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ABSTRACT: Pterodactylane is a [4]-ladderane with substituents on

the central rung. Comparing the mechanochemistry of the [4]- *
ladderane structure when pulled from the central rung versus the end @\ %

I q : Vs. s
rung revealed a striking difference in the threshold force of 3 ¢
mechanoactivation: the threshold force is dramatically lowered from Dramati

. ramatically reduced
1.9 nN when pulled on the end rung to 0.7 nN when pulled on the threshold force
central rung. We investigated the bicyclic products formed from the *  Complex reactivity

. P . + Catch bonds and slip bonds
mechanochemical activation of pterodactylane experimentally and P

computationally, which are distinct from the mechanochemical

products of ladderanes being activated from the end rung. We compared the products of pterodactylane’s mechanochemical and
thermal activation to reveal differences and similarities in the mechanochemical and thermal pathways of pterodactylane
transformation. Interestingly, we also discovered the presence of elementary steps that are accelerated or suppressed by force within
the same mechanochemical reaction of pterodactylane, suggesting rich mechanochemical manifolds of multicyclic structures. We
rationalized the greatly enhanced mechanochemical reactivity of the central rung of pterodactylane and discovered force-free ground
state bond length to be a good low-cost predictor of the threshold force for cyclobutane-based mechanophores. These findings
advance our understanding of mechanochemical reactivities and pathways, and they will guide future designs of mechanophores with
low threshold forces to facilitate their applications in force-responsive materials.

B INTRODUCTION Lowering the threshold force is often highly desired as it
reflects an enhanced mechanical response. Changes to
molecular structures adjacent to or remote from the bonds
being activated can alter the reaction manifold, raising or
lowering the threshold force and varying the product
distribution. For example, the SMEFES threshold forces of
electrocyclic ring opening of gem-dihalocyclopropanes along a
polymer main chain have been shown to dramatically decrease
with subtle changes in the structure of the chemically inactive
substituent adjacent to the mechanophore group. Five-
membered cycloalkanes lower the threshold force relative to
linear alkenes, and E-alkenes lower the threshold force relative
to Z-alkenes.”> Similar “lever-arm effects” have been invoked
in the isomerization of main chain alkenes.® Remote electronic
effects can also influence the force necessary for reactivity, as
was shown for spiropyran,” and they can even change the
mechanism of reaction itself, as was shown for C—C bond
scission between an N-heterocyclic carbene and an aryl ring.*
Regioisomers that undergo unique reactivity and force
sensitivity depending upon the location and direction of the

Mechanical work has emerged as a strategy for energy input to
activate distinct covalent chemistry. In addition to parameters
commonly considered for thermal and photochemical reaction
manifolds, such as reaction temperatures and time scales,
polymer mechanochemistry encompasses many parameters
that are unique to how the force is transduced onto the
reactive moieties or mechanophores. A key parameter for
polymer mechanochemistry is threshold force, the force at
which the rate of mechanophore reaction becomes competitive
with the rate of polymer elongation.' For a given
mechanophore, the threshold force changes as a function of
the mechanical context, specifically the loading rate or strain
rate that the polymer strand experiences in the environment
being considered. High loading rates are found in the
sonication of solutions of individual polymers or in ballistic
impact events or shock wave loading in bulk materials. In
general, these higher loading rates lead to higher threshold
forces for a particular mechanophore.”” Lower threshold forces
are observed in slower loadings that take more time but that
are more typical of the day-to-day environment experienced by
many of the materials that we use routinely. The strain rates of
approximately 0.1—10 s~ accessed by single molecule force
spectroscopy (SMFS) are relevant to many common use
applications. SMFS also provides perhaps the most accurate
experimental method of quantifying threshold force or force-
rate behavior of mechanophores more generally.
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applied force vector, rather than merely its magnitude, are
particularly paradigmatic examples in polymer mechanochem-
istry, and they advance our understanding and control of force-
triggered reactivity. Naphthopyran isomers have been reported
for which one isomer undergoes mechanochemical reactivity
and the other does not.” Regioisomers can often undergo
mechanochemical reactivity at different forces, as has been
reported for spiropyran,'”'" furan/maleimide adducts,'” and
rubredoxin."?

