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In this work, the thermal decomposition of benzoylformic acid was studied computationally, including the
decarboxylation reaction by two different mechanisms and an additional one for the decarbonylation of the
compound. The PBE functional and 6-311+G(d,p) basis set in the gas phase and the aqueous solution were used.
Transition states were modeled, kinetic and thermodynamic parameters were calculated for each reaction, and
bonds evolution were tracked along the reaction coordinate by analysis of Wiberg bond indices. Two-step

decarboxylation mechanism, initially proposed for the decomposition of pyruvic acid was found to be a prob-
able mechanism for benzoylformic acid in gas phase, compared to the one-step decarboxylation and decar-

bonylation reaction.

1. Introduction

Benzoylformic acid is an intermediate compound to produce drugs
[1]. Under the right conditions it is used as a reagent in obtaining oximes
[2] and a-keto amides [3]. The compound is also a photoinitiator for the
photochemical activation of molecules such as tetrahydrofuran (THF)
[4]. Chemically it can be obtained by dehydrogenation, hydrolysis,
acylation, or oxidation reactions on appropriate molecules [5-9]. Its
production has also been reported from benzoyl cyanide using bio-
catalysts [1].

The thermolysis of benzoylformic acid and other a-keto acids has
been conducted experimentally by other researchers [10-13] to eluci-
date the reaction mechanism. The products reported in the highest
proportion are carbon dioxide, benzaldehyde, carbon monoxide and
benzoic acid. Other experimental reports indicate that systems
composed of dicarbonyl acids can be decomposed by ultraviolet irradi-
ation processes [11,14-16]. Taylor, 1991 [12], studied the mechanism
of thermal elimination of benzoylformic acid to produce carbon dioxide
and benzaldehyde. The reaction was reported to be unimolecular and
first order and take place through a four-center transition state, with a
negative partial charge on the a-carbonyl group of the transition state.
The author concluded that benzoylformic acid is more reactive than
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pyruvic acid, but less reactive than oxalic acid in the thermal elimination
reaction. The author also indicates that benzoylformic acid in addition
to the decarboxylation reaction can also thermally decompose by
decarbonylation processes to produce carbon monoxide and the acid
derivative, however, he considers the latter reaction to be less important
to the conditions of the experiment.

The thermolysis reaction of a-keto-acids has also been studied
theoretically. Chen L, et al, 1995 [17] reported the study of a series of
these compounds at a low computational level, using semi-empirical
methods (AM1), to verify the effect of the substituent group on the
thermal processes of decarboxylation and decarbonylation. The authors
discussed the activation energies and the characteristics of the transition
states involved. They obtained values for the energy barriers of 375.37
and 276.98 kJ.mol ! for the one-step decarboxylation and decarbon-
ylation of benzoylformic acid, respectively.

Saito K, et al, 1994 [13] in view of the difference in the parameters
obtained in previous studies investigated experimentally using the shock
waves method and computationally at HF/3-21G the unimolecular
decomposition of pyruvic acid over the temperature range 850-1000 K.
The researchers detected a product that could be hydroxyethylidene.
They suggested a two-step mechanism, in the first-step the formation of
the intermediate hydroxyethylidene occurs, which subsequently
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isomerizes to acetaldehyde or vinyl alcohol. The kinetic data obtained
agree with the Arrhenius parameters obtained by Taylor [12] and
explain the ratio [acetaldehyde]/[CO5] less than 1.

More recent computational studies on the thermal decomposition of
pyruvic acid and oxalic acid have been published. Higgins, et al, 1997
[18] theoretically studied the thermal decomposition of oxalic acid in
the range 400-430 K. Four reaction channels were proposed based on
previous studies. Channel 1 leads the formation of a carbene interme-
diate, channel 2 involves direct decarboxylation of the reactant to formic
acid, channel 3 occurs through a five-membered transition state to
produce CO,, CO, and H30. The proposed channel 4 studies the bimo-
lecular reaction between a molecule of the carbene intermediate ob-
tained from channel 1 with a molecule of oxalic acid, to generate formic
acid. Their results indicate that the formation of dihydroxycarbene in-
termediate in the first-stage, and the subsequent bimolecular reaction
with oxalic acid or water is the lowest energy route, therefore this is
considered a feasible process for thermal decomposition.

