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Abstract (198/250 words)

The identity of reactive sites in a molecule and the selectivity between them in chemical
transformations depends on applied reagents and external drives. Polymer mechanochemistry has
been an enabling tool in accessing chemical reactivity and reaction pathways that are distinctive
from the thermal counterparts. However, mechanochemical selectivity, i.e., activation of multiple
unique reaction pathways from the same mechanophore, remains elusive. Here, we report the
design of bicyclo[2.2.0]hexene (BCH) as a multimodal mechanophore to leverage its structural
simplicity and relatively low molecular symmetry to demonstrate the idea of force-governed
chemoselectivity. Upon changing the attachment points of pendant polymer chains, different C-C
bonds in bicyclo[2.2.0]hexene are specifically activated via sonication by externally applied force.
Extensive experimental characterization confirms that each mode of activation results in a unique
reaction, entailing retro-[2+2] cycloreversion, 1,3-allylic migration, and 4n-electrocyclic ring-
opening reactions, respectively. Control experiments with small-molecule analogues reveal that
observed chemoselectivity of BCH regioisomers is only possible with mechanical force.
Theoretical studies further elucidate that the changes of substitution have minimal impact on the
potential energy surface of parent BCH. The mechanochemical bond-specific activation is a result

of selective and effective coupling of force to the targeted C—C bonds in each mode.
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INTRODUCTION

Chemical reactivity of a molecule depends on the nature of its energy landscape. The ability
to select one reactive site over the other competitive sites on the same landscape allows chemists
to perform highly chemoselective transformations on complex organic molecules. In recent years,
interest grows on using physical approaches to alter chemoselectivity by manipulating molecular

vibrations.!? Strategies using strong laser fields"*?

or vibrational strong coupling of a vacuum
cavity have demonstrated new chemoselectivity in small organic molecules.>® Nevertheless, a
priori predictions of chemoselectivity accessed by these methods can be complicated by increasing

vibrational couplings within a more complex molecule.>’

Complementarily, polymer
mechanochemistry has been an emerging physicochemical tool to impart unique reactivity,
especially in comparison with the thermal counterparts (Figure 1, top box).5!2 The reactive sites
in a mechanochemical reaction is often the chemical bond with the highest susceptibility to change
its interatomic distances under stress.'*!* Lining up multiple mechanochemically reactive sites,'*"

18,19

17 a k.a., mechanophores, enables gated activation: some reactivity is designed to be revealed

after the activation of an initial gating mechanophore,!6-17-20-30

and in some cases a stored length is
released to dissipate mechanochemical energy.>!* Even from the same transition state, it is
possible to control product composition by gauging the branching ratios between different
subsequent paths with nonstatistical reaction dynamics.!>***5 Here, we wonder, if it is possible to
demonstrate chemoselectivity on a given force-modified potential energy surface, thereby

achieving several unique reactions within one mechanophore by varying the applied force (Figure

1, central box).
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Figure 1. Force-governed chemoselectivity via multi-modal activation of bicyclo[2.2.0]hexene
(BCH) mechanophore. Numberings on the products follow the inactivated BCH to help show

structural relationship before and after reaction.

One strategy to change the ways of force exertion on a mechanophore is to design and test
different regioisomers, as the relative position between pulling points affects the alignment

between the applied force and the targeted bond. Benefited from the synthetic modularity, a variety
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36-40

of regioisomers of mechanophores have been tested, such as spiropyran, naphthopyran,*!