We previously explored the mechanochemistry of [4]-
ladderane (Figure 1) with the end rung connected to the
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Figure 1. Comparison of the structures of [4]-ladderane, linked to the
polymer chain by the end rung, and pterodactylane, linked to the
polymer chain by the central rung.

polymer main chain.'*'® Pterodactylane, a [4]-ladderane
structure with substituents on the central rung, was first
synthesized in 1976 specifically to better understand the
kinetics of o-bond dissociation in fused cyclobutane ring
systems.'® Its structure intrigued us to wonder how pulling the
same ladderane structure at different locations affects its
mechanochemistry. Upon scission of the first bond in a
mechanophore, internal strain must then be redistributed onto
adjacent bonds. Breaking the central bond of pterodactylane
would introduce four equivalent, formally symmetric C—C o-
bonds into the polymer main chain. In addition to comparing
the threshold force required for mechanoactivation of the
central versus end rung, we were curious about whether
additional reactivity would be possible and what products
might result from subsequent reactions after the first bond
breaks. Herein, we report the distinct mechanochemical
reactivities of [4]-ladderane when the force is applied to the
central rung vs the end rung, revealed by single molecule force
spectroscopy (SMFS), sonication experiments, and force-
modified potential energy surface'” (FMPES) calculations.

B RESULTS AND DISCUSSION

We sought to compare the threshold forces for activation when
pulling [4]-ladderane at the middle vs end rung using SMFS.
We first synthesized pterodactylenediol 1 by reacting 2.5 equiv
of (cyclobutadiene)iron tricarbonyl'® with dimethylacetylene
dicarboxylate following a previously reported procedure.”” To
ease the analysis of mechanochemical products that are
expected to contain alkenes and for a better comparison with
our previously characterized [4]-ladderane, we decided to
hydrogenate the cyclobutenes in 1 (Scheme 1). An initial
attempt at hydrogenation of 1 using Pd/C for 4 h gave a low
yield of the desired compound and a large amount of ring-
opened side products. By limiting the reaction time to about 1
h, we were able to achieve complete hydrogenation without
noticeable ring opening to give saturated pterodactylanediol 2
in 93% yield. Next, we used esterification of 2 with 4-pentenoic
anhydride to generate diene 3, which was subsequently
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Scheme 1. Synthesis of Pterodactylane-Containing
Polymers P1, P3, and P4 and Structure of the Reported [4]-
Ladderane Polymer P2"°
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cyclized via ring-closing metathesis (RCM) to give macrocyclic
alkene 4. Finally, entropy-driven ring-opening metathesis
copolymerization (ED-ROMP) of 4 with epoxy-cyclooctene
gave gooi)lrmer P1, which is well suited for SMFS measure-
ment.””

An isomeric polymer P2 was previously synthesized using
the same procedure."® P1 and P2 have the same polymer main
chain structures, the same substituents on the [4]-ladderane
structure, similar MWs, and similar ladderane fractions (13 and
14 mol %, respectively); these polymers differ only in the
connectivity by which the [4]-ladderane motif is attached to
the polymer main chain. Individual strands of each polymer
were extended via SMFS in toluene at room temperature using
a constant retraction rate of 300 nm/s (Figure 2).”* Upon
application of force, a change in contour length was observed,
corresponding to a force-triggered reaction. The threshold
forces were obtained by averaging many retraction curves, and
changes in contour length were determined by fitting the pre-
and post-transition regions of the force curves to extended
freely jointed chain models.”>** When force is applied at the
end rung of [4]-ladderane, a threshold force for activation of
1910 + 14 pN was observed'; in contrast, when force is
applied at the middle rung, a plateau was observed at a
strikingly low force of 709 + 40 pN, associated with a contour
length change of 2.4 + 0.5%. Moving the location of force
applied from the end to the middle of [4]-ladderane
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Figure 2. Representative single molecule force—extension curves of
P1 (red) and a previously reported ladderane polymer'® P2 (purple)
normalized to extension at 1 nN. A dashed line is included as a visual
aid to highlight the plateau corresponding to mechanophore
activation.

dramatically lowered the threshold force for mechanoactivation
by 1.2 nN, and the force is lower than that for any reported
isolated or fused cyclobutane ring with similar substituents at
which the force is applied.”®

