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Abstract: This research study computationally examined the thermal decomposition of three molecules,
3,6-dihydro-2H-pyran, 4-methyl-3,6-dihydro-2H-pyran, and 2,6-dimethyl-3,6-dihydro-2H-pyran,
using the PBE0/6-311+G(d,p) level of theory and a concerted mechanism with a 6-member cyclic
transition state. For this analysis, kinetic and thermodynamic parameters were calculated for reactions
within a temperature range of 584 to 633 K and compared with experimental data. Our results revealed
that methyl substituents at 2, 4, and 6 positions decrease the activation free energy of the molecules.
Even though the evaluated reactions exhibited high absolute synchronicity, significant differences
were observed regarding the extent of their bond evolution.
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1. Introduction

Pyrans are six-membered heterocyclic molecules composed of five carbon atoms and
one oxygen atom. They are non-aromatic with two double bonds and exist in two isomeric
forms based on the position of the saturated carbon: 2-H-pyran and 4-H-pyran. Semi-
saturated pyrans are labeled with the prefix “dihydro,” while fully saturated variants are
denoted as “tetrahydro” [1].

Pyrans are prevalent in numerous natural systems [2] and many of their derivatives
exhibit notable biological properties [3-5], including antibacterial [6-8], antifungal [7,9], and
herbicidal effects [2]. They are currently under extensive investigation for their potential
use in targeted medical treatments [10], such as therapies for asthma and allergies [2], the
development of antiepileptic drugs [11], and genetic disorders treatments [12]. Moreover,
they have reported diuretic, anticoagulant [13], and anticancer properties [14]. Beyond
medical applications, pyrans are also being explored for use in sensor and solar cell
technologies [15,16]. 6-Benzoyl-3,4-dihydro-(2H)-pyran serves as a protecting group for
triols in chemical synthesis [17,18].

Pyrans and their derivatives can be obtained from natural [19] compounds or synthe-
sized and functionalized via chemical methods [7,14,20-22]. There is currently a growing
trend toward using synthesis processes involving heterogeneous catalysts and environmen-
tally friendly solvents [4,5,16,23,24].

The thermal decomposition of various dihydropyrans has been extensively studied
and documented. In 1969, Wellington, C.A. [25] studied the thermolysis of 3,4-dihydro-
2H-pyran, and in the same year, Caton, C.S. [26] examined the decomposition of 6-methyl-
3,4-dihydro-2H-pyran. Frey et al. (1972) [27] reported findings on the decomposition of
2-methoxy-3,4-dihydro-2H-pyran, and in 1975, Collins et al. [28] conducted the thermal
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decomposition of 2-methoxy-4-methyl-3,4-dihydro-2H-pyran in its cis and trans forms. In
1977, Bailey, L. and Frey, H. [29] investigated the decomposition of 2-ethoxy-3,4-dihydro-2H-
pyran. In 1979, Frey, H. and Lodge, S. [30] reported the results of the thermal decomposition
of 3,6-dihydro-2H-pyran. In another dihydropyran study in 1979, Frey et al. [31] examined
the thermal decomposition of cis-2,6-dimethyl-3,6-dihydro-2H-pyran. In 1981, Frey, H. and
Watts, H. [32] experimentally reported the thermolysis of 4-methyl-3,6-dihydro-2H-pyran.
Other studies, such as those by Taylor (1988) [33] and Saito et al. (1990) [34], reported the
results obtained from the decomposition reaction of 3,4-dihydro-2H-pyran. Saito followed
this reaction using shock wave methodology at high temperatures [34]. The activation
energy obtained was slightly higher than that reported in [33] but was similar to that
obtained in [25].

Table 1 below lists the temperature range and activation energy of the experimental
thermolysis obtained from the studies for each reaction.

Table 1. Thermal decomposition of Dihydro-2H-pyran compounds as reported in the literature [25-34].

