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Unlike conventional modes of activation of reactivity, mechanochemical force provides facile and unique
pathways. Extensive studies have been performed on the thermal and photochemical interconversions
between benzene and its valence isomers. In this article, we show that mechanochemical pulling along
1,2- positions of triprismane (TP) can precisely control the outcome, namely, benzene (BZ) and/or Dewar
benzene (DB), depending upon the strength of external force. Within the force range of 1.5-1.9 nN, DB
is formed exclusively, whereas at forces exceeding =2.0 nN, BZ becomes the major product. Also, we
report that on pulling across 1,4-sites of TP, BZ is produced exclusively when external force =1.8 nN. Ab
initio steered molecular dynamics (AISMD) simulations on the force modified potential energy surfaces
(FMPESs) for 1,2-pulling of TP reveal that DB becomes the minor product beyond external force =2.0
nN. The thermodynamically controlled product, BZ, is obtained as the major and sole product for
stronger 1,2-pulling and 1,4-pulling respectively. The constrained geometries simulate external force
(CoGEF) calculations fail to locate the kinetically trapped intermediate, DB, revealing the prowess of
AISMD in revealing unique
mechanochemical reactions. Also, we demonstrate that the TP — BZ reaction, which demands
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Introduction

The concept of a ring structure for benzene was introduced over
150 years ago." About six decades later, Lonsdale employed X-
ray diffraction to determine that its six carbon and hydrogen
atoms form a regular hexagon.> Later, Cox's experimental
findings confirmed that benzene is a flat ring molecule.® Tri-
prismane was first proposed by Albert Ladenburg in 1869 as
a possible structure for benzene though it evaded synthesis
until 1973.* Other valence isomers of benzene (BZ) such as
Dewar benzene (DB) and Hiickel benzvalene were synthesized
by Van Tamelen et al.> and K. E. Wilzbach et al. respectively.®
These isomers, typically referred to as valence-bond isomers of
benzene, are obtained via photochemical transformation from
benzene.”*° The distribution of the various valence isomers of
benzene is dictated by the medium of reaction,”® nature of the
matrix'* and the wavelength of the irradiated light."

Apart from the experimental progress, several theoretical
studies have also gained traction in recent years."*® Dreyer
et al. computationally demonstrated that the photochemical
transformation of benzene into fulvene proceeds via a carbene
mechanism, involving a prefulvene intermediate."® The valence
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significant thermal energy, can be induced mechanochemically.

isomers of benzene are photoactive, and therefore, they might
switch into other forms under light sources. Isomers such as
triprismane and Dewar benzene being highly strained can be
excellent candidates for high energy density fuels. Recently,
boron-nitrogen containing benzene (azaborine) and its valence
isomers'*® have been shown to undergo similar photolysis
reactions for potential applications in Molecular Solar Thermal
(MOST) systems.”*?' Among all benzene isomers, the parent
benzene structure is the most stable, and its unique structure
makes it a versatile reagent. While numerous studies have
explored how benzene transforms into its valence isomers, its
reverse reaction, an exothermic process, remains less explored.
Due to significant ring strain, the C-C bonds in triprismane
should exhibit high reactivity and undergo transformations
with relatively low activation energies. Nevertheless, the highly
strained triprismane requires high thermal activation at ~90 °C
to transform into benzene (see Scheme 1).* Hence, it is quite
stable at room temperature.

Mechanophores act as force responsive moieties enabling
controlled chemical reactions,*?® colour changes,** mechanical
property modifications® or release of small molecules*® subject
to external force or stress. The product diversity is mainly
influenced by the site selectivity of the pulling group.” Chen
et al. showed the possibility of isolating different products
during the unzipping of a ladderane through the dynamic
effects due to bifurcation on the potential energy surface.*® For
a mechanochemical transformation, rupture force (Fy,p) refers

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Isomerization of triprismane under thermal and mecha-
nochemical conditions.

to the minimum external force required for the cleavage of
a target bond. It is now established in the expanding domain of
mechanochemistry that rupture force can be regulated by
altering the strength of the oriented external electric field
(OEEF).>®

