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Protonation pattern as a controlling factor of
thermal reactions of aryl o-divinylbenzenes in
acidic media: an integrated experimental-
theoretical studyf
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The thermal transformations of various thienyl and phenyl derivatives of o-divinylbenzene in acidic
media were investigated in an integrated experimental-theoretical study. Several derivatives (9-12) led to
cyclization products when heated under acidic conditions, while some (13 and 14) were found to be
non-reactive. The reactivity or non-reactivity of the investigated compounds is closely related to the
position of the preferred protonation site in the investigated compounds, as shown by DFT calculations.
If the preferred position of proton entry into the molecule coincides with the protonation position
required for cyclization, the reaction proceeds, otherwise the derivatives are non-reactive. By blocking a
preferred protonation position with a suitable substituent in the non-reactive precursors, protonation
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can be prevented at the undesired site and proton entry can be redirected to the site that allows the
reaction to proceed. A detailed insight into the mechanism of the thermal reactions of 9-12 was
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Introduction

Computational methods™ play a key role in modern
chemistry, enabling detailed analysis and understanding of
chemical reactions at the molecular level. Thanks to the rapid
development of information technologies during the last few
decades, computational chemistry® is becoming an equal and
necessary collaborator of experimental research.”” The time
required for the synthesis and testing of different compounds
is several times shorter than using classical experimental
methods.”” Also, in the case of computational methods of
experimentation, exposure to harmful chemicals is avoided.®’
Finally, in terms of their accuracy, the results of computer
simulations are comparable to those of most modern
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experiments, and they are widely used today as a supplement,
guidance and very often as a complete replacement of
experimental research, especially those that are financially
demanding and ecologically inappropriate.®

Computational chemistry enables the calculation and
prediction of almost all chemical and physical properties of
molecules and their interactions,'™'* giving a deeper insight
into the nature of the chemical process and the explanation
of the obtained experimental data.”*'* In one of our previous
papers,”® an attempt was made to explain the thermal
reactivity of furan and thiophene derivatives of
o-divinylbenzene  under acidic  conditions’®  using
computational methods. Several derivatives (1-4)'” by heating
under acidic conditions gave cyclization products (1a-b, 2a-b,
3a and 4a-d), while some (5-8) proved to be non-reactive,
depending on the position of the heteroatom in the
heterocyclic moiety (Schemes 1-3). Furthermore, quantum
chemical calculations led to the assumption that one of the
reasons for the reactivity, or non-reactivity, of compounds is
the position of entry of protons into the molecule
(Scheme 4). Namely, if the double bond is protonated, a
carbocation is formed, followed by ring closure and
formation of cyclization products. In the case of non-reactive
derivatives, protonation is directed to the heterocyclic
moiety,"®'? which prevents the formation of carbocation
intermediates.

This journal is © The Royal Society of Chemistry 2025
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Scheme 2 Reactivity of furan derivatives 3 (a) and 4 (b).

The main goal of this work is the experimental verification
of the previously established computational assumptions
about the protonation orientation. Therefore, several
derivatives (Fig. 1), including some substituted on the
heterocyclic core of previously unreactive precursors, are
prepared and their thermal transformation under acidic
conditions is studied, providing a detailed insight into the
mechanism of the reactions through quantum chemical
calculations. In addition, the idea of blocking a specific
position in the case of unreactive precursors with a suitable
substituent to prevent unwanted protonation at the

S ATH
» (no reaction)
Zwn CH3CN/HCI
5: R=3-thienyl
6: R=3-benzothienyl
7: R=3-furyl

8: R=2-benzofuryl

Scheme 3 Non-reactive derivatives 5-8.
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heterocyclic moiety, which could control the position of
protonation and direct it to the target double bond (Fig. 2),
was confirmed.