Compound T;::Eg(;r;(iglge Ea (kJ-mol—1)
3,4-dihydro-2H-pyran 316-389 219.4
3,4-dihydro-2H-pyran 343-393 209.0
3,4-dihydro-2H-pyran 990-1245 215.9

6-methyl-3,4-dihydro-2H-pyran 330-370 214.2
2-methoxy-3,4-dihydro-2H-Pyran 296-353 203.1
2-methoxy-4-methyl-3,4-dihydro-2H-pyran 287-345 201.5 (trans) 196.0 (cis)
2-ethoxy-3,4-dihydro-2H-pyran 288-355 202.1
3,6-dihydro-2H-pyran (DHP) 329-374 208.1
cis-2,6-dimethyl-3,6-dihydro-2H-pyran (DMDHP) 300-351 196.3
4-methyl-3,6-dihydro-2H-pyran (MDHP) 311-361 209.5
2-methyl-3,4-dihydro-2H-pyran 364-393 191.5

The data presented in Table 1 demonstrate that investigated dihydro-2H-pyran com-
pounds effectively reduce the activation energy of the reaction. This reduction is mainly
attributed to the presence of substituent groups in the molecular structure, particularly
when these groups are located at the 2 position. Discrepancies exist among the reported
results for 3,4-dihydro-2H-pyran.

However, all of the cited studies agreed that the decomposition of the studied di-
hydropyran compounds occurs through homogeneous, first-order, unimolecular, and
concerted reactions. The same conclusions were obtained for the thermal decomposition
of 2-phenoxytetrahydro-2H-pyran [35]. The authors propose the presence of a highly
asymmetric activated complex, specifically a transition state that exhibits slight polarity.
In this state, the breaking of the O1-C6 bond is more advanced compared to the cleavage
of the C2-C3 bond. As a result, a positive charge forms on C2 while a negative charge
develops on the oxygen atom.

In this research, we applied computational tools using density functional theory
(DFT) to study the reactions of 3,6-dihydro-2H-pyran, unsubstituted and substituted with
a methyl group at position 4 and simultaneously at positions 2 and 6. The results were
compared against reported experimental data, offering a deeper understanding of transition
state structures, the impact of substituent groups, bond changes, and the synchronicity of
the reaction.

2. Methods

This study examined the potential energy surface for the thermal decomposition
of 3,6-dihydro-2H-pyran, 4-methyl-3,6-dihydro-2H-pyran, and 2,6-dimethyl-3,6-dihydro-
2H-pyran using DFT. After optimizing the geometries, vibrational frequency calculations
were performed using the functional PBEO [36] and the 6-311+G(d,p) basis set [37], as
implemented in Gaussian 09 [38]. Each structure in the decomposition reaction was
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identified as either a minimum (for reactants and products) or a saddle point (for transition
states). It was verified that the frequencies of the minimum points present only real values
and the structures associated with the transition states were characterized by having one
and only one imaginary frequency.

The transition state structures were then used in Intrinsic Reaction Coordinate calcula-
tions [39] to confirm their connection to the corresponding minimum values for the reactant
and product (the results can be seen in Figures S1-S3 of the supporting information).

All DFT-optimized structures were subjected to stability analysis in the Gaussian 09
software [38].

These vibrational frequency calculations provided values for the zero-point energy
(ZPE) and allowed for the determination of the kinetic and thermodynamic parameters for
each reaction. ZPE values were scaled by a factor of 0.9812, following the recommendations
of Merrick et al. (2007) [40].

The enthalpies and entropies of each molecule were calculated using standard thermo-
dynamic equations [41]. Computational calculations were conducted at various tempera-
tures (584, 600, 608, and 633 K) under a constant pressure of 1 atm.

Activation parameters and rate constants were determined using the classical frame-
work of Transition State Theory (TST) based on the Eyring Polanyi equations [42,43].