Xiaojun et al. demonstrated that release of small molecules
occurs when sequential application of a mechanical load and
photochemical irradiation is performed.*® Craig and co-workers
reported mechanochemical reactivity in the highly strained
cubane.* Amongst the various pulling positions, only the 1,2-
site is mechanochemically successful. Boulatov and coworkers
reported that varying the extent of the applied force can lead to
different products via distinct reaction pathways.**** O'Neill
et al. illustrated a mechanochemical competition within the
same chain between chromophore isomerization and poly-
styrene backbone cleavage enabling mechanochemical activa-
tion under flow in the sonicated solution.**

Given the current growing interest in the mechanochemistry
of strained ring-systems and the characteristics of triprismane
mentioned above, it is a potential candidate for mechanophores.
Mechanochemistry of triprismane remains unexplored and we
study its potential activation by mechanical force. Pulling at two
possible positions namely 1,2- and 1,4- was studied in detail.
Although the inexpensive constrained geometries simulate
external force (CoGEF) method provides an initial assessment of
its mechanochemical pathway, ab initio steered molecular
dynamics (AISMD) calculations are shown to be important for
thermodynamically and kinetically trapped product distribution.
The CoGEF calculations fail to predict Dewar benezene (DB), and
only the thermodynamically controlled product (benzene) is
realized. The present article shows that mechanochemical pull-
ing along the 1,2-position of triprismane generates 2,6-DB at Fy,
= 1.5-1.9 nN and 1,3-BZ at Fryp = 2.0 nN.

Computational details

All the constrained geometries simulate external force (CoGEF)
calculations and static molecular structure optimizations were
performed using the Gaussian 16 suite of quantum chemical
programs.*® The terminal carbon atoms are set as pulling
groups where the external force has been exerted upon. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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pulling groups are elongated by 0.05 A at each step until
a transformation occurs.*® The elongation profile of triprismane
is obtained from CoGEF calculation at the unrestricted B3LYP/
6-31G(d,p)*” level of theory. Broken symmetry calculations are
performed to examine the diradical nature of intermediates in
the pathway. From the slope of the inflection point, the rupture
force (Fryp) is predicted. In all cases, the maximum cut-off for
Fryp is set to 6.0 nN as beyond this the mechanophore
undergoes detachment.*®

Ab Initio Steered Molecular Dynamics (AISMD) simulations
were performed with the TeraChem program suite.** The
aspects of mechanochemistry of bifurcated pathways have been
shown to be accurately captured by AISMD simulations.>®****
The AISMD simulations were carried out using the unrestricted
B3LYP functional with the 6-31G basis set.*” To understand the
role of external force in mechanochemical transformation,
simulations were executed at various external forces in the
range of 1.5 nN to 2.5 nN. All the simulations are performed at
a constant external steering force. Terminal carbon atoms were
used as the attachment point (AP) and pulled towards ‘pulling
points’ (PPs) defined in 3D space under constant steering
force.”® The pulling points (PPs) were placed about 20 A away
from the AP. All the simulations were done in the canonical
(NVT) ensemble using Langevin dynamics at 300 K in the gas
phase. The simulations were initiated for 15 ps (picosecond)
with a 0.25 fs (femtosecond) timestep and terminated only
when a successful chemical transformation was observed. From
the AISMD simulations the bond lengths, bond angles and
energies were extracted to generate the Force Modified Potential
Energy Surfaces (FMPES) under different external forces.** The
AISMD trajectories are overlaid on the FMPES to understand the
reaction pathways leading to products at different external
forces.”