Khavani et al, 2017 [19] also studied the thermal decomposition of
oxalic acid with M06-L, M05-2X, B3LYP and X3LYP functionals, in the
gas phase and in different solvents. They studied the first three reaction
channels investigated by Higgins and two additional ones. Only two
decomposition routes studied allow formic acid to be obtained and the
most kinetically favorable of them is the one that involves the formation
of the carbene intermediate.

Barquilla and Mayes, 2021 [20] studied the decomposition of py-
ruvic acid with the B2PLYP-D3BJ functional using the aug-cc-pVTZ basis
set. From their results it was obtained that the direct route to form
acetaldehyde and CO, requires 72.3 keal.mol ™!, while the formation of
the carbene-CO, complex requires 40.13 kcal.mol .

The investigation of Taylor [12] on the decomposition of benzoyl-
formic acid proposes a direct mechanism for decarboxylation to obtain
benzaldehyde and CO,, as well as a mechanism for decarbonylation
through a five-membered transition state to produce benzoic acid and
CO.

In the present work, the thermal decomposition reaction of ben-
zoylformic acid at various temperatures, in the gas phase and in the
aqueous solution has been studied computationally. The two reaction
channels proposed by Taylor [12] were modeled. An additionally a two-
stage decarboxylation mechanism was modeled with a carbene inter-
mediate as was proposed for the decomposition of pyruvic and oxalic
acids. These three reaction channels were studied to obtain kinetic and
thermodynamic evidence that allows elucidating a feasible reaction
mechanism for the decomposition of benzoylformic acid. It is also
intended to analyze the structures and the reaction in terms of bond
indices. To our knowledge, there is only one previous computational
study of the thermal decomposition of benzoylformic acid performed at
a low level [17].

The main purpose of this work is to address some questions and is-
sues, such as: (1) Which of the studied mechanisms is the most suitable
in accordance with the experimental values and is substantiated by the
thermodynamic and kinetic outcomes? (2) How does the solvent effect
influence the reaction mechanisms according to the method studied? (3)
What observations can be made regarding the synchronicity of the
studied mechanisms? These analyses will provide a more comprehensive
understanding of the reaction mechanism involved in the thermal
decomposition process of benzoylformic acid.

2. Material and methods

All structures representing each of the molecules involved in the
reactions studied were fully optimized in the Gaussian 09 computational
package [21]. Initial calculations were conducted with the M06-2X [22],
PBE [23], B3LYP [24] functionals, and the Moller Pleset MP2 pertur-
bation method [25]. 6-311+G(d,p) basis sets were used [26]. These
density functionals were chosen because they are readily available in the
Gaussian software and have been previously utilized within the research
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group in other studies. Furthermore, some of these were suggested by
journal editors and referees, with consistently positive outcomes. The
MO06-2X functional is recommended for thermochemistry applications
[22]. The PBE is a non-empirical popular functional that has reasonable
accuracy over a wide range of systems [19,23,27]. The B3LYP functional
is one of the most used in DFT calculations and has been used in the
study of thermal decomposition of similar acids as oxalic acid [24,27].
The Moller Pleset MP2 is a basic electron correlation method that re-
mains practically effective and relies on wave functions [25,27].

The geometrical parameters for all reactants, transition states and
products of the studied reactions were optimized at the density func-
tionals theory level (DFT) with the generalized gradient functional PBE-
GGA [23] at 6-311+G(d,p). Vibrational frequency calculations were
also performed to obtain the kinetic and thermodynamic parameters for
each reaction investigated. Each structure was characterized as a mini-
mum or a saddle point within the potential energy surface. The ther-
modynamic parameters were evaluated at 1.0 atm and five different
temperatures in the range of 542.7-583.6 K. These values are based on
experimental kinetics performed by Taylor [12]. It is a temperature
range considered relatively high in which the decarbonylation reaction
is somewhat inhibited and thermal decomposition occurs in a reason-
able time.

