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Flyby reaction trajectories: Chemical dynamics

under extrinsic force
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Dynamic effects are an important determinant of chemical reactivity and selectivity, but the
deliberate manipulation of atomic motions during a chemical transformation is not straightforward.
Here, we demonstrate that extrinsic force exerted upon cyclobutanes by stretching pendant polymer
chains influences product selectivity through force-imparted nonstatistical dynamic effects on

the stepwise ring-opening reaction. The high product stereoselectivity is quantified by carbon-13
labeling and shown to depend on external force, reactant stereochemistry, and intermediate
stability. Computational modeling and simulations show that, besides altering energy barriers, the
mechanical force activates reactive intramolecular motions nonstatistically, setting up “flyby
trajectories” that advance directly to product without isomerization excursions. A mechanistic model
incorporating nonstatistical dynamic effects accounts for isomer-dependent mechanochemical

stereoselectivity.

xplanations of chemical reactivity are

conventionally supported by statistical

theories in chemical dynamics. In this

classical picture, Boltzmann statistics are

assumed to govern energy distributions
on the potential energy surface and the cor-
responding rate constants. Consequently, prod-
uct distributions are dictated by the relative
frequencies with which energy barriers are
surmounted among the competing intrinsic
reaction coordinates. Emerging examples are
challenging these perceptions by showing that
even the outcomes of textbook organic reac-
tions are influenced by nonstatistical dynamic
effects (NDEs) (I-3). That is, the momenta
(directions and speed) of the atoms in react-
ing species lessen the influence of Boltzmann
statistics and lead to product distributions
that depart from the statistical predictions
(4-8). In some enzymes, NDEs are shown to
steer reaction flux toward desired channels
(9); on the benchtop, external controls over
competing reaction paths have largely relied
on the more conventional approach, modify-
ing potential energy surfaces to affect relative
rates (10-13). Extrinsic force is also known to
modify potential energy surface to access re-
activity and selectivity differently from their
zero-force counterparts (14, 15), enabling ther-
mally forbidden trajectories (16), shifting chem-
ical equilibria (17, 18), and stabilizing otherwise
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fleeting intermediates (19). The accelera-
tion of bond reorganization by force to
promote nonequilibrium energy distributions
inspired us to postulate that the extrinsic
force can impose and control NDEs to steer
reaction trajectories away from Boltzmann
statistics even on the already force-modified
potential energy surface (FMPES). It was
recently observed that nonstatistical chem-
ical dynamics can occur in mechanochem-
ical reactions (20-22). However, the extent to
which these trajectories are nonstatistical on
the FMPES, and in particular, whether the
nonstatistical behaviors are tunable by the
extrinsic force are not known.

To investigate the postulated role of force
in inducing and controlling NDEs, we chose a
cyclobutane ring-opening reaction that follows
a stepwise mechanism (23-25), is mechano-
chemically active (25-27), and exhibits a distri-
bution of stereoisomeric products (20, 27, 28).
The product’s stereochemistry is determined
after passing over the rate-limiting barrier of
the first bond scission; from there, competing
isomerization channels branch from the ini-
tially formed diradical intermediate (Fig. 1A).
The reaction either proceeds directly to com-
plete the ring opening with the second bond
scission, or the intermediate undergoes isom-
erization before the second bond scission tran-
spires. Owing to the instability of the diradical
intermediates (24), the stereo-defining events
are not expected to be rate-limiting under force.
Consequently, on this FMPES, force-controlled
NDEs can govern pathway selection by out-
pacing thermal equilibration of the diradical
intermediate at the branch point. The result-
ing product stereoselectivity serves as a sen-
sitive reporter of force-controlled NDEs.

We hypothesized that momenta derived
from the extrinsic force can propel trajectories
to “fly by” the isomerization branch points and

thereby achieve nonstatistical product distri-
bution even on the FMPES. Such flyby tra-
jectories traverse the energy landscape via
excited vibrational energy levels of the diradical
intermediate without undergoing relaxation
(Fig. 1B). Atomic motions associated with flyby
trajectories are thus accelerated beyond their
thermal rates, altering selectivity that is in-
trinsic to the FMPES such that the resulting
product stereochemistry directly relates to the
stereochemistry of the reactant. In contrast,
deepening the potential well at the branch
point increases the likelihood of vibrational
relaxation, restoring the statistical reaction
outcome of the FMPES.