Results and discussion

To undertake mechanochemical pulling on triprismane, there
are two possible pulling sites. A methyl group serves as the
pulling group, with the first set at pulling site positions 1 and 2
and the second set at positions 1 and 4. The choice of the
pulling group is based on previous theoretical study by Remacle
and co-workers.* Scheme 2 indicates that upon pulling along
the 1,2-positions, a benzvalene intermediate (INT) is formed. In
the first step, the cleavage of the C(1)-C(2) bond occurs, fol-
lowed by bond making between C(1) and C(5) which leads to
formation of benzvalene. The rupture force (F,,) was recorded
at 3.7 nN from the CoGEF method (see Fig. 1(a)). Formation of
INT involves significant diradical character in the pathway ($* =
0.9, see Fig. 1(b)). On further pulling, benzvalene gets trans-
ferred to the final product benzene via simultaneous cleavage of
bonds C(1)-C(6) and C(4)-C(5) with rupture force at 4.8 nN.
Subsequent to INT formation, the pathway becomes a closed
shell.

On the other hand, CoGEF pulling across 1,4-positions gives
the same product (1,4-BZ) but without producing any interme-
diate. Mechanochemical pulling produces benzene directly
from triprismane by bond breaking of the C(1)-C(4) bond with

RSC Mechanochem., 2025, 2, 826-832 | 827
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Fig.1 CoGEF plots at the broken-symmetry UB3LYP/6-31G(d,p) level
for (a) pulling across 1,2-positions and (c) pulling across 1,4-positions;
the expectation value <SZ> is given in (b) and (d) respectively.

a rupture force (Fr,,) of 3.1 nN (Fig. 1(c)). This process also
involves a diradical pathway (5> = 0.56, see Fig. 1(d)). Therefore,
regardless of the mechanochemical pulling sites, the outcome
in both cases is benzene. However, pulling across the 1,4 posi-
tions requires less external force for the process.

Since the mechanochemistry of triprismane involves
a sequential course of events, the reaction pathway was
minutely investigated using ab initio steered molecular
dynamics (AISMD). The simulations were done under external
steering force ranging from 1.5 nN to 2.5 nN for 15 ps. No
transformation was observed when pulling occurs with an
external force less than 1.5 nN even at longer timescales such as
15 ps. Fig. 2(a) demonstrates that when an external steering
force between 1.5-1.9 nN along the 1,2-sites is applied,
a mechanochemical transformation toward Dewar benzene
(2,6-DB) occurs. The process begins with the breaking of the
C(1)-C(2) bond, which is then followed by the rupture of the
C(3)-C(4) bond, leading to 2,6-DB. For steering force = 2 nN,
about half of the simulation trajectories form benzene (1,3-BZ)
while the rest form 2,6-DB, see Table 1. AISMD showed that at
first the bond breaking of the C(1)-C(2) bond occurs via
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a diradical pathway and gradually benzene is formed by bond
cleavage of C(5)-C(6). In Fig. S1,1 (S®) is plotted over time (in ps)
for the simulations performed with forces.

Fig. 2(b) shows the variation in the C(5)-C(6) bond distance
with time at different external forces. At least an external force =
2.0 nN is required for 1,3-BZ formation. At lower external forces,
only 2,6-DB is produced, while intermediate forces yield both
2,6-DB and 1,3-BZ as products and higher forces result mainly
in 1,3-BZ. For example, at Fyeering = 2.5 NN, ~90% of the
product is 1,3-BZ. Unlike the CoGEF calculations discussed in
Fig. 1(a) no INT was observed and one additional valence
isomer, namely 2,6-DB, was observed in AISMD simulations.

In contrast, when the pulling occurs along the 1,4 positions
with an external force above 1.7 nN, all the simulations result
only in 1,4-BZ as shown in Fig. 2(c). The process involves a dir-
adical pathway by breaking of the C(1)-C(4) bond and then
followed by 1,4-BZ formation (see Fig. S27). Fig. 2(d) plots the
C(1)-C(4) bond distance (A) with time at various external forces.
Unlike the case for the 1,2-pulling, here, the AISMD simulations
are in harmony with the CoGEF results. Furthermore, both the
CoGEF and AISMD methods indicate that 1,4-BZ formation is
easier for 1,4-pulling.