The Natural Bond Orbital (NBO) technique [44,45], implemented via the NBO pro-
gram [46] within the Gaussian 09 software package, was used to obtain the total natural
atomic charges. These charges facilitate the calculation of Wiberg bond indices ([3;) [47,48],
which are employed to monitor the progression of the studied reactions. The relative
evolution of bond formation or breaking processes can be defined as

5pi = (15— BF)/ (B - BY) M

Then, the percentage of bond evolution (%EV) is evaluated using
%EV = 5f3; x 100 )

where 3;T5, ;R, and ;" represent the Wiberg bond indices for bond i in the transition state,
reactant, and product structure, respectively. The degree of progress of the transition state
in the reaction can be inferred from the average relative variation (5fav), considering the
number of bonds (n) directly involved in the breaking and formation processes; then,

SBay =Y ; OBi/1 (3)

This reaction is characterized by absolute synchronicity (Sy), calculated from the
Wiberg bond indices. Furthermore, the reaction is determined as follows:

Sy =1—[1/(2n—=2))[8B; — 8Bav|/OBay] 0 < Sy <1 (4)
where a value close to one indicates as a highly synchronous reaction.

3. Results and Discussion
3.1. Reaction Mechanism

The thermal decomposition of 3,6-dihydro-2H-pyran (DHP), 4-methyl-3,6-dihydro-2H-
pyran (MDHP), and 2,6-dimethyl-3,6-dihydro-2H-pyran (DMDHP) was studied computa-
tionally using the reaction mechanism depicted in Figure 1. In this mechanism, electron
movement within the ring triggers simultaneous bond formation and breaking, resulting in
a concerted six-membered transition state. During product formation, the decomposition
of DHP and MDHP generates formaldehyde, along with 1,3-butadiene and 2-methyl-
1,3-butadiene, respectively. The decomposition of DMDHP produces acetaldehyde and
1,3-pentadiene.
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Figure 1. Mechanism of the thermal decomposition of 3,6-dihydro-2H pyran compounds. DHP:
R1=R2=R3=H; MDHP: R1 = R3 = H, R2 = Me; DMDHP: R1= R3 = Me; R2 = H.

3.2. Structure Optimization

Preliminary optimization and frequency calculations for the thermal decomposition of
DHP, MDHP, and DMDHP were conducted using the functionals B3LYP, M06-2X, PBEQ,
and wB97xD and the Post-Hartree-Fock method (MP2), in the temperature range of 584-633
K. Among these, the functional PBEQ in conjunction with the 6-311+G(d,p) basis set yielded
the activation energy (Ea) closest to the experimental value reported in the literature. The
wB97xD and M06-2X functionals overestimated Ea, whereas the B3LYP functional and
MP2 method produced a lower value, although the results of the latter are also close to
the experimental value (see Table 2). Therefore, the structures involved in the mechanisms
of the three reactions were optimized at the PBE0/6-311+G(d,p) level. Figure 2, below,
denoted the optimized structures of the reactants and transition states for each reaction
studied. The obtained imaginary frequencies were 515, 482, and 503 cm ! for DHP, MDHP,
and DMDHP, respectively. The distances of bonds involved in the reaction center are shown
in Table S5 of the Supplementary Material.

(c) DMDHP

Figure 2. Molecules optimized at the PBE0/6-311+G(d,p) level for the reactants and transition states
of the decomposition of DHP, MDHP, and DMDHP according to the reaction mechanism depicted in
Figure 1.
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Table 2. Activation energies (Ea) of the decomposition of DHP, MDHP, and DMDHP with differ-
ent computational methods. The deviation from the experimental value is shown in parentheses.

Experimental values were taken from [32].

Ea (kJ-mol—1)

Computational Method Experimental
Reaction B3LYP MO062X PBEO wB97XD MP2
S A A
MDHP iy e e Gen  aey A0
DMDEP o o G G awy

3.3. Reaction Kinetics

Computational modeling at the PBE0/6-311+G(d,p) level for the thermal decom-
position reactions of the studied molecules allowed the determination of the activation
parameters, which are presented in Table 3. The first-order rate constants at each tem-
perature were calculated by TST. The linearization of the Arrhenius equation (shown in
Figure 3) provides the activation energy (Ea) and frequency factor (A) of each reaction.
Experimental values were taken from [32].

Table 3. Activation Free Energy (AG#), Enthalpy (AH#), and Entropy (AS#); Activation Energy (Ea)
and Frequency Factor (A) for Thermolysis of Compounds derived from 2H-pyran. Calculated at the
PBE0/6-311+G(d,p) Level at 600 K. Experimental parameters are shown in parentheses.