42 43,44 46,47
t,

oxazine,”” furan-maleimide adduc anthracene-maleimide adduct,* cyclobutane,

cubane,® and carborane.** In some cases, only one specific regioisomer was found to be

mechanochemically active*®#

and in rare cases, regioisomerism did not show impact on
reactivity.?**> Another strategy to influence the coupling of force is to use stereoisomers of

mechanophores, as the stereochemical relationship between pulling handles also controls the

effectiveness of applied force.’®>! By leveraging the stereochemistry during the construction of

d8,35,52-54 9,11,54-56

strained cycles, a wide range of four-membere and three-membered rings, and

adduct from Diels-Alder reaction**** have been examined. Other unique scenarios find use of flex

14,5760 rather than tension modes to induce scission of bonds that are connected to the bended

modes
center but not necessarily strained. Overall, these existing examples showed that mechanochemical
reactivity is highly sensitive and dependent on the applied force. Therefore, changing the ways in
which force is exerted on one mechanophore, in principle, has the potential to lead to different
mechanochemical reactivity (i.e., chemoselectivity) from that single mechanophore.

We envisioned that a multicyclic mechanophore with a low symmetry will be ideal to
demonstrate how reactivity depends on the directionality of the exerted force. Such a
mechanophore should feature multiple distinctive bonds and, at the same time, be synthetically
accessible. Bicyclo[2.2.0]hexene (BCH) caught our attention as a candidate mechanophore for its
structural simplicity, multicyclic skeleton, and a relatively low molecular symmetry (Figure 1,
bottom box). BCH belongs to a family of ladderane- or ladderene-like molecules, which have been

61,62

found as a dominant lipid in anaerobic bacteria central in the oceanic nitrogen cycle® "~ and hence

attracted increasing attention towards their synthesis.®**%> The development of ladderane synthesis

further expands the applications of this family of compounds in the area of organic synthesis,®¢-%8
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medicinal chemistry as bioisoteres,” and materials sciences.”®’! The ladderane family has also
been repurposed in polymer mechanochemistry quite successfully by Xia as an emergent
mechanophore,’’® demonstrating insulator-to-semiconductor transformation,’* cascade mode of

activation,** and the ability to access otherwise inaccessible fluorinated polyacetylene.”

RESULTS AND DISCUSSION

Design and Synthesis of Multimodal BCH Mechanophores. We computationally
screened nine possible activation modes of BCH by stretching the mechanophore on different
combinations of pulling points. The in-silico molecular extension was performed by the
constrained geometries simulate external force (CoGEF) analysis’® on the cis-isomers (if present)

for their expected higher mechanochemical activity,*>-*>3

and with carboxylate group as the
pulling handle (Figure S2). Activation modes with scission on the linker or with a rupture force
exceeding that of a typical C—C bond,”’ i.e., ~6 nN, were considered unproductive, yielding three
chemically distinctive activation modes (Figure 1, bottom box). The 1,4-activation mode is an anti-

Woodward—Hoffmann, 4n-electrocyclic ring-opening reaction®>!

on the cyclobutene fragment,
cleaving the weakest bond of BCH on the thermal energy landscape. The 5,6-activation mode is a
stepwise retro-[2+2] cycloreversion reaction on the cyclobutane fragment.?®34674 The 1,6-
activation mode generates a diradical intermediate followed by the formation of a new C—C bond.
This formal completion of a 1,3-rearrangement reaction is particularly intriguing as it turns a force-
responsive 1,6-BCH into a force-resistant 2,5-BCH, equivalent to a mechanochemical energy sink.
Overall, the mutually distinctive product profile exhibited by different reaction paths ensures a

simplified and definitive assignment on the identity of the activated bond when respective BCH

isomers were put under mechanical stress.
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Figure 2. Preparation of polymers containing in-chain BCHs. (A) Synthesis of (A) BCH
comonomers. (B) Crystal structures of key intermediate. (C) Polymer synthesis via ROMP.
Conditions: (i) 3-butene-1-ol, KHSO4, PhMe, 150 °C. (ii) 3-hexyne, AICl3, CH2Cl2, —15 °C; then
DMSO, —15 °C. (iii) Grubbs’ catalyst II, CH2Clz, reflux. (iv) 3-hexyne, thioxanthone, 365 nm,
CH2Cly, rt. (v) 4-AcNHPhSO:2N3, DBU, MeCN, rt; then MeOH, 365 nm, rt. (vi) KOH, MeOH/H20,
rt. (vii) 3-butene-1-ol, EDCI, DMAP, CH2Cl: or THF, rt. (viii) Grubbs’ catalyst II, CHCI3, cis-4-
octene, reflux (or without cis-4-octene in CH2Cl, rt). Color code in (B): carbon, grey; oxygen; red;

hydrogen, white; BCH backbone, pink. All thermal ellipsoids are shown at 50% probability.