To test our hypothesis, we designed and syn-
thesized a series of cyclobutane stereoisomers
from the stereoselective [26 + 26 + 21] cyclo-
addition (29) between quadricyclane and **C-
labeled alkenes (Fig. 2A). The alkyl and ester
substituents offer different diradical stability
(table S4) to vary the depth of the potential
well at the branch point. The stereochemistry
of the cyclobutanes was confirmed by spatial
proximity of protons (figs. S1 to S4) and x-ray
crystal structures (Fig. 2B). These isomers
are denoted as anti (A), down (D), and up
(U) following the orientations of substituents.
Using the constrained geometries simulate
external force (CoGEF) calculation (figs. SO to
S16), an ab initio energy-extension modeling
method, all designed cyclobutane stereoisomers
were predicted to undergo mechanically acti-
vated retro-[2+2] cycloaddition (30). Cu(0)-
mediated radical polymerization was carried
out from the initiator-bearing cyclobutanes
using methyl acrylate (Fig. 2C) to render linear
polymers of controlled molecular mass (M},):
40 t0 140 kDa, D < 1.2 (figs. S19 to S23). The well-
controlled bidirectional polymerization al-
lowed for statistically chain-centered placement
of cyclobutanes in the polymer chain while
retaining high stereochemical purity (figs.
S23 to S27).

We experimentally evaluated the mechano-
chemistry by sonication-induced solvodynamic
extension of polymer chains (fig. S28) (31), and
the resulting solutions were characterized by
13C nuclear magnetic resonance (NMR) spec-
troscopy. For the alkyl-substituted cyclobutanes,
sonication resulted in new *>C-labeled meth-
ylene (*CH,) and alkene methine (**CH) peaks
at 6 = ~60 and ~120 parts per million (ppm),
respectively (Fig. 3A and figs. S29 to S31). The
coupling between the methylene and alkene
peaks (table S5) suggests ring opening of cy-
clobutanes into alkenes. On the basis of the
three distinctive alkene peaks, reference com-
pounds (fig. S34), and calculated *>C chemical
shifts (table S6), we assigned the ring-opening
product of the A-isomer to an (E,Z)-bisalkene,
the D-isomer to an (E,E)-bisalkene, and the
U-isomer to a mixture of (Z,2)- and (E,2)-
bisalkenes in an 8:1 ratio. The observation of
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Fig. 1. Nonstatistical dynamic effects induced by extrinsic force. (A) A generic force-modified potential energy landscape for stepwise ring opening of
isomeric cyclobutane reactants Ry and Rg. (B) The force-induced NDE hypothesis represented schematically by alluvial flow diagrams. Colored flows: gray, reaction
trajectories that ring-open without undergoing isomerization; magenta, reaction trajectories that isomerize and then ring-open.
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Fig. 2. 3C-labeled cyclobutane mechanophores. (A) Synthesis, (B) stereochemical validation, and (C) polymer synthesis.
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(i) LiAIH4, THF, O°C. (iii) KOH or LiOH; then 4-hydroxybutyl 2-bromoisobutyrate, EDCI<HCI, DMAP, THF. (iv) BiB-Br, Et3N, THF. (v) TsCl, Et3N, THF (a nonlabeled reactant was
used). (vi) Methyl acrylate, Cu(0), MegTREN, DMSO. THF, tetrahydrofuran; EDCI, N-(3-dimethylaminopropyl)-N"-ethylcarbodiimide; DMAP, N,N-dimethylaminopyridine;

Ts, 4-4-methylsulfonyl (tosyl); MegTREN, tris[2-(dimethylamino)ethyl]amine; DMSO, dimethylsulfoxide. Color coding in (B): carbon, gray; oxygen; red; bromine, brown; sulfur,
yellow; hydrogen, white; cyclobutane ring and its o-CH, carbon, violet. All thermal ellipsoids are shown at 50% probability.

(E,Z) by-product from the U-isomer suggests
that the two radicals behave independently
after generation, confirming the stepwise mech-
anism. Despite being stepwise, the ring opening
of the alkyl cyclobutanes achieved high stereo-
selectivity. This conservation of stereochemical
information suggests that the force-imparted
momentum and/or force-modified energy land-
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scape is effective in steering the reaction trajec-
tories away from excursions at downhill branch
points (Fig. 1B).