Combound AG# AH# AS# Ea Log A
omp (kJ-mol—1) (kJ-mol—1) (J-mol-1.K-1) (kJ-mol—1) (s~1)
DHP 196 208 20 214 14.59
(208) (14.31)
MDHP 190 209 33 215 15.24
(210) (14.62)
DMDHP 183 196 21 202 14.66
(196) (19.91)
=~ .,
..
i
.,
=
\ .
=,
_:- IR ., - |
T (K1)
------ 36-DHP 4-MDHP — -26-DM-36-DHP 4-MDHP_Experimental

Figure 3. Linearization of the Arrhenius equation for the thermal decomposition of 2-H-pyran

Derivatives. Based on the computational data.

From the obtained computational results, the lowest values for AG” and Ea (183 and
202 kJ-mol !, respectively) occurred in the decomposition of DMDHP. It is evident that
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the substituent groups used on the base structure of 3,6-dihydro-2H-pyran favor thermal
decomposition by at least 6 k]-mol ! in the activation free energy value per methyl group.
Specifically, the values are 196, 190, and 183 kJ-mol~! for DHP, MDHP, and DMDHP,
respectively.

In addition to the molecules presented in Table 3, calculations were also performed
for the DHP structure with a single substituent at positions 2 and 6 (2-methyl-3,6-dihydro-
2H-pyran and 6-methyl-3,6-dihydro-2H-pyran). For 2-methyl-3,6-dihydro-2H-pyran, AG7
was 182 k]-mol ! and Ea was 202 k]-mol !, while for 6-methyl-3,6-dihydro-2H-pyran, the
values were 184 and 204 kJ-mol !, respectively. The results indicate that the key positions
for the thermal decomposition of DHP compounds are 2, 6, and 4, in that order.

Contrasting the above with the results in the kinetic parameters of the decomposition
of DMDHP whose molecule is simultaneously substituted in positions 2 and 6, it can be
observed in the values of AG” and Ea that there is no additive effect of both substituent
groups in promoting the reaction; basically, the stabilizing effect on the activated complex
for the decomposition of DMDHP can be attributed to the methyl group in position 2,
confirming that this is the key position that favors the thermal decomposition of 3,6-
dihydro-2H-pyrans.

The calculated NBO atomic charges for the studied reactions show that the greatest
decrease in electronic density from the reactant to the transition state occurs at C2 and C4
atoms. Table 4 presents the NBO charges for atoms Ci, where i = 2,4 in the reactant qRCi
and in the transition state qrsCi. For example, in the thermolysis of DHP, the C2 atom of
the reactant has a charge of —0.036, but in the transition state, this charge becomes 0.103, a
change of 0.139. (Please refer to the Supplementary Material for complete data).

Table 4. Natural Atomic Charges for Reactants (qR) and transition states (qTS) at C2 and C4 atoms
for the thermal decomposition reaction of DHP, MDHP, and DMDHP. Calculated at the PBE0/6-
311+G(d,p) level.

Reaction DHP MDHP DMDHP
Rz —0.036 —0.034 0.121
qScs 0.103 0.103 0.260
qRes —0.196 —0.017 —0.186
qScy —0.132 0.050 —0.126

The obtained activation energies (Ea) agree well with the experimental values, with
the computational results showing an approximate overestimation of 6 kJ-mol~!. The
MDHP reaction exhibits the highest barrier, but its activation-free energy (AG?) is not
the highest among the reactions studied. Instead, AS” is the highest for MDHP, indicat-
ing that its transition state has greater freedom and is thus subject to more significant
molecular interactions.

This result is further supported by the highest AH7 value observed for MDHP com-
pared to the other reactions. For instance, in the transition state of MDHP, the O1-C6 bond
distance measures 2.21 A, while the corresponding distances for DHP and DMDHP are 2.17
and 2.16 A, respectively. A comparison of the kinetic parameters reveals that the methyl
group at position 4 in MDHP enhances the reaction by its entropic contribution.

