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Abstract In polymer mechanochemistry, mechanosensitive molecules
(mechanophores) are activated upon elongation of anchored polymer arms.
The reactivity of a mechanophore can be influenced by a variety of structural
factors, including the geometry of attachment of the polymer arms and the
nature of eventual substituents. Here we investigate stereoelectronic effects
in force-accelerated Diels—Alder reactions using the CoGEF (Constrained
Geometries simulate External Force) calculation method. We found that the
presence of an electron-donating heteroatom on the diene leads to a lower
activation force, and that the mechanochemical reactivity is suppressed when
the anchor group is attached to a central rather than lateral position.

Key words Polymer mechanochemistry, mechanophore, force, Diels—Alder,
retrocycloaddition, Hammett parameter

In polymer mechanochemistry, polymer arms are used to pull on
a central reactive unit (a mechanophore) in order to trigger a
chemical transformation.! This mechanochemical process is
affected by the ease at which the force couples to the reactive
bond(s) and, depending on how efficient this mechanochemical
coupling is, can lead to an enhancement or reduction in
reactivity.2 Several factors have been shown to affect reactivity
under tension such as: the polymer architecture,? the nature of
the linker* and substituents,5 the stereo-,2546 regio-,27 and
topochemistry,8 or even the isotope composition.® We? and
Craigéa have previously investigated the influence of regio- and
stereochemistry on the dissociation of furan/maleimide Diels-
Alder adducts (Figure 1). Here we used CoGEF (Constrained
Geometries simulate External Force)!! calculations to investigate
how stereoelectronic effects influence the force-accelerated
retro-Diels-Alder (rDA) of related adducts, which differ by the
nature of the bridging heteroatom X in the diene, and by the
position of the anchor points (Figurel). We found that the
dissociation force correlates with Hammett’'s resonance
parameter (Opara) Of X, as electron-donating substituents lead to

lower activation force. We also found that the mechanochemical
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reactivity is suppressed when the anchor group is attached to a
central rather than lateral position.

Force

(CoGEF)
N— = >

| x

/

Previous work

Proxzmal > Distal

—~—

© Endo > Exo

This work
i 0] 0
X=NH, O, CH,
S, SO, SO, .
| x N—e | N—e® vs o N—e®

o/ Y EDG > EWG : /

Figure 1. Geometry and stereoelectronic effects in force-accelerated retro-
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Diels—Alder reactions. Scissile bonds shown in red. Red dots indicate the

anchor atoms.

We started our investigation by exploring the effect of
substituent X on the mechanical reactivity of four geometrical
isomers of a maleimide-based Diels-Alder adduct (Figure 1 and
3a). They differ by the position of the anchor methyl group of the
diene (proximal or distal to the nearest scissile bond) and the
stereochemistry of the adduct (endo or exo). We have previously
shown that the proximal isomers of the furan/maleimide adduct
(X=0) were more reactive than their distal counterparts to the
extent that the distal-exo isomer is mechanically inert.2 This latter
result was confirmed with all the other substituents X explored
here (see SI), so our discussion will focus on the other three
isomers.

We used CoGEF (Constrained Geometries simulate External
Force) calculations (DFT B3LYP/6-31G*) to simulate the
mechanical activation of these adducts.!! This technique works
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by incrementally increasing the distance separating two anchor
atoms (D, Figure 2) in the mechanophore and minimizing the
energy after every iteration. As well as predicting the position of
the scissile bond(s), the resulting elongation-energy curve allows
for the determination of the energy (Emax) and the force (Fmax)
required to reach the maximal state of deformation before the
eventual rupture of a covalent bond (Figure 2). Despite its
powerful predictive ability, it must be noted that the CoGEF
method doesn’t account for dynamic or thermal effects and the
predicted reactivity can sometimes diverge from the observed
reactivity.11d
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Figure 2. CoGEF calculation (DFT B3LYP/6-31G*) for the S-prox-exo adduct.
Scissile bonds shown in red. Fmax is calculated from the slope around Emax.
Structures at Emax and after scission shown (hydrogen atoms omitted for

clarity).