‘We then turned to the ester-substituted cyclo-
butanes, which stabilize the diradical interme-
diates more than the alkyl derivatives. Under
the same sonication conditions, mechanochem-
ical production of o,B-conjugated diesters was

observed for the A- and D-isomer (fig. S33);
the U-isomer was not obtained because of
isomerization during synthesis and was not
experimentally studied. NMR analysis of car-
bon multiplicity (number of attached protons),
spin-spin coupling, and alkene stereochemistry
using the *C-labeled product peaks (fig. S35
and tables S5 and S7) revealed considerably
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Fig. 3. Mechanochemical activation of cyclobutanes. (A) Stacked '3C NMR spectra of chain-centered alkyl cyclobutanes in a ~100-kDa polymer before and after
sonication (20 kHz, 9.5 W/cm™, -5°C, THF). (B) Mechanochemical activation of chain-centered ester variants. (C) Attempted mechanochemical activation of

chain-end control cyclobutanes. (D) Impact of experimental variables on the conversion and product selectivity for the alkyl U-isomer. Errors are presented in 2¢ from
four measurements of relative integrations by using the two pairs of °C NMR peaks.

lower stereoselectivity (Fig. 3B). The preferred
alkene geometry remained the same as for
the alkyl variants, but the selectivity fell from
>20:1to ~3:1. Loss of stereoselectivity arises
from torsional rotations that occur via the di-
radical states, e.g., the A-isomer produces the
(E,E)-bisalkene after the upward substituent
rotates downward. The reduced stereoselectivity
of ester variants suggests that force-driven dy-
namics compete less effectively with bond rota-
tions when the there is a deeper energy well
associated with the intermediate (Fig. 1B).
Mechanochemical activation was not ob-
served in chain-end control polymers (Fig. 3C)
in which nearly no force is exerted on the cyclo-
butanes. Nor did heating at 240°C result in
any conversion (figs. S38 and S39), suggest-
ing a pronounced rate acceleration by extrin-
sic force on high-barrier thermal reactions.
We used relative integrations of the o-">CH,
carbon peaks to quantify the mechanochem-
ical conversion of alkyl derivatives within a
~100-kDa polymer (figs. S43 to S46). The data
were best-fitted with a competing first-order
Kkinetics model to account for both activation
and background polymer scission to obtain
conversion rates (fig. S47). The D-isomer dis-
played the fastest conversion of 0.46 hour™,
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followed by the U-isomer (0.31 hour™) and then
the A-isomer (0.14 hour™), consistent with the
rank order of predicted rupture force by CoGEF
(table S4) and literature precedents (32).

To alter the mechanochemical reaction out-
comes, we explored a range of experimental
variables (Fig. 3D) on the alkyl cyclobutanes.
Our screening initially focused on the U-isomer
as the test compound. Conversions were im-
proved with increasing sonication-induced
extensional force, by using longer polymers (fig.
S52), lower solution temperatures, or higher
ultrasound intensities (fig. S54) (33). The stereo-
selectivity of the U-isomer exhibited a positive
dependence on force when molar masses and
solution temperatures were changed, but a
negative dependence on force-loading rate
when ultrasound intensity was increased
(eq. S1). Exploring the known effect of experimen-
tal variables, we altered the product ratios be-
tween the (Z,Z2) and the (£,2)-bisalkenes for
the alkyl U-isomer from 4:1 to 10:1 (fig. S55).
In comparison, the high stereoselectivities of
the A-isomer and D-isomer persisted under
all conditions (fig. S55), suggesting that force-
imparted dynamics are isomer dependent.

We reasoned that the force-induced dynam-
ics are bound by two limits. First, there is a ther-

mal limit that reflects the statistical reaction
outcome based on the FMPES; the imparted
momenta largely dissipate by thermal relax-
ation. Second, there is a dynamic limit that
reflects the experimentally achievable nonsta-
tistical selectivity. Although experimentally
we observed the nonstatistical outcome antici-
pated from our design, a theoretical investiga-
tion is necessary to quantify the dynamic and
thermal contributions.