Results and discussion
Chemistry

Compounds 9-14 were synthesized by the Wittig reaction
from o-xylylenebis(triphenylphosphonium bromide) and the
corresponding aldehydes. 5-Nitrothiophene-2-carbaldehyde,
5-phenylthiophene-2-carbaldehyde, 4-phenylthiophene-2-
carbaldehyde and benzaldehyde are commercially available
chemicals, while 2-methylthiophene-3-carbaldehyde and
2,5-dimethylthiophene-3-carbaldehyde were prepared
previously. Due to steric hindrances and the entry of the
methyl group at the unhindered C-5 position, it was not
possible to prepare 2-methylthiophene-3-carbaldehyde by
direct methylation of thiophene-3-carbaldehyde. Therefore,
the synthesis was carried out according to the previously
published procedure by methylation of thiophene-3-
carbaldehyde in the presence of N,N,N'-
trimethylethylenediamine, which coordinates the entry of the

React. Chem. Eng., 2025, 10, 2080-2090 | 2081
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Scheme 4 Formation of carbocation intermediates.

methyl group into desired position C-2 (Scheme 5).*°
2,5-Dimethylthiophene-3-carbaldehyde prepared by
Vilsmeier-Haack reaction from 2,5-dimethylthiophene.
Thermal reactions have been conducted on all prepared
compounds (Scheme 6). In addition to compounds 9 and 10,
whose main role is to direct the protonation to the double
bond by substitution of the heterocyclic core, phenyl
derivatives 11 and 12 were also investigated, as compounds
with a steric hindrance group. The role of the nitro-
substituted derivative 13 is to investigate the effect of an
electron-withdrawing group, while that of compound 14 (ref.
21) is to explore the presence of a non-heterocyclic aromatic
core. Experiments were carried out by heating the mixture of
cis,cis-, cis,trans- and trans,trans-isomers of 9-14 to the reflux
temperature of acetonitrile, with the addition of 3.5 eq.
hydrochloric acid, respectively. In the case of derivatives
9-12, the reaction proved to be successful and indene
derivatives were isolated as the main products, respectively.
Compounds 13 and 14 did not yield thermal reaction
products and only a mixture of initial
isolated. The reactivity of compounds

was

isomers was
9 and 10 is

Fig. 1

Investigated o-divinylbenzene derivatives 9-14.
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consistent ~ with  previous  predictions about the

manipulation of the protonation position by introducing
suitable substituents. Also, the influence of the sterically
hindered group turned out to be insignificant, with a
similar reactivity as in other previously investigated
2-substituted thiophene derivatives.

Computational study

A calculation study for the thermal transformations of
compounds 9-14 was presented. Only the trans,trans-isomers
of the investigated compounds were subjected to the
calculations (all names of the compounds therefore refer to
their trans,trans isomers), since the trans,trans-isomers occur
with over 95% of the population in the initial mixtures of the
reactants, as shown by the DFT calculations (Table S17).

The previous study has shown that a favorable position for
the entry of the proton into the molecule is closely related to
reactivity or non-reactivity in thermal transformations under
acidic conditions of the compounds studied. Namely, it is
necessary that the favorable protonation position coincides
with that leading to 1,5-ring closure, which is the vinyl
double bond (Scheme 4), and formation of cyclization
products. If the favorable protonation site does not match
that required for 1,5-ring closure, an attempt is made to
block this site to prevent protonation at this preferred (but
undesirable) position and thereby redirect protonation to the
position required for the reaction to proceed, which should
ultimately lead to a reactive derivative. In a previous study on
the protonation sites of 3-substituted thiophene derivative 5,
it was found that the most thermodynamically favorable

favorable position of protonation

Fig. 2 Favorable protonation position.

This journal is © The Royal Society of Chemistry 2025
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Scheme 5 Synthesis of 2-methylthiophene-3-carbaldehyde.
R
F CH3CN/HCI

9: R=2-methylthiophene-3-yI

10: R=2,5-dimethylthiophene-3-yI
11: R=5-phenylthiophene-2-yl
12: R=4-phenylthiophene-2-yl

Scheme 6 Reactivity of compounds 9-12.

protonation site does not coincide with the site required for
1,5-ring closure, but is located on the heterocyclic moiety."
In the current study, the entry of the proton at a specific
position of the heterocyclic moiety was blocked by targeted
substitution with a methyl group (9, Fig. 1), which redirected
the favorable proton entry position (Fig. 2), as shown by
quantum chemical calculations (Table S27). This gave rise to
a reactive derivative which was confirmed by experimental
results. The additional substitution was performed to obtain
the derivative 10 (Fig. 1), which showed similar properties
regarding thermal reactivity under acidic conditions. The
Gibbs free energies for all possible protonation forms