The BCH backbone with different substitution patterns was approached via cycloaddition
strategies that utilize strained, cyclic alkene substrates (Figure 2A). The 5,6-BCH backbone was

constructed via Diels—Alder [4+2] cycloaddition reaction between the electron-poor maleate 3 and

6
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cyclobutadiene that was gradually released from its AICI3 complex.”® The 1,6-BCH backbone was
first introduced as a 4/5 ring system (6) by an energy-transfer [2+2] cycloaddition®-” between 3-
hexyne and a cyclopentene-based unsaturated ester 5, followed by a Wolff rearrangement that led
to ring contraction to afford the 4/4 backbone (7). The cis-isomer was isolated for monomer
preparation. The 1,4-BCH backbone was also built by an energy-transfer [2+2] reaction but using
a cyclobutene dicarboxylate 8 to directly access the 4/4 ring system (9). Terminal alkenes were
introduced to BCHs by esterification, and ring-closing metathesis was carried out to form
macrocyclic monomers of BCHs for ring-opening metathesis polymerization (ROMP).

The stereochemistry of BCHs was confirmed by X-ray crystal structure analysis on the
macrocyclic monomer or the key intermediates (Figure 2B). The E-isomer of 5,6-BCH crystalized
out from the E,Z mixture, allowing us to confirm the endo stereochemistry of the 5,6-substituted
mechanophore. The cis-isomer of 1,6-BCH was a minor product from Wolff rearrangement
reaction, hence the frams-isomer was used for its availability to indirectly confirm the
stereochemistry of 1,6-BCH. Finally, the stereochemistry of 1,4-BCH was confirmed using the
readily crystalline diacid intermediate 9 and no isomerization is expected in subsequent steps due
to the lack of acidic a.-protons. Polymerization of BCHs with cis-cyclooctene comonomer (Figure
2C) via ROMP rendered linear copolymers P1-P3, containing multiple in-chain BCH
mechanophores (35-50 mol%).!> NMR spectra before and after polymerization showed retention
of the BCH structures and their stereochemistry in the polymers (Figures S23-S25).

Mechanochemical Activation of BCHs. We performed mechanochemical activation
of BCHs via solution sonication of polymers. We first looked at the activation of 5,6-BCH in
polymer P1. The '"H NMR spectrum of the polymer after sonication features multiple new alkene

methine CH peaks at 6 = 5.6 ppm (Figure 3A, blue) and diminishing methine peaks on the BCH
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at 6= 3.2 ppm (Figure 3A, green), suggesting the cyclobutane fragment in 5,6-BCH has been

activated into alkenes, nominally, trienes. The triene backbone was successfully mapped out by

the 'H-'>C heteronuclear multiple-bond correlation (HMBC) spectrum (Figures S30-S32). The

triene formation was further corroborated by the linear relationship between increasing long-

wavelength UV absorption and BCH conversion monitored by 'H-NMR (Figure S33). The

stereochemistry of the triene products was resolved by the 'H NMR spectra of small-molecule

references (Figure S34) and verified by the spatial proximity of alkene CH protons with ethyl

substituents (Figures S35 and S36): the two flanking double bonds were found to exist in E,Z-,

E,E-, and Z,Z-stereoisomers with a ratio of 2.6:1.0:0.2, and isomerization of the central double

bond was not observed.®® In sum, the retro-[2+2] cycloreversion reaction of BCH into trienes was

successfully achieved by applying external forces across the C5—C6 bond.
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Figure 3. Mechanochemical activation of BCHs. Stacked '"H NMR spectra of polymers containing

in-chain (A) 5,6-BCH, (B) 1,6-BCH, and (C) 1,4-BCH before and after sonication (100—130 kDa,
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20 kHz, 9.4 W/cm?, —10 °C, THF, 2-2.5 h on time). Characteristic 'H peaks of reactants and
products are highlighted. The listed products are named after the variable stereochemistry, as
indicated by wavy bonds. HAT represents a side product arose from 1,5-hydrogen atom transfer.