Mechanophores with low activation threshold forces are
highly desired for the development of materials with a greater
force response.”® To rationalize the low force required for the
reactivity of pterodactylane within concepts of the physical
organic canon, we turned to the recently proposed tension
model of bond activation (TMBA).”” This model deploys two
key parameters that together are highly predictive of threshold
force: the Hookean spring constant of the first broken bond
and the potential energy difference between the reactant and
the diradical intermediate. We calculated the spring constant of
the central rung of pterodactylane to be 11.0 nN/A (Figure
S25) and found it to be among the lowest for cyclobutane-
based mechanophores studied in developing the TMBA model,
which ranges from 7.0 to 44.3 nN/A. Only a cyclobutane with
flanking phenyl groups has a lower value of 7.0 nN/ A."*” We
also calculated the change in force-free potential energy upon
conversion of § to 6 to be 26.1 kcal/mol. This was also among
the lowest for homolytic C—C bond scission events evaluated
by the TMBA model, which ranged from 17.2 to 67.8 kcal/
mol. The small AE of pterodactylane can be understood as
resulting from destabilization of the middle rung of
pterodactylane by high ring strain and the vicinal quaternary
centers and stabilization of the bond-cleaved diradical
intermediate 6 by tertiary substitution at the radical carbons.

An intriguing comparison is between ladderane being pulled
at the central or end rung and another strained compound with
multiple fused cyclobutanes, cubane. The end rung of [4]-
ladderane has a calculated potential energy of 55.3 kcal/mol
for bond cleavage and a spring constant of 20.9 nN/ A,”” both
of which are significantly greater than those for the central
rung, reflecting the diminished steric crowding around the end
rung and decreased radical stability upon its cleavage. The
threshold force for mechanoactivation of 1,2-cubane was
recently reported to be 1.55 nN under the same SMEFS
conditions, still significantly higher than that for pterodacty-
lane.”® While cubane has a similar calculated potential energy
difference to pterodactylane for breaking the first bond, it
shows a significantly greater spring constant.”® The rigid cubic
structure of cubane acts as a brace, which may explain its
higher spring constant than pterodactylane.
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We were further motivated to study whether simple
structural elements could be empirical predictors of threshold
forces of mechanoactivation for cyclobutane-based mechano-
phores. Including the pterodactylane disclosed herein, seven
cyclobutane mechanophores have been quantitatively studied
by SMES at room temperature and 300 nm/second elongation
rates in the literature.”'>*> We calculated optimized geo-
metries for model analogues of these seven mechanophores at
applied forces of 0.0, 0.5, 1.0, and 2.0 nN'” and then explored
the correlations between threshold force and different
structural parameters of these molecules, such as the length
of the scissile bond and strain localization (Figure 3 and
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Figure 3. Computed force-free bond length compared with the
threshold force measured using SMFS for cyclobutane-based
mechanophores. The dashed line shows a linear fit of the data.

Figures $19—524). X-ray crystallography of [4]-ladderane diol
showed the central bond of the molecular ladder to be slightly
longer than the rest of the rungs,lS and this result is consistent
with the relative bond lengths in pterodactylane diol 2 by ab
initio calculations. Bond length has been speculated to
influence the ring-opening forces of cyclobutanes,” and we
indeed found a strong inverse correlation between the
computed length of the scissile bond at 0.0 nN or 2.0 nN
and experimentally measured threshold force. Force-free
ground state bond length appears to be a good low-cost
predictor of the threshold force of the closely structurally
related cyclobutane mechanophores that have been measured
by SMES.

We next turned to study the mechanochemistry of
pterodactylane using ultrasonication, which is a widely used
technique to apply high forces to polymers dissolved in
solution. Given the range of alkenes that may conceivably be
produced upon the mechanoactivation of pterodactylane, we
sought to prepare polymers with a saturated main chain
structure to simplify the characterization of the reaction
products. Hydrogenation of P1 to saturate the main chain
alkenes is not feasible because pterodactylene degrades during
Pd/C hydrogenation at a time scale faster than the
hydrogenation of polymer main chain alkenes. Consequently,
we used polycondensation to construct multimechanophore
polymer P3 with a saturated polyester main chain for the
sonochemical study.