R
S
~
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R1R -
1 o
\S

9: R;=H, R,=-CH; R
10: R1=R2='CH3

15: Ry=H, R,=-CH3 }
16: R4=R,=-CH;

15: R=2-methylthiophene-3-yl (75%)
16: R=2,5-dimethylthiophene-3-yl (15%)
17: R=5-phenylthiophene-2-yl (89%)
18: R=4-phenylthiophene-2-yl (39%)
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obtained by protonation at the different sites of compounds
9 and 10 are given in the ESIT (Table S2).

The proposed mechanism of thermal transformation of
derivatives 9 and 10 in acidic media to indane and indene
products via carbocation intermediates A and B is shown in
Scheme 7.

The reaction begins with the protonation of the double
bond of the starting compound, followed by a 1,5-ring
closure to form the carbocation intermediate A. In the next
step, carbocation A is deprotonated to obtain the indane
product, from which the carbocation intermediate B is
formed by further protonation. Finally, the deprotonation of

-H*

+H*

Scheme 7 Possible mechanism of formation of indane and indene products.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Free energy profiles for the possible reaction routes of the
formation of indane and indene products of starting compounds 9
and 10.

carbocation B follows, which leads to the formation of an
indene product. The free energy profiles for the possible
mechanism of the formation of indane and indene products
starting from 9 and 10 are shown in Fig. 3, while the
structures along the given reaction pathways are depicted in
Fig. 4 and 5.

As revealed by the free energy profiles, the first step of the
thermal transformations of compounds 9 and 10 is
accompanied by an endergonicity of 9.72 kcal mol™ and 7.78
kcal mol™, respectively, meaning that the initial reaction
step, the protonation of the vinyl double bond, is slightly
favorable for the starting compound 10. In the next step, the
protonated forms 9-IM1 and 10-IM1 transform into 9-IM2
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and 10-IM2 (carbocation A) via the transition states 9-TS1
and 10-TS1 with relative free energies of 13.68 keal mol™* and
12.59 keal mol™, thus overcoming the free energy barriers of
3.96 kcal mol™ and 4.81 kcal mol™ (Fig. 4 and 5). Inspection
of the normal mode of the single imaginary vibration in 9-
TS1 (pictorially presented in Fig. S1t) reveals the strong C-C
interaction with the imaginary vibration exhibiting a negative
frequency of 151.5{ cm™" and the distance between these two
atoms shortened to 2.328 A (Fig. 4). In the case of 10-TS1, the
strong C-C interaction is associated with the imaginary
vibration (pictorially presented in Fig. S1f), exhibiting a
negative frequency of 173.3i cm™, while the distance between
these two atoms is shortened to 2.197 A. After the ring is
formed, the system is stabilized by the release of substantial
free energies of 12.81 kcal mol™ and 13.22 kcal mol™ to form
9-IM2 and 10-IM2 (carbocation A). Further stabilization
occurs by the release of protons, which is associated with an
exergonicity of 10.91 kcal mol™ and 8.98 kcal mol™ to form
the indane products 9-indane and 10-indane, respectively. It
turns out that the formation of the indane product 9-indane
is thermodynamically slightly favorable in comparison with
the formation of the indane product 10-indane. Protonation
of 9-indane with an energy uptake of 7.07 kcal mol™" to form
9-IM3 and that of 10-indane with an energy uptake of 7.35
kcal mol™ to form 10-IM3 (carbocation B) is followed by
deprotonation to form products 15 and 16 with free energy
release of 11.48 kcal mol™ and 10.86 kcal mol ™" in the final
steps. As the reaction profile shows, the final products are
very stable. Comparison of the relative free energies of 15
and 16 showed a difference of 1.33 kcal mol™ in favor of
product 15. This is in line with the experimental results
which showed that the thermal transformations in acidic

Fig. 4 Optimized structures along the pathways from compound 9 to indane and indene products.
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Fig. 5 Optimized structures along the pathways from compound 10 to indane and indene products.

media of compounds 9 to 15 and 10 to 16 proceed with
relative yields of 75% and 15%, respectively.

