrial pro-
duction of aromatic carboxylic acids such as salicylic acid, para-
hydroxybenzoic acid, 3-hydroxy-2-naphthoic acid, and 6-hydroxy-2-
naphthoic acid. In this study, we focused on investigating the mecha-
nism of the Kolbe-Schmitt reaction using sodium phenoxide and carbon
dioxide as our research subjects.

The mechanism of the Kolbe-Schmitt reaction has been the subject of
extensive experimental and theoretical research. In this study, we
referred to more recent findings regarding the mechanism of the Kolbe-
Schmitt reaction. The work by Kurt et al (Martindale, 1996) provided
valuable insights into the mechanism of the Kolbe-Schmitt reaction.
Through infrared spectroscopy and differential scanning calorimetry,
the existence of the intermediate PhONa-CO, complex was confirmed.
Furthermore, the study revealed that with increasing temperature
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