For the decomposition of DHP, MDHP, and DMDHP, the rate constants at 600 K were
obtained as 1.02 x 1074,3.99 x 10~#, and 1.36 x 10~* s~!, respectively. Regarding DHP,
the relative rate constants are 3.9 and 13.3 for MDHP and DMDHDP, respectively. Experimen-
tally [32], the reported relative constants are 1.6 and 4.3. Although the calculated values
differ from the theoretical values, the relative order of the reaction rates remains consistent.

Figure 3 depicts the linearization of the Arrhenius equation using data from the
computational study and experimental MDHP kinetics. This figure highlights how the
substituent effect on the ring enhances the first-order rate constant at each temperature.
The Arrhenius line for the experimental decomposition of MDHP closely aligns with the
computationally obtained values.
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The energy profile of the studied reactions is illustrated in Figure 4. This figure
compares the progress of the thermolysis reactions of DHP, MDHP, and DMDHP. The
decomposition of DMDHP is characterized by having the lowest value for AG* and also
producing more stable products, with AGggg = —33.8 k]-mol~!. The MDHP thermolysis
has a lower AG# compared to DHP, as shown in Table 2 and Figure 4. However, the
products generated from MDHP have higher free energy (AGggo = 8.5 kJ-mol~1) compared
to 5.2 k]-mol~! for the DHP reaction.

200

150

i
1<)
S

AG (kJ-mol—")

Reaction coordinate

---DHP ——MDHP - DMDHP

Figure 4. Energy profile of the thermal decomposition of DHP, MDHP, and DMDHP.

3.4. Population Analysis (NBO)

The calculation of NBOs for the DHP, MDHP, and DMDHP molecules allowed the
determination of Wiberg bond indices, which are listed in Table 5.

Table 5. Wiberg Bond Indices of Reactants, transition states, and products, BR, BiTS, pif. Percentage
of evolution (%EV), average bond evolution degree in the transition state (6f3av), and absolute
synchronicity (Sy) for the thermolysis of DHP (first entry), MDHP (second entry), and DMDHP (third
entry). Calculated at the PBE0/6-311+G(d,p) level. (See Figure 1 for atom labeling).

01-C2 C2-C3 C3-C4 C4-C5 C5-Cé6 C6-01
Bk 0.918 1.013 1.034 1.910 1.034 0.930
0.921 1.012 1.015 1.846 1.033 0.929
0.894 0.998 1.034 1.917 1.012 0.906
[ 1.449 0.483 1.433 1.363 1.574 0.266
1.448 0.496 1.394 1.309 1.605 0.242
1.399 0.490 1.409 1.393 1.493 0.266
B;f 1.944 0 1.890 1.128 1.890 0
1.944 0 1.831 1.097 1.893 0
1.879 0 1.885 1.131 1.827 0
%EV 51.7 52.3 46.7 69.9 63.1 71.4
51.5 51.0 46.4 71.7 66.5 74.0
51.3 50.9 441 66.6 59.1 70.6
dpav 0.59 Sy 0.93
0.60 0.92
0.57 0.94

The percentages of evolution offer insights into the progression of bond-breaking and
formation processes. Table 5 reveals that the bonds on the right side of the molecules—
specifically, the C4-C5, C5-C6, and C6-O1 bonds—exhibit the highest evolution values. This
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suggests that this region of the molecule is more reactive, largely due to the presence of the
double bond and oxygen atom. The most advanced procedure is the breaking of the C6-O1
bond. For instance, the degree of evolution for MDHP is 74%, which corresponds to the
longest bond length observed. In addition, the breaking of the C4-C5 double bond in the
pyran ring shows nearly 72% advancement of MDHP.

Based on the %EV values, it can be inferred that the electronic redistribution in the
reaction starts with the breaking of the C6-O1 bond. The electrons stay on the oxygen atom
rather than immediately shifting to form the O1-C2 bond, resulting in an electron-deficient
C6 atom. This condition favors the presence of a methyl group as a substituent at position
6. Above the ring, the C4-C5 double bond breaks, causing electrons to flow toward the
formation of the C5-C6 double bond. This results in the electron deficiency of the C4 atom,
making the decomposition process more favorable when a methyl group is present at this
position. Similarly, the breaking of the C2-C3 bond renders the C2 atom electron-deficient,
which is also favored by the presence of a methyl group. Subsequently, the O1-C2 bond
forms and the process concludes with the formation of a double bond between the C3 and
C4 atomes.