The experimentally determined reactivity of 5-phenyl
derivative 11 and 4-phenyl derivative 12 (Fig. 1) appeared to
be in full agreement with the computational predictions of
the outcome of the thermal reactions under consideration.
The quantum chemical calculations showed that the most
thermodynamically favorable position coincides with the
position where protonation must occur for 1,5-ring closure to
take place and for the reaction to proceed (Table S1t), for
both derivatives 11 and 12. Therefore, the proton was
expected to choose the required position for the 1,5-ring
closure, which allows the reaction to proceed. The Gibbs free
energies for all possible protonation forms obtained by the
protonation at the different sites within compounds 11 and
12 are given in the ESIf (Table S2). The proposed mechanism
for the thermal conversion of derivatives 11 and 12 to indane
and indene products in an acidic medium is fully consistent
with the mechanism proposed for thermal conversion of
derivatives 9 and 10, which is shown in Scheme 7.

Free energy profiles for the possible reaction routes of the
formation of indane and indene products of starting
compounds 11 and 12 are depicted in Fig. 6, while optimized
structures along the given reaction pathways are shown in
Fig. 7 and 8.

Inspection of the reported free energy profiles shows that
the first step, the protonation of the double bond of the
starting compound, is associated with a lower endergonicity
for the 5-phenylthiophene derivative 11 compared to the
4-phenylthiophene derivative 12 (7.26 kcal mol™ vs. 10.64
kcal mol™), indicating that this step is more favourable for
derivative 11. The subsequent 1,5-ring closure proceeds via
11-TS1 and 12-TS1 transition states (the imaginary normal
modes for corresponding transition states are pictorially

This journal is © The Royal Society of Chemistry 2025

presented in Fig. S1f), with 12-TS1 having a slightly higher
free energy than 11-TS1 (13.42 kcal mol™ vs. 12.88 kcal
mol™), leading to carbocation A (11-IM2 and 12-IM2,
respectively), which also has a higher energy for the 12-IM2
derivative than for the 11-IM2 derivative (3.63 kcal mol™ vs.
-0.38 kecal mol™). Barrier-free deprotonation leads to the
indane products (11-indane and 12-indane), with the 12-
indane derivative exhibiting higher stability compared to the
11-indane derivative (-11.09 kecal mol™" vs. -8.47 kcal mol™).
For the final products 17 and 18, the relative stability appears
to be very close to each other, indicating that the position of
the steric hindrance group can be considered insignificant,
with product 18 being just slightly favored. One can notice
that the latter is not consistent with the experimental results
in terms of the yield of 17 compared to the yield of 18

ZO/\
12-TS1
F 13.42
124M =
10 [—
\ 12-IM2 (A)
< F +H '\ 3.63 11-IM3 (B)
E )
= 0.00 /
@ 0
£ 0.00
s .
< -
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17
14.55
-15.71
18

-20

Fig. 6 Free energy profiles for the possible reaction routes of the
formation of indane and indene products of starting compounds 11
and 12.
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Fig. 8 Optimized structures along the pathways from 12 to indane and indene products.

(Scheme 6), probably due to the different stability of the
starting compounds, or the influence of environmental
conditions.

As mentioned above, compounds 13 and 14 (Fig. 9) proved
to be non-reactive, and only a mixture of the original isomers
was isolated as reaction products. In order to clarify the
present experimental findings, the reactivity of the respective
starting compounds was analyzed using computational
methods. Quantum chemical calculations have shown that
the reactivity or non-reactivity of compounds is closely related
to the position of proton entry into the molecule (Fig. 1) and
its coincidence with the position required for 1,5-cyclization.