Values for enthalpy and entropy were obtained according to the
equations of standard thermodynamics [28]. The reactions were
modeled in the gas phase and calculations in aqueous solution were
conducted using the polarizable continuum model, making use of the
integral equation formalism (IEFPCM) [29]. Within the polarizable
continuous methods, the IEFPCM formalism is considered a robust
method that adequately balances the charge effects with computational
efficiency [30]. Each of the localized transition state structures was put
through an intrinsic reaction coordinate (IRC) calculation [31] to verify
that they connect to the corresponding minimum stationary points of
reactants and products. The kinetic parameters were evaluated accord-
ing to the classical transition state theory using the Eyring-Polanyi
equations [32,33].

The molecular partitioning technique, natural bond orbital (NBO)
[34,35] was applied using the NBO program [36] implemented in the
Gaussian 09 computational package. Wiberg bond indices (4;) [37] were
obtained, which are interpreted as a measure of the order and strength of
bonds within molecules. Additional indicators were calculated to follow
the progress of the reaction in terms of bond breaking and bond for-
mation, transition states (TS) and reactions were characterized in terms
of average relative variation and absolute synchronicity (according to
Egs. (1)-(4)).

%EV = 6f; x 100(1) Percentage of evolution.

= (BB —pR /(/}P 7’5?)(2) Represents
advancement of the formation or breaking of a specific chemical bond
within the transition state (TS) concerning the overall progression of it
in relation to the elementary step.

8P = 1/n3 56;(3) Average relative variation, n is the number of
bonds to be considered in the reaction, that is, all those bonds that in the
TS are in processes of rupture and formation. It represents an average of
the relative variation of the bonds under consideration.

Synchronicity and concertedness are fundamental mechanistic con-
cepts and give an idea of chemical reactivity. These are used to define
the nature of the reaction mechanism of a given process and to establish
temporal relationships between the processes of formation/breaking of
chemical bonds along the reaction path [38,39]. The absolute syn-
chronicity (Sy) characterizes the chemical reaction in terms of the
occurrence of simultaneous chemical processes. It is obtained according
to the following expression:

L[ ol
s -1 [mn g @

av

Relative variation.

If the processes of bond formation/breaking of chemical bonds and/or
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electron transfer occur simultaneously, then the mechanism is defined as
synchronous and concerted, but if they occur at different times (one
after the other), the mechanism will be asynchronous [38,39]. Geo-
metric parameters such as symmetry in the distances of bonds that form
or break in a transition state (TS) are usually used to determine the
synchronicity and concertation of an elementary step [38]. Ideally, a
value of zero for this indicator implies total asynchronicity in the reac-
tion, whereas a value of 1 indicates complete synchronicity.

3. Results and discussion
3.1. Reaction mechanisms

The study of the thermal decomposition reaction of benzoylformic
acid was undertaken through the examination of three different reaction
mechanisms. These mechanisms encompass the decarboxylation and
decarbonylation reactions, which account for the primary products ac-
quired in the experimental thermolysis of the molecule under study. The
decarboxylation reaction of a-keto acid compounds has been proposed
in the literature by two different reaction channels.

Direct decarboxylation was modeled by a four-membered cyclic
transition state, involving the migration of a hydrogen atom from the
hydroxyl group of the acid to the a-carbonyl, to produce benzaldehyde
and carbon dioxide. In the decarbonylation reaction, a molecule of
carbon monoxide is released, and a molecule of benzoic acid is obtained.
The reaction was modeled through a three-membered cyclic transition
state. Fig. 1 represents the proposed reaction channels for the one-step
decarbonylation and decarboxylation.

The decarboxylation process of benzoylformic acid has also been
modeled by a two-stage mechanism, in the first stage the release of
carbon dioxide occurs and the formation of a carbene intermediate,
hydroxyphenylcarbene, which in a subsequent stage regroups hydrogen
4 to produce benzaldehyde, as shown in Fig. 2.

Figs. 3 and 4 show the optimized molecular structures of the re-
actants and products of each reaction studied according to mechanisms
1 and 2.

Fig. 5 shows the optimized structures obtained in the study of the
thermal decomposition reaction according to the reaction channel 3.
There TS1-3 and TS2-3 represent the transition states in the first and
second stage respectively, the intermediate hydroxyphenylcarbene
isomerizes to benzaldehyde.