To analyse the product distribution, the data were extracted
from the AISMD calculations and plotted as force-modified
potential energy surfaces (FMPESs) to explore the mechano-
chemical transformation from 1,2-TP to 2,6-DB and/or 1,3-BZ
under various applied forces. Fig. 3(a) illustrates the atomic
descriptors for the C(1)-C(2) bond and the £ C(4)-C(1)-C(6)
bond angle for forming 1,3-BZ or 2,6-DB used in the FMPES
plots. In Fig. 3(b)-(e), the generated FMPES at various strains
are shown. Fig. 3(b) at F = 0 nN shows all three stationary
points, namely, 1,2-TP (reactant) and two products, 2,6-DB and
1,3-BZ. Interestingly, at steering force = 1.5 nN in Fig. 3(c) it is
evident that only 2,6-DB is formed as all the trajectories (red
lines) progress towards the 2,6-DB valley.

However, as the steering force is increased to 2 nN, both 2,6-
DB (red lines) and 1,3-BZ (blue lines) are formed on the FMPES
in Fig. 3(d). It is evident that the deeper potential energy region
corresponds to 1,3-BZ while the shallow one represents 2,6-DB.
The product divergence is well illustrated by the trajectories
from AISMD simulations as shown in Fig. 3(d) and (e) at
steering forces of 2.0 and 2.5 nN respectively. The FMPES at 2.5
nN in Fig. 3(e) is also indicative of the preferential formation of
1,3-BZ over 2,6-DB at higher steering force (c.f. 1,3-BZ: 2,6-DB =
90:10 in Table 1). To observe the change in the FMPES with the
increment of external forces the surfaces are plotted in Fig. S3.1
The snapshots of the structural change from 1,2-TP — 1,3-BZ at
2 nN at different times are illustrated in Fig. 4. For better
visualization at 2.0 and 2.5 nN, the FMPESs are presented from
multiple angles to clearly illustrate the product distribution in
Fig. S5 and S6.f Notably, the 2,6-DB and 1,3-BZ wells are not
connected by any trajectories. The TS separating two potential
wells is ~30 keal mol~ ', making it unlikely that the trans-
formation proceeds through the 2,6-DB potential well. Note that
for 1,4-pulling all the trajectories end up in 1,4-BZ and, there-
fore, no other reaction pathways or crossover are observed (see
Fig. S71).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Product distribution of mechanochemical transformation of triprismane (TP) along (a) 1,2-positions at different external forces, (b) AISMD
simulations for C(5)-C(6) bond length vs. time (ps) for 1,2-TP — 2,6-DB and 1,3-BZ pulling along 1,2-positions, (c) single product formation for
pulling along 1,4-positions and (d) AISMD simulations for C(1)-C(4) bond length vs. time (ps) for 1,4-TP — 1,4-BZ pulling along 1,4-positions.

Table 1 Product distribution qualitative percentage from triprismane
to 13- & 14-benzene and 2,6-Dewar benzene under mechano-
chemical pulling across 1,2- and 1,4- positions from AISMD

Pulling along 1,2 Pulling along 1,4

positions positions
Steering Yield of Yield of Yield of Yield of
force (nN) 2,6-DB 1,3-BZ 2,6-DB 1,4-BZ
<1.5 0% 0% 0% 0%
1.5 ~100% ~0% 0% 0%
1.8 ~100% ~0% 0% 100%
2 ~50% ~50% 0% 100%
2.5 ~10% ~90% 0% 100%

For an intuitive understanding of the mechanistic trade-off
producing 2,6-dimethyl-DB and/or 1,4-dimethyl-BZ from 1,2-
dimethyl-TP, the energy profile for the reaction pathway in the
absence of external force was computed at the UB3LYP/6-
31G(d,p) level. Fig. 5 illustrates that the transformation of 1,2-
dimethyl-TP into 1,4-dimethyl-BZ (along the red pathway)
involves two transition states (TS1 and TS2) and the benzvalene
intermediate, INT. Formation of INT requires surmounting
a massive free-energy barrier ~41.5 kcal mol ' from 1,2-
dimethyl-TP. Calculations at the DLPNO-CCSD(T)/def2-TZVP//