2086 | React. Chem. Eng., 2025, 10, 2080-2090

Therefore, the starting compounds 13 and 14 were examined
for the coincidence of the most thermodynamically favorable
position for the proton entry into the molecule with the
position required for the reaction to proceed. The effect of an
electron-withdrawing group (-NO,) on the heterocyclic moiety
on the reactivity/non-reactivity of the thiophene derivatives
was investigated on the nitro-substituted derivative 13. The
quantum chemical calculations have shown that the nitro
group (-NO,) represents the most thermodynamically
favorable protonation position within the compound, which
is consistent with the electronegativity of the corresponding
group and its high proton affinity. The protonation reaction

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Optimized structures of compounds 13 and 14.

is therefore directed towards the nitro group (-NO,), which
prevents protonation at the exocyclic double bond (vinyl
group) and the formation of a carbocation intermediate,
which is a necessary prerequisite for the 1,5-ring closure and
the further progress of the reaction. Since it turns out that
the most favorable protonation site, namely the oxygen atom
of the nitro group, in the given compound does not coincide
with the site required for 1,5-ring closure, non-reactivity is to
be expected, which is fully consistent with the experimental
findings. The deviation in the Gibbs free energy of the most
favorable protonated species (protonated the oxygen position
at the nitro group) and that protonated at the position
required for 1,5-ring closure is calculated to be 11.14 kcal
mol™" (Fig. 10). The Gibbs free energies for all possible
protonation forms obtained by protonation at the different
positions in compound 13 are given in the ESIf (Table S2).
Finally, the effect of a non-heterocyclic aromatic core on
the thermal transformation of o-divinylbenzene derivatives to
indane/indene products under acidic conditions was
investigated in compound 14. As indicated by the quantum
chemical calculations, the most thermodynamically
favourable protonation site is located at the exocyclic double
bond, but not at the position required for 1,5-ring closure, as
shown in Fig. 10. Therefore, the 1,5-ring closure and the
formation of indane/indene products were not expected,
which was fully consistent with the experimental findings.
The deviation in the Gibbs free energy of the most favorable
protonated species and that protonated at the position

/ \ NO,
N o
= (o) NO
| \ / J 2

AG* = 11.14 kcal mol™ AG* = 2.73 kcal mol’!

Fig. 10 Positions of site “i” required for the reaction to proceed and
the most favorable protonation site “j” for compounds 13 and 14,
together with the differences in Gibbs free energy between protonated
species “i” and “j”, AG*.

This journal is © The Royal Society of Chemistry 2025
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required for 1,5-ring closure is calculated to be 2.73 kcal
mol™" (Fig. 10). The Gibbs free energies for all possible
protonation forms obtained by protonation at the different
sites in compound 14 are given in the ESIT (Table S2).

Materials and methods

General experimental information

The "H NMR spectra were recorded on a spectrometer at 300
and 600 MHz. The ">C NMR spectra were registered at 75 and
150 MHz. All NMR spectra were measured in CDCl; using
tetramethylsilane as the reference. The assignment of the
signals is based on 2D-CH correlation and 2D-HH-COSY and
NOESY experiments. Melting points were obtained using a
microscope equipped with apparatus and are uncorrected.
HRMS analysis was carried out on an Agilent 6545 Q-TOF LC/
MS (G6545B) connected to an Agilent 1290 Infinity II UPLC
system (high pressure pump G7120A, autosampler G7129B,
column compartment G7116B, DAD detector G7117B).

Silica gel (0.063-0.2 mm) was used for chromatographic
purification. Thin-layer chromatography (TLC) was performed
on silica gel 60 F254 plates. Solvents were purified by
distillation. 5-Nitrothiophene-2-carbaldehyde,
5-phenylthiophene-2-carbaldehyde, 4-phenylthiophene-2-
carbaldehyde and benzaldehyde are commercially available
chemicals, while 2-methylthiophene-3-carbaldehyde and
2,5-dimethylthiophene-3-carbaldehyde prepared

20,22

were
according to the literature.

General procedure for the synthesis of compounds 9-14
(Wittig reaction)