3.2. Preliminary calculations

The thermal decomposition of benzoylformic acid in the gas phase
(g) and aqueous solution (aq) was computationally investigated along
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Fig 2. Reaction mechanism for the two-step decarboxylation of benzoylformic
acid (reaction channel 3).

the previously mentioned reaction pathways and at five different
temperatures.

To use a suitable method that describes well the system under study,
preliminary computational calculations were conducted with Moller
Pleset perturbation theory (MP2) and with different density functionals
in combination with a 6-311+G(d,p) basis set. Table 1 shows the results
of the activation energy (Ea) for the one-step decarboxylation of ben-
zoylformic acid (channel 1) using a four-membered cyclic transition
state.

According to the obtained results shown in Table 1, the Ea for the
decarboxylation of benzoylformic acid following channel 1 of the re-
action is approximately 20 kcal.mol~! above the experimental value,
this occurs with all the functionals used and the closest value is the Ea
obtained with the PBE functional with a deviation of 47.9%.

Due to the wide difference in Ea obtained computationally for the
channel 1 with the experimental value, we proceeded to model the
decarboxylation reaction through the two-step mechanism (channel 3)
using the functional PBE that allowed obtaining values closer to the
experimental one according to the Table 1, reaction was also modeled
with the most robust PBEO [40] functional. The modeling was also
extended on the thermal decomposition of pyruvic and oxalic acids to
amplify the source of comparison.

Table 2 shows results obtained for Ea, together with the values re-
ported experimentally. For the oxalic acid reaction there is good
agreement between both experimental and computational results with a
deviation below 10%. For the pyruvic acid; Taylor, 1987 [41] reports a
value of 41.25 kcal.mol™! for thermal decomposition. The author
questions the value of 27.7 kcal.mol ! reported by Yamamoto, 1985
[11], while the Ea calculated for the reaction is above the experimental
value and there is not much difference between the values obtained with
the PBE and PBEO functionals.
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Fig 1. Reaction mechanism studied for the direct decarboxylation (reaction channel 1) and thermal decarbonylation (reaction channel 2) of benzoylformic acid.
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Benzaldehyde Carbon dioxide

Fig 3. Molecular structures optimized to PBE/6-311+G(d,p) for the reactant,
transition state (TS1-1) and products involved in the direct decarboxylation
reaction of benzoylformic acid, according to reaction channel 1.

Benzoic acid

Carbon monoxide

Fig 4. Optimized molecular structures at PBE/6-311+G(d,p) of the TS1-2
transition state and products involved in the decarbonylation reaction of ben-
zoylformic acid according to the reaction channel 2.

Ea obtained at PBE/6-311+G(d,p) for benzoylformic acid differs by
approximately 7.8 kcal.mol™}, a 19% of difference from the experi-
mental value. Employing the PBEO functional does not lead to an
enhancement in these findings. Consequently, the computational
investigation of the three proposed mechanisms for the thermal
decomposition of benzoylformic acid was continued with the PBE
functional.
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Fig 5. Optimized molecular structures at PBE/6-311+G(d,p) of the transition
states TS1-3 and TS2-3 for the first and second reaction steps respectively and
the intermediate hydroxyphenylcarbene in the decarboxylation of benzoylfor-
mic acid (according to reaction channel 3).

Table 1

Activation energy (Ea) for the thermal decarboxylation reaction of
benzoylformic acid by the one-step mechanism (reaction channel
1) as a function of different computational calculation methods.

Method Ea (kcal.mol 1)
MO06-2X 73.3
PBE 60.8
B3LYP 69.9
MP2 68.3
Experimental value [12] 41.1

Table 2

Experimental and computational activation energy (Ea) for the decarboxylation
of pyruvic, oxalic and benzoylformic acids by the two-step mechanism (reaction
channel 3) using PBE and PBEO functionals and 6-311+G(d,p) basis set. PBEQ
calculations are presented in parentheses.