To characterize the thermal limit, we com-
putationally mapped out the force-modified
minimum energy paths (MEPs) for alkyl cy-
clobutanes using acetyl-terminated model
compounds (Fig. 4A). When the pulling force
was varied from 1 to 2 nN, energy barriers of
the second scissions were lowered by 2 to
3 keal mol ™ and those of isomerizations were
raised by 3 to 4 kcal mol ™ (Fig. 4B). The mode
selection is consistent with the coupling be-
tween force and reactive molecular extension
during ring opening, whereas force-resistive
contraction was seen during isomerization.
Among the three isomers, U had the lowest
isomerization barriers that became disfavored
beyond 1.3 nN. At this cross-over point, we con-
structed a full FMPES using 470 ab initio
steered molecular dynamics (AISMD) trajectories
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Fig. 4. Nonstatistical dynamics of cyclobutane ring opening under extrinsic
forces. (A) FMPES constructed from AISMD (1.3 nN, 300 K) runs on model
compounds; [X:] indicates the diradical intermediates. The extension coordinate
(Ly) was chosen to represent bond scissions during ring opening, and the
dihedral coordinate (¢, magenta) was chosen for isomerization. Dashed lines
depict the MEPs. Colored arrows represent time- and ensemble-averaged
reaction momenta over a 20-fs interval: thick black, entrance momenta po and
dynamic exit momenta Pa,p; thin black, thermalized exit momenta Pinerm. The

initialized from the rate-limiting transition
states of the three isomers (Fig. 4A). The
result features three ring-opening paths run-
ning downhill to the bisalkene products. The
diradical intermediates were characterized as
shallow calderas separated by isomerization
barriers. The intermediate from U is less stable
than the intermediate from D, raising the
isomerization probability of the intermediate
from U.

We garnered ~1000 force-steered MD tra-
jectories (table S12) to study the force-induced
dynamic effects. Exemplified by U, we saw
that a large reaction flux flies by the branch
areas at early simulation times (<0.5 ps) with
a strong preference for the direct ring-opening
channel and conservation of reactant stereo-
chemistry (Fig. 4C, figs. S79 to S81, and movie
S5). Over time, the force-imparted reaction
momenta relax and isomerization ensues in
conformity with the FMPES; this temporal
distribution of product formation and selec-
tivity are hallmarks of NDEs (34, 35). The
partition of trajectories into dynamic and
thermal regimes resulted in bimodal rates of
decay for the population of intermediates
from the branch points (fig. S82). The frac-
tion of dynamic trajectories (f) increased
with increasing force for all three isomers but
in an isomer-dependent manner: A > U > D
(Fig. 4B); at 1.3 nN, dynamic trajectories make
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up 90, 66, and 39% of the total trajectories
for A, U, and D, respectively. This depen-
dence mirrors the rank order of their second
scission barrier heights, supporting the pre-
diction that a deeper potential well at the
branch point reduces the number of dynamic
trajectories.

To quantify the dynamic effects, we ex-
tracted atomic reaction momenta (p) from
the MD trajectories (Fig. 4A and table S13).
An ensemble-averaged momentum charac-
terizes the mean velocity and direction of the
trajectories on the FMPES. In the dynamic
regime (¢ < 0.5 ps), the momenta (P gyn) of
trajectories exiting the branch areas deviate
noticeably from the MEPs, showing a ten-
dency to align with the extrinsic force. In con-
trast, the exit momenta in the thermal regime
Pnerm; t > 1ps) closely adhered to the MEPs.
The projected momenta on the extension
coordinate (L, Fig. 4A) were fully conserved
through the branch points, as shown by com-
paring the maximal momenta coming into
and out of the areas; po and Pgyn, respectively.
The minimal loss in velocity along L suggests
little to no equilibration of the diradical inter-
mediate in the dynamic regime, a signature of
flyby trajectories. The force-derived momenta
imparted to reactants on flyby trajectories
were quantified by vector subtraction between
dynamic and thermal exit momenta (fig. S91).

orange, hollow arrow indicates that the direction of the extrinsic force is parallel to the
ring-opening L; axis. (B) Top: Free energy barriers of the second C-C bond scission
and diradical isomerization. Arrows indicate directions of isomerization along the U-A-D
path. Bottom: Force-dependent partition coefficient (f) of dynamic trajectories.

(C) Histogram of MD trajectories for U at 1.3 nN. [UJ” indicates the first-bond scission
transition state. (D) Statistical (TST) and nonstatistical (MD) product selectivity
under different extrinsic forces. (E) Hybrid NDE model exemplified by the ring opening
of U. [U:]* indicates vibrationally excited diradical intermediates of the U-isomer.