To a stirred solution of the phosphonium salt and
corresponding aldehyde (2.2 eq.) in absolute ethanol (100
mL), the solution of sodium ethoxide (2.2 eq, 14 mg in 5 mL
of absolute ethanol) was added dropwise, respectively. The
reaction was completed within 3-4 h (usually left to stand
overnight). After the removal of the solvent, the residue was
worked up with water and toluene. The toluene extracts were
dried (anhydrous MgSO,) and concentrated. The crude
reaction mixture was purified and the isomers of products
9-14 were isolated, respectively, by column chromatography
on silica gel using petroleum ether as the eluent. In the case
of products 9, 12 and 13, trans,trans-isomers were isolated
and characterized, while 10 and 11 were used in further
thermal reaction without isolation isomers.
1,2-bis((E)-2-(2-Methylthiophene-3-yl)vinyl)benzene  (¢£-9).
24%; "H NMR (CDCly; 300 MHz) d/ppm: 7.52-7.58 (m, 2H),
7.24-7.31 (m, 4H), 7.21 (d, 2H, J = 16.2 Hz), 7.07 (d, 2H, J =
5.4 Hz), 6.97 (d, 2H, J = 16.0 Hz), 2.51 (s, 6H); *C NMR
(CDCl; 75 MHz) é/ppm: 136.3, 136.0, 135.5, 127.5, 126.5,
126.2, 125.2, 123.8, 122.0, 13.2; HRMS (LC-Q/TOF) m/z: [M +
H'] calculated for CpoHysS, 323.0923; found 323.0923.
1,2-bis((E)-2-(4-Phenylthiophene-2-yl)vinyl)benzene (£¢-12).
54%; 'H NMR (CDCls; 300 MHz) é/ppm: 7.51-7.63 (m, 4H),
7.20-7.48 (m, 16H), 7.13 (d, 2H, J = 16.1 Hz); *C NMR
(CDCl; 75 MHz) 6/ppm: 143.6, 142.8, 135.6, 135.4, 128.8,
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127.9, 127.3, 126.7, 126.4, 126.3, 125.3, 124.4, 119.5; HRMS
(LC-Q/TOF) m/z: [M + H'] calculated for CsoH,,S, 447.1229;
found 447.1236.
1,2-bis(2-(5-Nitrothiophene-2-yl)vinyl)benzene (¢¢-13). 97%;
'H NMR (CDCl3; 600 MHz) d/ppm: 7.87 (d, 2H, J = 3.5 Hz),
7.56-7.60 (m, 2H), 7.44 (d, 2H, J = 16.2 Hz), 7.37-7.41 (d, 2H,
J = 3.5 Hz), 7,04 (d, 2H, J = 16.2 Hz); *C NMR (CDCl;; 150
Hz) 6/ppm: 149.8, 149.6, 134.6, 130.6, 129.5, 129.3, 127.3,
125.3, 125.2, 123.6; HRMS (LC-Q/TOF) m/z: [M + H']
calculated for C,3H;,N,0,S, 385.0315; found 385.0311.