© 2025 The Author(s). Published by the Royal Society of Chemistry

UB3LYP/6-31G(d,p) level also show a large energy barrier =
42.4 keal mol ™ (see Fig. S8t).**** This makes formation of 1,4-
dimethyl-BZ from 1,2-dimethyl-TP kinetically forbidden even
though 1,4-dimethyl-BZ outstabilizes 2,6-dimethyl-DB by
77.7 kcal mol™'. On the other hand, the formation of 2,6-
dimethyl-DB from 1,2-dimethyl-TP as shown in the blue
pathway requires a comparatively smaller free-energy barrier of
~28.6 kecal mol " for TS1'. 2,6-dimethyl-DB needs to surmount
a free-energy barrier of 29.9 kcal mol ™" via TS3' to form 1,3-
dimethyl-BZ. Therefore, 1,3-dimethyl-BZ is the thermodynami-
cally controlled product (TCP) while 2,6-dimethyl-DB is the
kinetically trapped intermediate.

Interpreting this in the context of the mechanochemistry of
1,2-pulling of 1,2-TP, at moderate steering forces of 1.5-1.9 nN,
the intermediate, namely 2,6-DB, is formed exclusively.
However, when the steering force exceeds 2.0 nN, a TCP namely
1,3-BZ gets formed preferentially. Given that 1,3-BZ formation
from 1,2-TP passes through TS1’, TS2' and TS3' sequentially, it
is possible that at lower external forces, 2,6-DB is formed as
a stable intermediate and does not proceed further. However, at
higher forces, 1,3-BZ is formed.

In contrast, by design, the CoGEF method periodically
increases the distance between fixed points on the molecule to
estimate the force. In this process the molecule is always under
constraint and it might not explore other possible lower energy

RSC Mechanochem., 2025, 2, 826-832 | 829
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Fig. 4 Representative temporal illustrations for a steering force = 2.0
nN for 1,2-TP — 1,3-BZ.

pathways. Therefore, even though CoGEF offers initial insights
into the mechanochemical reactivity yet prediction of the
mechanistic pathway for reactions leading to two or more
products remains a challenge. In this particular case, COGEF
fails to crossover to a kinetically favourable pathway. This
accounts for its failure to locate 2,6-DB and 1,3-BZ. AISMD on
the other hand allows an exhaustive search for the reaction
pathways involving product divergence (e.g geometric
configuration/isomers). Nevertheless, even with GPU assistance
they are computationally expensive which forces the electronic

830 | RSC Mechanochem., 2025, 2, 826-832

TS1
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Fig. 5 Free energy profile (at 298 K) for conversion of 1,2-dimethyl
substituted triprismane (1,2-dimethyl-TP) to 2,6-dimethyl-DB, 1,3-
dimethyl-BZ and 1,4-dimethyl-BZ at UB3LYP/6-31G(d,p) in the
absence of pulling force.

structure computations only to the modest level (UB3LYP/6-31
G in this case). Therefore, only a limited number of trajecto-
ries with various pulling points at each external force can be
generated. Hence, a trade-off between the CoGEF and AISMD
methods is essential to describe the mechanochemistry of TP.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Conclusion

In conclusion, this article illustrates that the strength of the
pulling force can induce remarkable diversity in product
formation. Not only the position of the pulling groups but also
their strength can decide the mechanochemical outcome. The
subtleness of mechanochemistry can be richly appreciated in
this particular case of TP where pulling force <1.5 nN produces
no products, 2,6-DB is produced at pulling force = 1.5-1.9 nN
and 1,3-BZ is produced in majority at pulling force =2.0 nN. On
the other hand, 1,4-pulling in TP exclusively produces 1,4-BZ.
From a wider perspective, the present work also demonstrates
the sensitivity of mechanochemical reactions towards experi-
mental reaction conditions such as solvent polarity, sonication
frequency and temperature etc. as all of these external factors
can tune the steering force on the scissile bonds. This is more
a boon than a bane as it opens an opportunity to generate
seemingly unlikely molecules otherwise.
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