The calculated Fmax were plotted against the Hammett opara
parameter of related functional groups (NHMe, OMe, CHMe, SMe,
SOMe, and SO:Me for X =NH, O, CHz, S, SO, and SOz respectively).12
We found that the electronic property of X has a substantial
influence on the reactivity of the three mechanically active
isomers (Figure 3). As the opara is particularly suited to account
for resonance effects, this suggest that the rupture of the scissile
bond is facilitated by the presence of a lone pair on X (Figure 4a).
Indeed, we found that the pyrrole-maleimide adduct dissociates
at the lowest Fmax when the lone pair is anti-periplanar to the
scissile bond (Figure 4a). The presence of a methyl group on the
nitrogen places the lone pair in a periplanar position, which
prevent the interaction with the o* of the scissile bond. As a
result, Fmaxincreases to the level of the carbon derivatives (Figure
4D).
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Figure 3. Force dependence on the electronic properties (Opara) Of the X
substituent. Solid lines correspond to a linear fit (slope/R? = 0.584/0.823,
0.900/0.849, and 1.92/0.933 for Prox-exo, Prox-endo, and Dist-endo

respectively.

The electronic effect is more pronounced in the least reactive
Dist-endo isomer than in the most reactive Prox-exo. This could
be due to the lower mechanochemical coupling observed in Dist-
endo (see SI). The mechanochemical coupling expresses how
much the scissile bond is elongated as the mechanophore is
stretched. In other words, the Dist-endo requires a higher
deformation of the mechanophore to achieve the same
elongation of the scissile bond. Hence, one might expect the
activation effect of the electron-donating substituent to have a
greater influence of the mechanical reactivity of this adduct than
the more reactive proximal isomers.
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Figure 4. Effect of lone pair orientation on the activation. Red dots indicate the

anchor atoms.

On the other side of the scale, the electron-withdrawing
substituents (X = SO, SO2) lead to some unexpected behaviours.
The SO2-Dist-endo adduct doesn’t undergo a rDA reaction but
rather SOz is extruded upon planarization of the adduct (see SI).13
Unlike most of the other adducts where both scissile bonds cleave
at once (Figure 1a), the simulated elongations of the SO- and SO2-
Prox-exo suggest a stepwise process where the scissile bond
nearest to the anchor cleaves first.

These results shed some light on the nature of the force-
accelerated retro-Diels-Alder reaction. Many mechanophores
described to date are designed around an (apparent) pericyclic
mechanism.!* However, force-promoted retrocycloadditions can
proceed via a concerted (like its thermal counterpart) or a
stepwise mechanism with various levels of asynchronicity in
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between.11d Although one must be cautious about inferring
mechanistic information from CoGEF profiles, it looks plausible
for the rDA to proceed with an increasing level of asynchronicity
with a ionic or radical character as the value opara diverge from 0
toward negative or positive values respectively.15

Finally, we explored alternative pulling geometries with NMe and
CHMe exo and endo adducts (Figure 5), but none of these adducts
is predicted to undergo a rDA reaction due to a poor
mechanochemical coupling of these bonds. It originates from a
poor alignment of the putative scissile bonds (a and b, Figure 5)
with the force vector (see SI). The coupling is further diminished
by the symmetrical arrangement of the anchor, which spreads
the strain equally over the molecular backbone.82

L oy x‘). x®
b o] 0
N—® N—®
7 . 4 o / 7 0
Exo © Endo N\. o ©  Endo N\.
CH 6.1nN 6.5nN O 5.2nN 58nN O
N 58nN 6.6 nN - -

Figure 5. Alternative pulling geometries. Scissile bond shown in red. Red dots

indicate the anchor atoms.

In conclusion, we have investigated the mechanical reactivity of
several diene-maleimide Diels-Alder adducts varying by the
nature of the bridging heteroatom and the position of the pulling
anchors. We have found that the activation force correlates with
Hammett's resonance parameter (opara). The lowest activation
force was observed for the most electron donating substituent
(NH) due to labialization of the scissile bond by the heteroatom'’s
lone pair. We have also found that symmetrically placed anchors
were detrimental for the mechanical activation because the
resulting strain is spread equally over the molecular skeleton,
effectively reducing the mechanochemical coupling with the
putative scissile bond. These stereoelectronic effects complete
our previous investigation of the factors affecting the reactivity
of these DA mechanophores where the effect of geometry was
explored.2 The general principles uncovered in these studies
should be applicable to reactivity of other mechanophores.
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