Thermal reaction of 9-14 in acetonitrile/hydrochloric acid
solutions

A mixture of cis,cis-, cis,trans- and trans,trans-isomers of 9-14
(4 x 10 M) was dissolved in acetonitrile with addition of
hydrochloric acid (36%, 1 ml, 35 eq.) and refluxed for 3
hours, respectively. After cooling to room temperature, the
reaction mixture was neutralized with a solution of sodium
hydroxide (10%) and extracted with ethyl acetate (4 x 5 ml).
After drying over magnesium sulphate, the solvents were
removed in vacuo and the oily residue was chromatographed
on a silica gel column using petroleum ether as the eluent.
In the case of 13 and 14, only a mixture of starting isomers
was isolated, while compounds 9-12 gave indene products
15-18, with traces of indane derivatives, respectively.
2-Methyl-3-((2-(2-methylthiophene-3-yl)-1H-indene-3-yl)
methyl)thiophene (15). 75%; '"H NMR (CDCl; 300 MHz) d/
ppm: 7.46 (d, 1H, J = 6.9 Hz), 7.14-7.23 (m, 3H), 7.08-7.10
(m, 1H), 6.85-6.88 (m, 1H), 6.87 (d, 1H, J = 5.0 Hz), 6,86 (d,
1H, J = 5.0 Hz), 6,64 (d, 1H, J = 5.0 Hz), 3,71 (s, 2H), 3.66 (s,
2H), 2.37 (s, 3H), 2.32 (s, 3H); ">*C NMR (CDCl;; 75 MHz) §/
ppm: 145.7, 143.1, 138.6, 138.0, 135.1, 134.7, 134.5, 132.9,
129.1, 129.0, 126.3, 124.5, 123.4, 121.8, 120.7, 119.9, 42.2,
29.7, 14.3, 13.0; HRMS (LC-Q/TOF) m/z: [M + H'] calculated
for C,oH;5S, 323.0923; found 323.0923.
(E)-3-((2-(2,5-Dimethylthiophene-3-yl)-2,3-dihidro-1H-
indene-1-yldene)methyl)-2,5-dimethylthiophene (16). 14%; 'H
NMR (CDCl;; 600 MHz) d/ppm: 7.44 (d, 1H, J = 7.4 Hz), 7,23
(d, 1H, J = 7.4 Hz), 7,15-7,20 (m, 2H), 6.52 (d, 1H, J = 0.9 Hz),
6.27 (s, 1H), 2.42 (s, 3H), 2.29 (s, 3H), 2.27 (s, 3H), 2.26 (s,
3H); "*C NMR (CDCl;; 75 MHz) é/ppm: 145.9, 143.0, 138.3,
138.1, 135.7, 134.7, 134.4, 134.2, 128.4, 127.3, 127.1, 127.0,
126.3, 124.4, 123.3, 119.9, 42.2, 29.7, 15.3, 15.2, 15.1, 14.3;
HRMS (LC-Q/TOF) m/z: [M + H'] calculated for C,,H,,S,
351.1223; found 351.1236.
(E)-2-Phenyl-5-((2-(5-phenylthiophene-2-yl)-2,3-dihidro-1H-
indene-1-ylidene)methyl)thiophene (17). 89%; 'H NMR
(CDCl3; 300 MHz) d/ppm: 7.66 (d, 1H, J = 7.9 Hz), 7.54 (d, 2H,
J =7.9 Hz), 7.49 (d, 2H, J = 7.9 Hz), 7.32-7.36 (m, 2H), 7.22-
7.32 (m, 7H), 7.17-7.22 (m, 2H), 7.05 (d, 1H, J = 3.6 Hz), 7.03
(d, 1H, J = 3.6 Hz), 6.85 (d, 1H, J = 3.6 Hz), 4.92 (d, 1H, ] = 7.8
Hz), 3.67 (dd, 1H, J = 7,8 Hz, 16.3 Hz), 3.17 (d, 1H, J = 16.3
Hz); "*"H NMR (CDCl;; 75 MHz) ¢/ppm: 146.1, 144.0, 142.6,
141.7, 141.1, 138.7, 135.7, 135.4, 134.5, 134.1, 128.9 (2C),
128.7 (2C), 127.6, 127.1, 126.7, 126.5, 126.0, 125.7 (2C), 125.6,

2088 | React. Chem. Eng., 2025, 10, 2080-2090

View Article Online

Reaction Chemistry & Engineering

125.5 (2C), 125.3, 123.5, 123.4, 122.8, 41.2, 29.7; *C NMR;
HRMS (LC-Q/TOF) m/z: [M + H'] calculated for CjzoH,,S,
447.123; found 447.1236.
4-Phenyl-2-((2-(4-phenylthiophene-2-yl)-1H-indene-3-yl)

methyl)thiophene (18). 39%; '"H NMR (CDCl;; 300 MHz) 6/
ppm: 7.59 (d, 2H, J = 7.5 Hz), 7.46-7.54 (m, 2H), 7.18-7.43
(m, 12H), 4.46 (s, 2H), 3.94 (s, 2H); "*"H NMR (CDCl;; 75
MHz) §/ppm: 146.0, 142.6, 142.5, 142.1, 141.7, 139.9, 136.1,
136.0, 135.6, 135.4, 128.9 (2C), 128.7 (2C), 127.3, 127.0, 126.8,
126.4 (2C), 126.3 (2C), 125.4, 124.6, 124.3, 123.5, 120.2, 119.7,
118.6, 41.4, 27.5; HRMS (LC-Q/TOF) m/z: [M + H'] calculated
for C3oH,,S, 447.1229; found 447.1236.