Compound Computational Experimental Deviation (%)
Ea (kcal.mol’l) Ea (kcal.mol™ )
PBE (PBE0)
Pyruvic acid 61.8 (62.2) 27.7 [11] 123.1 (124.5)
41.25 [41] 49.8 (50.8)
Oxalic acid 28.3 (31.4) 30 [42] 5.7 (4.7)
31.2 [43] 9.3 (0.6)
Benzoylformic acid 48.9 (52.3) 41.1 [12] 19.0 (27.3)

3.3. Kinetics and thermodynamics of reactions

Computational calculations of optimization and vibrational fre-
quencies at PBE/6-311+G(d,p) allowed obtaining the kinetic and
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thermodynamic data for the three reaction channels studied, the results
are gathered in Table 3.

Starting the gas-phase analysis, it can be observed that the decar-
boxylation of benzoylformic acid via reaction channel 3 is kinetically
favored, its energy barrier is 205 kJ.mol™! at the rate limiting stage,
compared to activation free energies of 218 and 240 kJ.mol ! for
decarbonylation and single-stage decarboxylation, respectively.
Although the entropic change for the first transition state in stage 1 of
mechanism 3 is unfavorable (-10.4 J.mol K1), the enthalpic compo-
nent predominates in its contribution to the activation free energy.

From the thermodynamic point of view, the net decarboxylation
reaction is favorable than the decarbonylation. The decarboxylation
generates more stable products (carbon dioxide and benzaldehyde)
compared to the decarbonylation reaction in which carbon monoxide
and benzoic acid are produced.

The second stage of decarboxylation process (Channel 3) presents an
energy barrier 94 kJ.mol ™!, lower than the first stage. The process of
hydrogen migration towards carbon 1 (C1) (See Fig. 2) to produce
benzaldehyde, occurs rapidly because the carbene intermediate is very
thermodynamically unstable (AG® = 89.1 kJ.mol™!) compared to ben-
zoylformic acid. Fig. 6 shows the reaction profiles as a function of Gibbs
free energy for the three reaction channels studied in the gas phase.

When the reaction is analyzed in an aqueous solution, the effect of
the solvent allows a decrease in the energy barriers for the all-reaction
channels studied. The most important decrease is given for reaction
channel 2, which decreases 20.6 kJ.mol ! compared to the decrease of
10.8 and 1.3 kJ.mol ! for channels 1 and 3 in their order.

Observing the geometry of the transition states involved in the three
reaction channels in the aqueous phase it is evident in TS1-2 (See Fig. 1)
that the hydroxyl group that is transferred from C2 to C1 is quite de-
tached from the rest of the molecule. C1 is situated at 1.97 A from C2 and
1.73 A from C1. This arrangement imparts a higher degree of ionic
character to the molecule. Consequently, it is possible that this molec-
ular configuration could experience enhanced stabilization through
solvation within an aqueous medium. In TS1-1 (See Fig. 1) the hydrogen
that is transferred presents bond distances O3-H4 and C1-H4 of 1.3 and
1.5 A respectively, so the geometry is a little more compact and it is
speculated to interact to a lesser degree with the water molecules. TS1-3
is quite advanced, with two well-defined molecular regions giving rise to
the intermediate and the carbon dioxide molecule, which decreases the
electronic imbalance in the atoms. The activation and reaction free en-
ergy for the second stage of decarboxylation (Channel 3) are higher in an
aqueous solution because the solvent stabilizes the carbene intermediate
to a greater extent by its nature than the stabilization that can occur on
TS2 and benzaldehyde.

The reactions were simulated at five different temperatures: 542.7,
553.3, 563.5, 573.3 and 583.6 according to the values used in experi-
ments performed by Taylor [12]. For each temperature, the kinetic
constant was calculated using the transition state theory. The

Table 3

Free energy of activation (AG¥), reaction energy (AG) and enthalpy of activation
(AH), in (kJ.mol™Y), entropy of activation AS¥, in J.mol 1.K ™ for the thermal
decomposition of benzoylformic acid according to the proposed mechanisms.
Computationally obtained at PBE/6-311+G(d,p), at 583.6 K in the gas phase (g)
and the aqueous solution (aq).