Bond deficiency in the transition state, determined by summing the percentages of
broken bonds and subtracting the sum of formed bonds, yields positive values of 10.7%,
10.8%, and 11.2% for DHP, MDHP, and DMDHP, respectively. This analysis suggests that
electrons involved in the broken bonds of the activated complexes do not immediately
undergo new bond formation. Instead, they remain on certain atoms, inducing polarity
within the molecular structure.

When substituents were added at positions 2 and 6, bond-breaking and bond-formation
processes were slowed relative to the unsubstituted molecule. Specifically, the average
bond evolution degree (63av) was 0.57, compared to values of 0.59 and 0.60 in the decom-
position of DHP and MDHP, respectively. Consequently, the activation enthalpy for the
decomposition of DMDHP was also the lowest. Overall, the 6f3av values indicate that
the transition states were advanced, meaning that they more closely resemble the product
molecules than the reactants.

The calculated absolute synchronicity values were 0.93, 0.92, and 0.94 for the DHP,
MDHP, and DMDHP reactions, respectively, which are considered synchronous reactions
with values above 0.9. The experimental thermal decomposition of comparable molecules
was conducted and classified these processes as asynchronous, concentrated on the evolu-
tion of two specific bonds. In contrast, the quantitative approach used here accounts for all
bonds involved in the transformation processes during the chemical reaction.

Our computational results show that the polarities of the transition state structures in
the decomposition reactions of DHP, MDHP, and DMDHP are 2.0209, 2.9355, and 1.5443
Debyes, respectively. These values maintain a certain proportionality with the calculated
synchronicity values for each reaction.

4. Conclusions

The addition of methyl substituent groups on 3,6-dihydro-2H-pyran compounds
favors their thermal decomposition; the stabilizing effect is given by the decrease in the
electron density of some of the carbon atoms in the pyran ring of the transition state. The
parameters obtained in the reactions studied also allow us to think that position 2 of the
ring is key in the stabilization process of the activated complex.

The kinetic parameters of the reactions studied indicate that there is no additive effect
of simultaneous substituent groups in promoting the reaction.

Although the energy barrier for MDHP breakdown is larger than that observed for
DHP, the activation-free energy is lower due to the entropic effect.

The transition states in the reactions studied show a more reactive molecular region
that includes a double bond and the oxygen atom.
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Although the reactions can be considered concerted and exhibit high absolute syn-
chronicity, relative asynchronous effects are observed in the O1-C6 and C2-C3 bonds,
leading to a notable charge disparity on the O1 and C2 atoms.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/chemistry6060082/s1: Table S1: PBE0/6-311+G(d,p)-optimized
cartesian coordinates for all the species involved in the thermal decomposition of 3,6-dihydro-2H-
pyran (DHP), in gas phase; Table S2: PBE0/6-311+G(d,p)-optimized cartesian coordinates for all the
species involved in the decomposition of 4-methyl-3,6-dihydro-2H-pyran (MDHP), in gas phase;
Table S3: PBE0/6-311+G(d,p)-optimized cartesian coordinates for all the species involved in the
decomposition of 2,6-dimethyl-3,6-dihydro-2H-pyran (DMDHP), in gas phase; Table S4: NBO charges
for reactants (qR) and transition states (qTS) in the reaction coordinate for thermal decomposition
of 3,6-dihydro-2H-pyran, 4-methyl-3,6-dihydro-2H-pyran and 2,6-dimethyl-3,6-dihydro-2H-pyran.
Calculated at PBE0/6-311+G(d,p); Table S5: Bond distances (A) of the atoms of the transition state
involved in each decomposition reaction; Figures S1-S3: Intrinsic Reaction Coordinate for thermal
decomposition of DHP, MDHP, and DMDHP. Calculated at PBE0/6-311+G(d,p).
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