(D) Rate of mechanochemical conversion for BCHs in polymers of varying molecular weights.

We then sonicated polymer P2 containing in-chain 1,6-BCH (Figure 3B), which is
expected to undergo a 1,3-migration reaction. Upon activation, characteristic methine CH proton
resonances of 1,6-BCH backbone at & = 2.8 and 2.9 ppm (Figure 3B, green) were observed to
decrease while a new set of methine protons emerged at around 2.7 ppm (Figure 3B, blue; Figure
S39). HMBC analysis disclosed three sets of product resonance peaks, two of which shared
resembling connectivity (Figures S44 and S45) that are consistent with being a pair of 2,5-BCH
stereoisomers. The stereochemistry of the C5-carboxylate in 2,5-BCH was determined by the
spatial proximity of its o-proton with the bridge-head CH proton on the exo-face, yielding an
exo:endo ratio of 4:1. The third product was represented by the singlet at & = 3.3 ppm (Figure 3B,
light blue), and other hidden peaks uncovered by 'H-'*C HMBC analysis (Figure S46). We
resorted to metadynamics sampling®! on the force-modified potential surface using DFT to assist
in product identification. In addition to confirm the formation of 2,5-BCHs, the simulations
revealed a 1,5-hydrogen atom transfer (HAT) reaction®>** from one of the ethyl groups to the
mechanochemically formed diradical (Table S6), leading to a side product whose resonance peaks
agree with the third species observed (Figure S46). The presence of HAT side product and the 2,5-
BCH stereoisomers suggests that the rearrangement reaction follows a stepwise mechanism. The
C6 radical, formed upon C1-C6 scission in 1,6-BCH, undergoes radical recombination with the
C3 carbon, which carries a radical character via through-bond resonance with the C1 radical. An

alternative mechanism uncovered by the simulations involved further scission to form
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cyclobutadiene (Table S6, entry 2), which can undergo Diels—Alder [4+2] cycloaddition with the
pairing alkene to reform BCHs. This mechanism was ruled out, however, since cyclobutadiene
would have unbiasedly involved any alkene in the polymer to form new BCHs that we did not
observe.

We next investigated the mechanochemical activation of 1,4-BCH in polymer P3. The 'H
NMR spectrum of polymer upon sonication shows decreased intensity of cyclobutane methylene
CH:2 peaks at 6 = 2.7 and 1.8 ppm for exo- and endo-orientations, respectively (Figure 3C, green).
Concomitantly, a single, merged methylene peak appeared at & = 2.3 ppm (Figure 3C, blue),
indicative of a more flexible backbone than a cyclobutane. The formation of cyclohexadiene was
confirmed using the '"H and *C NMR spectra of a small molecule reference (Figure S48) in
conjunction with the "H-"*C HMBC spectrum (Figure S50). Our observation is consistent with the
predicted 4m-electrocyclic ring-opening reaction when mechanical stress is exerted along the C1—
C4 direction of BCH. The E,E-isomer of diene was validated by X-ray crystal structure of the
reference compound, implying that the mechanochemical activation follows a disrotatory path.®%

Validating Force-Driven Chemoselectivity. To examine the potential contribution
of heat in sonication-induced mechanochemical activation, we prepared polymers using
cyclooctenes with side-chain BCHs. Since side chains are not pulled on two opposite directions,
no force but only heat (if any) is applied to the polymer. After 2 h of sonication, no conversion
was observed for side-chain BCHs (Figures S51-S53). Even the 1,4-BCH, whose thermal
instability necessitated a room temperature ROMP condition, remained intact, confirming that
thermally induced activation is insignificant during sonication. We further prepared a series of

polymers containing in-chain BCHs with varied molecular masses. Faster mechanochemical

10
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conversion was observed when polymers of higher molecular masses were sonicated (Figure 3D),

evincing force-driven reactivity>>3¢ for the observed transformations of different BCH isomers.