We saw that the extrinsic force accelerates the
atomic velocity of reactive molecular exten-
sion to 200% of their thermal values, reaching
~1.4 nm/fs (T ~ 1000 K). In contrast, no
consistent changes were observed for the
dihedral coordinate between dynamic and
thermal regimes, and their average angular
velocity (8.5°/fs) is the same as in the com-
peting isomerization trajectories. This distinc-
tion reveals that the extrinsic force selectively
activates the chemical dynamics of reactive
molecular extensions (Fig. 1B) over isomeri-
zation, leading to nonstatistically enhanced
product stereoselectivity (Fig. 4D and fig. S95).
At 1.3 nN, the NDEs improve product selec-
tivity by fourfold for U in comparison to the
statistical outcome. The apparent enhance-
ment on selectivity is much smaller (<10%)
for A and D, because of A being a Kinetic trap
and an already preferred product channel on
the FMPES and D having a relatively low dy-
namic contribution (Fig. 4B).

The isomer-dependent dynamic responses
result from a varying degree of openness in the
exit reaction channels along the dihedral coor-
dinate, which is further determined by reactant
stereochemistry (fig. S92). The 120° ridge on
the FMPES blocks the majority of dynamic
exit coming from D, leaving behind a narrow
and risen gorge (A¢ = 3°) for its thermal exit
(Fig. 4A). In contrast, the exit channel for A
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is wider (A¢ = 45°), whereas for U there is a
modest constriction (A = 35°). We used an
additive model to relate dynamic population
() and the relative configuration of stereo-
centers on the cyclobutane rings. Mathemat-
ically, we found that the stereochemistry along
the pulling direction plays a primary role in
promoting dynamic trajectories, with trans
configuration much better than cis; the stereo-
chemistry orthogonal to the force is secondary,
with cis better than trans. This rule allowed us
to rank the tendency to undergo dynamic ring
opening for all possible cyclobutane stereo-
isomers (fig. S93).

The force-induced NDE is expressed as a
linear hybridization of dynamic and thermal
extremes with a force-dependent partition
(Fig. 4E). The dynamic regime is stereospe-
cific by definition, and the selectivity of product
isomers in the thermal regime was assumed to
be statistical. This statistical (transition state
theory, TST) stereoselectivity (Stst) was ob-
tained from equilibrium product distributions
calculated by solving the system of rate equa-
tions of the activation-isomerization reaction
network (Fig. 4E, right box, and fig. S94). The
rate constant for each rate equation was cal-
culated by TST (table S14)). The force-dependent
nonstatistical stereoselectivity (Sypg), defined
as the ratio between direct stereoisomeric pro-
duct and all isomerization products, is predict-
able from the statistical stereoselectivity, Stsr,

and the dynamic fraction, f:
Stsr +f
SxpE = ————(1
NDE 1—f ( )

‘When the dynamic fraction increases from
0 to 1, the Sypg goes from its thermal value,
Stst (f = 0), to being a stereospecific trans-
formation in the limit when f — 1 (table S15).
This model reproduces the observed dynamic
selectivity without the need to run full long
MD simulations.

The hybrid NDE framework reveals that
there is not necessarily a simple connection
between the intermediate’s stability and the
dynamic selectivity of mechanochemical reac-
tions. Although the stereoconvergent ring
opening of the ester-substituted cyclobutane
has been observed and attributed to its long-
living intermediate (28), our study suggests
that a long-lived intermediate need not be
destined for lower stereoselectivity. Indeed,
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we have improved the product stereoselec-
tivity of the ester derivatives compared to the
reported literature values. Similarly, the alkyl
D-isomer displayed high stereoselectivity under
all experimental conditions despite its longest
diradical lifetime as shown by radical quench-
ing experiments with 4-hydroxyl TEMPO (table
S17). Rather, stereoselectivity can be affected
dynamically for a short-lived intermediate: for
example, by a neighboring product channel
serving as a dynamic sink to draw the trespass-
ing trajectories into an irreversible path, sim-
ilar to the formation of (E,Z)-bisalkene from
the U-isomer.

We envision that external force is an exper-
imental method for controlling nonstatistical
dynamics and steering reaction trajectories
away from constraints imposed by potential
energy surfaces. The hybrid framework will
offer ability to probe and understand the dy-
namic effects of mechanochemical phenomena
in polymeric materials. The ability to control
dynamics and stereochemistry of mechano-
chemical reactions may be helpful for program-
ming properties of next-generation polymeric
materials whose life cycles will go beyond the
single-use paradigm.
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Shear selectivity

Chemical reactions typically proceed by distributing energy statistically among all accessible molecular vibrations.

Liu et al. report that external shear forces can sometimes pry open strained carbon rings without dissipating energy into
adjacent bond rotations. Through careful design and synthesis of polymer-embedded cyclobutyl rings, the authors
showed that certain relative substituent geometries are preserved when sonication induces ring opening. Accompanying
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