Reaction channel AG*E AH*8 AS*8 AGS
AGHH AH% A8 AG %
1 240.9 249.8 15.2 —125.0
230.1 254.6 42.1 —139.1
2 218.8 222.3 6.1 -36.8
198.2 218.6 34.8 —26.8
3 205.3 199.2 -10.4 89.1
stage 1 204.0 214.4 17.9 69.5
3 94.0 92.4 2.7 —214.1
stage 2 103.2 101.8 —-2.4 —208.7
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linearization of the Arrhenius equation, Ink =InA —Ea/RT, allowed
finding the parameters, frequency factor (A) and activation energy (Ea).
The values obtained along with the experimental reference parameters
are reported in Table 4.

The value calculated for Ea in this work has a deviation of 19% above
the value reported by Taylor. The value of 1.1 x 103 s™! found for the
frequency factor (A) is characteristic of first-order reactions.

Despite the disparities between the experimental and computational
values, the outcomes derived from the two-step decarboxylation
mechanism exhibit greater concordance with the reported experimental
data, when contrasted with the outcomes from direct decarboxylation.
The results strongly implies that the principal mechanism governing the
thermal decomposition of benzoylformic acid involves a two-step
decarboxylation process, accompanied by the generation of a carbene
intermediate. This mechanism is favored over the currently proposed
one-step decarboxylation pathway for the thermal decomposition of
benzoylformic acid.

3.4. Synchronicity of reaction

In the optimized structures of the molecules participating in the
decarboxylation reaction of benzoylformic acid through reaction chan-
nels 1 and 3, the Wiberg bond indices [37] and natural atomic charges
were computed for the atoms directly implicated in both the bond-
forming and bond-breaking processes.

Equations 1-4 were employed to assess the one-step decarboxylation
mechanism (Channel 1), resulting in the determination of the evolution
percentages for the C1-C2, C2-03, 03-H4, and C1-H4 bonds, which were
found to be 58.18%, 34.35%, 59.86%, and 32.59%, respectively (See
Fig. 1). Complete data can be found in the supporting information. These
results indicate that the most advanced process corresponds to the
rupture of hydrogen 4 from the hydroxyl group; however, the bond
formation involving carbon 1 represents the slowest step in the mech-
anism. The transition state of the studied mechanism can be character-
ized by the average relative variation value of the bond index (8Bav =
0.46). In this case, the value of 0.46 suggests that the transition state is
not highly advanced and resemble the reactants more than the products.
The absolute synchronicity of the reaction was computed to be 0.82,
indicating that the reaction exhibits poor synchronicity. This implies an
imbalance between the processes of bond formation and bond breaking.
On average, the formation process constitutes approximately 33.5% of
the reaction, while bond breaking accounts for an average of 59.2% for
the molecule. Consequently, this observation suggests a potential deficit
in bonds associated with the one-step decarboxylation mechanism.

The results obtained for the two-stage reaction (Channel 3) are
shown in Table 5. In general terms, for the first stage of the reaction (the
rate-limiting step), there are very advanced processes, for example, in
the hydrogen migration 94.0 % progress is quantified for the breaking of
oxygen 3 and 89.0 % in the formation of the new bond with oxygen 5.
The elongation of the C1-O5 bond is quantified at 94.6 % progress and
65.5 % for the stretching of C2-03. The least advanced process concerns
carbon-carbon bond breaking, with 48.9 %. A value of 0.78 for the
average relative variation enables the characterization of the transition
state of the first stage as an advanced structure in which the reaction
products of that stage are highly represented. The reaction also has a
higher synchronicity than the single stage reaction, it is not fully syn-
chronous especially due to a delay in the C1-C2 bond breaking.

The natural atomic charges were calculated for the atoms directly
involved in the reaction center for the decarboxylation of benzoylformic
acid, according to reaction channel 3. The values are shown in Table 6.

As evident, the carbon 1 atom undergoes a reduction in its positive
charge during the reaction prior to the formation of the ultimate prod-
uct. In the context of benzoylformic acid, its positive charge is 0.429,
while in the transition state of the initial stage, it measures 0.363. These
findings lend support to the notion that the decarboxylation transition
state experiences stabilization through electron-attracting R groups
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coordinate reaction

Decarboxilation 2 stages

= = = Decarboxilation 1 stage
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Fig 6. Reaction profile of the thermal decomposition of benzoylformic acid by three different reaction channels, according to Figs. 1 and 2.