Quantum chemical DFT calculations

All calculations were performed by means of quantum
chemical calculations at the density functional theory (DFT)
level using the Gaussian 16 program (revision C.01).>* The
MO06-2X hybrid meta-GGA exchange-correlation functional
designed by Truhlar's group, which is recommended most
highly for the thermodynamic and kinetic study of the main-
group elements, was selected.>® Pople's split-valence double-¢
polarized 6-31G(d,p) basis set was utilized.>> The geometric
structures of the molecules were optimized by minimizing
energies with respect to all geometrical parameters without
imposing any molecular symmetry constraints and using a
tight convergence condition. The Berny algorithm using
redundant internal coordinates was employed. Frequency
calculations were performed wunder the harmonic
approximation on all the optimized structures at the same
level of theory with no scaling in order to confirm that the
structures correspond to the true minima (reactants,
products and intermediate states), meaning that no
imaginary frequencies were present, or to the transition
states being characterized by a single imaginary frequency, as
well as to extract thermal Gibbs free energy corrections. IRC
calculations were performed to confirm that the proposed
transition states connect to the expected reactants and
products along the reaction pathway. The final single point
energies were obtained using a highly flexible
6-311+G(2df,2pd) basis set. Geometry optimizations,
frequency calculations and single point energy evaluations
were conducted by taking into account the solvent effects. To
evaluate the bulk solvent effects (acetonitrile, ¢ = 35.69), the
implicit SMD polarizable continuum solvation model*® was
employed. It represents a very practical approach to simulate
the solvation environment and determine the effect of the
medium on the structure and stability of solutes in a
solution.

The discussion is based on the Gibbs free energies, G¥ somn,
in the liquid computed using the expression:

G)’}(:‘soln = EZ&; + AGékorr.,soln (1)

where the term Eioy, corresponds to the total electronic
energy of a density functional theory calculation using the

SMD model, while the AGZr soin term (thermal correction to

This journal is © The Royal Society of Chemistry 2025
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Gibbs free energy) encompasses vibrational, rotational and
translational contribution to the solution free energy,
computed by applying the ideal gas partition functions to the
frequencies calculated in the dielectric medium and the 1 M
standard state. The experimental value of AGor(H")yeen =
-254.3 keal mol™" was utilized,”” which together with the gas-
phase Gibbs free energy value for the proton of G*(H') =
—6.28 kcal mol™" gives an employed value of G mecn =
-260.58 kcal mol™. The conformational space for each
species considered was manually sampled, the number of
conformations was optimized, and then the most
thermodynamically stable ones were selected for the report. A
more negative value of the G¥gsom implied the more stable
species.  Optimized using
GaussView.”®

structures are visualized

Conclusions

The mechanism of the thermal reaction of thienyl- and
phenyl-o-divinylbenzenes (9-14) under acidic conditions and
the formation of the products were explained in detail using
quantum chemical calculations at the SMD/MO06-2X/6-
311+G(2df,2pd)//SMD/M06-2X/6-31G(d,p) level and confirmed
experimentally. The calculations showed that the protonation
of the double bond of o-divinylbenzenes 9-12 and the
formation of a carbocation intermediate as a result of
1,5-ring closure allows the formation of the indane (9-
indane-12-indane) and indene (15-18) products. It was found
that the most favorable position of protonation in derivatives
9-12 coincides with the position at the vinyl double bond
required for 1,5-ring closure, allowing the reaction to
proceed. The reactivity of compounds 9 and 10 was found to
be the result of manipulating the protonation position in
their unsubstituted, non-reactive precursor (5) by introducing
suitable substituents at specific positions on the heterocyclic
moiety that redirected the favorable protonation and allowed
1,5-ring closure. Compounds 13 and 14 yielded no thermal
reaction products, and only a mixture of the original isomers
was isolated. When considering the most favorable proton
entry position in these compounds, it was found that this
position does not coincide with the position required for
1,5-ring closure, preventing the formation of cyclization
products. In summary, the reactivity/non-reactivity of the
studied compound is closely related to the correspondence
between the thermodynamically preferred protonation site
and the site required for 1,5-ring closure. If the preferred
protonation site matches with the site required for
cyclization, the reaction proceeds; otherwise, the derivatives
appear to be non-reactive. By blocking a specific position
with a suitable substituent in non-reactive precursors, it is
possible to prevent protonation at the undesired position
and redirect it to the position that allows the appropriate
reaction. These results provide valuable information for
predicting the outcome of thermal reactions using
computational methods and open a new avenue for future
research.

This journal is © The Royal Society of Chemistry 2025
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