A control compounds

Et Et Et Et Et Et Et Et
ﬁ = Et-H-Et H R R-H-R
R R R
B Thermochemistry
R = CO,Me
Et Et Et et 7* Bt Et
=1 100-250 °C
I | neat, N,
DSC
+[1,5-H] Shift
C Electrochemistry
R = CO,Me
Et Et HOAG Et Et.  Et

Et
= 1-BusNPFs, MeCN I
)_k Pt(+)/Pt(-) )_k ’
5mA, 2.3 F mol-"

undivided cell .
+ Aromatic mixtures

D Photochemistry
R = CH,OH

Et Et (CuOTf), « PhH
(5 mol%)
----------- > Unproductive
PhMe, rt, 254 nm

LED

Figure 4. Chemoselectivity of (A) small-molecule control BCHs under (B) thermal, (C)

electrochemical, and (D) photochemical treatments. DSC: differential scanning calorimetry.

To confirm that the observed chemoselectivity of BCH is unique under mechanochemical
conditions, we ran control reactions on carboxylates or hydroxyl-derivatives of BCH isomers
under thermal, electrochemical, and photochemical conditions (Figure 4). Upon heating, all three
BCH isomers underwent thermal ring-opening reactions via scission of C1-C4 bonds, as the
measured reaction barriers are consistent with those computationally predicted for the 1,4-scission
of each BCH (Figure S72). The electrochemical reactive sites of BCH isomers, revealed by cyclic
voltammetry and constant-current electrolysis, were found to be the electron-rich double bonds

irrespective of the substitution pattern (Figure S77). The photochemical attempts were not
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successful, probably due to steric hindrance, as unsubstituted BCH has been shown to undergo
ring-opening or dimerization under light.%* Nonetheless, the similar UV-vis spectra (Figure S78)
and orbital contributions to the first singlet excited states (Figure S79) suggests that the
photochemical reactivity of BCHs, if accessed, would have been similar across isomers. Overall,
we showed that although regioisomers of BCH displayed variable mechanochemical selectivity,
the preferred reactivity of regioisomers under heat and other stimuli remains unvaried.
Theoretical Analysis of Bond-Specific Activation. We analyzed the force-modified
minimum-energy paths (FMMEP) of the unsubstituted BCH core to see if the changes in
substitution altered the potential energy landscape of the parent BCH. The barriers of bond scission
reactions for C5-C6, C1-C6, and C1-C4 bonds were calculated in each mechanochemical
scenario under 0.0 to 3.0 nN external forces (Figure 5B, solid circles). In each scenario, only the
best aligned C—C bond displays a noticeable force-enhanced reactivity, reflected by the negative
slopes in barrier-force curves in Figure 5B, reaching a low enough barrier for kinetically competent
scission reaction (<17 kcal/mol).>**! That is, only C5-C6 bond is reactive in the 5,6-alignment;
the same goes for C1-C6 and C1-C4, showing that the unsubstituted BCHs display the same
reactive bonds as the substituted ones. Furthermore, at any given force, the modified scission
barriers of the three reactive bonds follow the order of C5-C6 > C1-C6 > C1-C4 by comparing
the three traces of solid circles with negative slopes across Figure 5B. Thus, the scission reactivity
of C—C bonds is expected to follow the opposite: C1-C4 > C1-C6 > C5-C6. This theoretical
prediction based on unsubstituted BCH conforms with the experimental kinetics of carboxylate-
substituted BCHs (Figure S66),%¢%7 suggesting the substitution does not change the relative
reactivity between different isomers either. Further FMMEP analysis with the carboxylate-