Table 4

Experimental and calculated Arrhenius parameters at PBE/6-311+G(d,p) ac-
cording to the two-step mechanism for the gas-phase decarboxylation reaction of
benzoylformic acid.

Computational Experimental [12]
Ea (kJ.mol™1) InAG™ Ea (kJ.mol™1) InA(™h
204.7 30.0 171.9' 34.0°

! conversion of keal to kJ.
2 conversion of log A to In A.

Table 5

Percent evolution (%EV), average relative variation (8B,,) and absolute syn-
chronicity (Sy) for the thermal decomposition reaction of benzoylformic acid
using reaction channel 3. Calculated at PBE/6-311+G(d,p) in the gas phase. See
atom labeling in Fig. 2.

Stage Indicator Bond
C1-C2 C2-03 03-H4 05-H4 C1-05
Y%EV 48.9 65.5 94.0 89.0 94.6
1 SBay 0.78
Sy 0.86
C1-H4 05-H4 C1-05
%EV 47.0 58.3 58.9
2 SBay 0.53
s, 0.94
Table 6

Natural atomic charges were calculated for reactant, transition states (TS1-3 and
TS2-3), intermediate and products for the two-step decarboxylation (see Fig. 2).

Species Atom
C1 Cc2 03 H4 05
Benzoylformic acid 0.429 0.678 —0.626 0.489 —0.540
TS1 0.363 0.818 —0.620 0.522 —-0.616
Carbene 0.168 — — 0.490 —0.634
TS2 0.118 — — 0.472 —0.620
Products 0.379 0.921 —0.461 0.113 —0.501

situated on the carbon 1 of the molecular framework.
A notable enhancement in charge separation is observed in the atoms
constituting the structure of the transition state of stage 1, in comparison

with the atomic charges computed for the reactant. The most significant
contrast is found within the carbon 1 and carbon 2 atoms. For instance,
in the case of benzoylformic acid, the charge difference between C2 and
C1 atoms is 0.249. However, this difference expands to 0.455 in the
transition state. Evidently, this carbon—carbon bond can be perceived as
a demarcation region, delineating two considerably advanced molecular
domains.

4. Conclusions

The computational analysis of the thermal decomposition reaction of
benzoylformic acid was carried out by investigating three distinct re-
action channels, which account the principal experimentally obtained
products. In reaction channel 1, the decarboxylation of the reactant
occurs in a single step, while reaction channel 2 models decarbon-
ylation. The third chemical process under study corresponds to a two-
step decarboxylation reaction mechanism. The kinetic and thermody-
namic values associated with each studied reaction mechanism provide
evidence that supports the plausibility of the two-stage decarboxylation
mechanism depicted in Fig. 2 for the thermal decomposition of the
studied compound. It is noteworthy that the first stage governs the rate-
limiting step.

Results from the simulation involving water as a solvent using the
IEFPCM method shows a reduction in the energy barrier and thermo-
dynamic favoring each chemical process. However, in the context of the
two-stage decarboxylation mechanism, the solvent effect remains less
evident. Given that the transition state (TS1-3) in the initial stage of the
reaction exhibits significant advancement, while in the second stage, the
carbene intermediate attains greater stabilization relative to TS2-3 and
the benzaldehyde, and it explains why the solvent does not reduce the
energy barrier.

Calculation of the Wiberg bond indices provided a quantifiable
measure of progress in both bond formation and bond cleavage within
the decarboxylation reaction. In the two-step decarboxylation mecha-
nism (Channel 3), the formation of the carbene intermediate occurs
through a highly advanced transition state (6Bav = 0.78). These results
indicate a 94% advancement in the migration of hydrogen 4, leading to
the detachment of oxygen 3, and an 89% progression in the formation of
the new bond with oxygen 5. This mechanism is rate-limited by the first
stage and is characterized as a concerted but slightly synchronous
reaction.
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