Polymer P3 was sonicated in THF at 3—5 °C, and samples
were removed at 60 and 120 min and then precipitated for
GPC and 'H NMR analysis. Upon sonication, we observed the
growth of broad signals in the alkenyl region of the '"H NMR
spectrum (Figure 4a). Distinctively, a peak at 5.78 ppm
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Figure 4. (a) Overlaid alkenyl region of '"H NMR spectra of P3
following 0, 60, or 120 min of sonication in THF. (b) Increasing
absorption intensity at 355 nm in the GPC peak of P4 after being

sonicated in the presence of 100 equiv of naphthyl maleimide and
then thrice precipitated.

appeared after 60 min of sonication. After 120 min of
sonication, another peak at 5.55 ppm also emerged along with
increased intensity of the peak at 5.78 ppm and the broad
signals in the alkenyl region. Over the course of sonication, we
did not observe signals corresponding to terminal alkenes,
which would be above 6 ppm, suggesting that the complete
unzipping of pterodactylane into a tetraene species (Figure
S17) is unlikely. This absence is also consistent with the length
change of polymers measured in SMES, given the computed
contour lengths of potential repeat unit structures (Table S4).

The first bond cleavage of the central rung in pterodactylane
S would generate diradical intermediate 6 (Scheme 2). In our
previous study, the diradical generated by unzipping [4]-
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Scheme 2. Computation-Assisted Understanding of
Mechanochemical Reaction of Pterodactylane, Showing
Transformation of § to Diradical 6 and then Bicyclic Diene
7(1
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“Breaking of an additional bond forms allylic diradical 8, which then
undergoes rapid reaction to form [4.4.0]-bicyclodecadiene 9.
Included are the computed free energies of activation for the forward
reaction of each elementary transformation at 0.0 or 2.0 nN in kcal/
mol.

ladderane from the end rung is very short-lived, as suggested
by calculation, and it was not able to be experimentally
trapped.'* We were curious about the stability and reactivity of
the initial diradical 6 formed in pterdactylane mechanoactiva-
tion. Inspired by previous work to trap mechanochemically
generated ortho-quinodimethides by maleimides,””’" we
sonicated P4 in the presence of 100 equiv of naphthyl
maleimide. Samples were intermittently removed, precipitated
from methanol, and characterized by GPC/UV—vis spectros-
copy (Figure 4b) and NMR spectroscopy. An absorption peak
at 355 nm, which corresponds to the absorption of naphthyl
maleimide, grew as sonication time increased. Based on UV—
vis detection, this peak coeluted with the polymer peak
revealed by the RI detector, suggesting trapping of the diradical
by naphthyl maleimide. Under the same experimental
conditions, no such labeling was observed during the
sonication of a polyester control sample that does not contain
pterodactylane (Figure S6). Computational investigation of the
addition of naphthyl maleimide to pterodactylane diradical 6
further suggests that the reaction has a minimal barrier (Figure
S9). After a first C—C bond is formed, a second, barrierless C—
C bond formation can occur, leading to a bicyclic product.
These computational results are consistent with the exper-
imental observation of diradical trapping by naphthyl
maleimide during the sonication of P4.

To further identify the possible mechanochemical products
of pterodactylane, we sought to investigate the thermal product
of pterodactylanediol 2. Thermolysis of 2 at 80 °C in
deuterated methanol resulted in one major distinct alkene
'H NMR peak at 5.78 ppm, and the thermal product formation
followed first-order kinetics with a rate constant of 0.061 h™".
Two alkenyl signals were observed in the *C NMR spectrum
of the thermal product. We identified the product structure to
be [2.6.0]-bicyclodecadienediol, the dihydroxy analogue of 7
with a Z configuration based on 'H-"*C HSQC and 2D
NOESY analyses (Figures S40—S43). Pterodactylane, either as
a small molecule or incorporated into a polymer, gave the same
observed alkenyl proton peak upon thermolysis (Figures S44
and $45). Based on the same chemical shift and peak shape, we
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Figure S. Intrinsic reaction coordinate for the transformation of 7 to 9 via the diradical structure 8 at a pulling force of 2.0 nN.

attributed the major signal at 5.78 ppm observed in the
sonication of pterodactylane to the bicyclodecadiene structure
7.

We calculated the force-modified potential energy surface
(FM-PES) to develop a better understanding of other plausible
reaction products. Within the FM-PES model, the potential
energy landscape is distorted by an external force. This allows
force-dependent reaction barriers to be calculated without
requiring artificial division into purely thermal and purely
mechanical reactions. We optimized stationary point structures
using B3LYP-D3/6-31G(d) and calculated energies of
activation over a range of forces (SI Section 4.2). Upon
formation of an initial diene 7, additional reactions were
computationally found to be thermally accessible under 2.0 nN
force: diene 7 can undergo a third bond scission to form allylic
diradical 8, which can then recombine to give 9, a bicyclic
[4.4.0]decadiene with anti bridgehead hydrogens (Figure S).
This requires substantial conformational distortion of diradical
8 (Scheme S1). While for the direct bond scission, transition
state structures were only found for forces of 1.5 nN and
above, other pathways for the formation of 9 involving
stereochemical isomerization of diene 7 were also found.
Further details about these reaction steps can be found in
Scheme S2 and Table SI1. Based on the low energy barrier
computed under force for the conversion from 7 to 9 and the
chemical shift of a similar reported bicyclic alkene® (Scheme
S4), we propose 9 to be the most parsimonious structure
corresponding to the signals at 5.55 ppm.