substituted BCHs showed barrier-force curves closely tracing those of the unsubstituted ones
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(Figure 5B, downward traces with solid vs. open circles) above 0.5 nN, confirming the innocence
of substitution in reshaping the reactivity landscape of BCH. Deviations were seen in the low-force
regimes of substituted BCHs, possibly due to the attractive dipolar interactions between carbonyl
linkers. But at this point the barriers are too high (>30 kcal/mol) for kinetically competent

mechanochemical activation, leaving the deviations inconsequential in affecting reactivity.
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Figure 5. Force-modified reaction barriers of BCHs. (A) Three pulling scenarios are shown using
carboxylate-substituted model compounds (BCH-Me). (B) Scission barriers of C5-C6, C1-C6,
and C1-C4 bonds as a function of force in the unsubstituted BCH under each activation scenario

(solid circles). Scission barriers of the mechanochemically activated bonds in each scenario are
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also shown along with the thermally preferred 1,4-scission for BCH-Me’s (empty circles). (C)
Strain of C5-C6, C1-C6, and C1-C4 bonds by CoGEF analysis in different pulling scenarios.

Color codes: 5,6-scission, blue; 1,6-scission, red; 1,4-scission, purple.

The chemoselectivity of BCH activation is further attested by theoretical analysis. In all
activation modes, only the C—C bonds along the pulling directions were found to be selectively
modified; their scission barriers decline (Figure 5B) and their bond lengths elongate (Figure 5C)
under force. Regarding the molecular geometry, the reactive C—C bonds are either parallel (e.g.,
C5-C6 and C1-C4) or perpendicular (e.g., C1-C6 and C1-C4) to each other, allowing selective
exertion of mechanical work to the respective bonds. From the energy point of view, the
mechanical work needs to overcome the stability differences between the extended C—C bond and
the thermally preferred C—C bond in order to trigger the observed scission reaction. In 1,4-BCH,
the mechanical work is applied to the thermally labile C1-C4 bond, resulting in a highly active
mechanochemical reaction. In other scenarios, the 1,4-scission is competitive. Therefore, we
observed that there is a minimum exertion of work required to enable bond-specific
transformations: the cross-over regime is ~1.0 nN for both 5,6- and 1,6-scission modes to be in
favor over 1,4-scission (Figure 5B), at which point the barriers remain kinetically prohibitive,
allowing BCH to display high chemoselectivity across all effective range of forces.

The experimentally derived diradical intermediates and mechanochemical products were
further confirmed by theoretical analyses, including molecular dynamics. The formation of
diradical intermediates in the 5,6- and 1,6-activtion were found on the force-modified reaction
paths. While the 5,6-scission intermediate becomes kinetically unstable under higher force due to

the reduced barrier of the second scission (Table S13), the kinetic stability of 1,6-scission
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intermediate increases with higher stress (Table S17). Ab-initio steered molecular dynamics
simulations were then performed on model compounds BCH-Me’s with a 1.0-nN force to evaluate
product composition. Consistent with experimental findings, the simulations showed that 5,6-BCH
leads to trienes with flanking double bonds exist in mixed £/Z forms, 1,6-BCH primarily forms

exo-2,5-BCH with HAT side product, and 1,4-BCH yields cyclohexadiene (Table S19).

CONCLUSION

In conclusion, we have shown that the BCH mechanophore features multiple activation modes. By
using different regioisomers, the mechanical force is applied across distinctive C—C bonds to
trigger unique reaction pathways. In the case of BCH, retro-[2+2] cycloreversion, 1,3-allylic
migration, and 4n-electrocyclic ring-opening reactions are accessed using the same mechanophore.
Conventionally, either reaction efficiency or product distribution from the same rate-determining
step has been successfully controlled by external forces. The discovery of the BCH mechanophore
highlights an emergent possibility to access chemoselectivity between reactions of dissimilar
mechanisms. In alliance with other chemical or physical approaches, it is possible to define and
target uncommon reactive sites for bond-specific chemical transformations using polymer

mechanochemistry.
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