We then delved into the FM-PES of the mechanochemical
activation of pterodactylane to better understand the
energetics, kinetics, and force sensitivity of the involved
elementary steps. First, we considered the breaking of the
central rung in pterodactylane (Scheme 2). A monotonic
decrease in the activation energy with increasing force was
observed for this first bond-breaking event that generated
diradical 6, supporting the mechanochemical nature of the
reaction (Figure 6, green trace). Using the experimentally
observed threshold force of 0.71 nN, a free activation energy of
18.7 kcal/mol was obtained by computation for the conversion
of § to 6. We were surprised to observe a contrasting trend in
the breaking of a second, adjacent rung following formation of
the first diradical: increasing forces led to increased activation
energies (Figure 6, blue trace). Interactions for which bond

888

35

56

30 |
6 -5

20 | TR
15 |
10 |

5

Energy of Activation (kcal/mol)

0 Il L
0.00 1.00 2.00
External Force (nN)

Figure 6. Force-modified free energy barriers of selected pterodacty-
lane reactions, calculated at the B3LYP-D3/6-31(d) level, for the
forward reaction of S to 6 (green), the reverse reaction of 6 to §
(red), the forward reaction of 6 to 7 (blue), and the reverse reaction
of 7 to 6 (orange). Lines only serve to guide the eye.

scission is suppressed rather than accelerated by applied force
are known as catch bonds and have been widely observed in
biophysics.”® Catch bonds have been observed in DNA
binding,34 adjacent strands in a p-barrel,*® adhesin—saccharide
interactions,”® and cytoskeletal protein interactions.”” Boulatov
and co-workers reported a synthetic system with a catch bond
character: increasing force from 0.0 to 0.2 nN decelerated the
hydrolysis of a siloxane macrocycle.*® The lack of reactivity in
the cycloreversion of an anthracene maleimide Diels—Alder
adduct and the retro-[2 + 2] cycloaddition of ketene dimer
rings have been explained using catch bond-like reactivity.’”*’

To understand this catch bond behavior, we further analyzed
the optimized structures of S, 6, and 7 (Figure 7a and Figure
S26). As the central rung is broken, the bond length increases
(Figure 7b). Conversion of the diradical to the diene results in
a further increase in the distance between the carbons of the
scissile central rung. However, during this transition from 6 to
7, the distance between the methylene units alpha to the
central rung undergoes contraction. This contraction, as large
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as 1.6 A at 0.5 nN, requires work to be done against the
applied pulling force, and consequently, increased forces
suppress the conversion of 6 to 7. Since both the forward
reaction of 6 to 7 and the reverse reaction of 6 to S are
decelerated by force, we might expect that force increases the
radical lifetime of 6. The presence of elementary steps that are
accelerated or suppressed by force within the mechanochem-
ical reaction of pterodactylane suggests the rich mechano-
chemical manifolds of multicyclic structures.

B CONCLUSIONS

Mechanochemical C—C bond scission in pterodactylane
occurs at a force dramatically lower than that in its structural
isomer, [4]-ladderane. After the first central bond cleavage on
pterodactylane, multiple reactions with a broad range of force
sensitivities proceed to several bicyclic dienes. Among these
reactions, some are found to be force-accelerated, while some
are force-decelerated. The low threshold force for the
mechanoactivation of pterodactylane is attributed to both the
high mechanical sensitivity and low potential energy barrier for
cleaving the central rung. These findings from the study of the
mechanochemistry of pterodactylane suggest the engaging
complexity of multicyclic mechanophores and may inspire
designs of new mechanophores that undergo mechanoactiva-
tion at low forces. The computational study also suggests that
consideration of the full topographical complexity of potential
energy surfaces under the distortions of force is necessary to
understand the landscape of mechanochemistry.
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