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Abstract

Substituted furan-maleimide Diels-Alder adducts are bound by dynamical covalent bonds that
make them particularly attractive mechanophores. Thermally activated [4+2] retro Diels-Alder
(DA) reactions predominantly proceed via a concerted mechanism on the ground electronic
state. We show that an asymmetric mechanical force along the anchoring bonds in both the
endo and exo isomers of proximal dimethyl furan-maleimide adducts favors a sequential
pathway. The switching from a concerted to a sequential mechanism occurs at external forces
of = 1nN. The first bond rupture occurs for a projection of the pulling force on the scissile bond
at ~ 4.3 nN for the exo adduct and = 3.8 nN for the endo one. The reaction is inhibited for
external forces up to =3.4 nN for the endo adduct and 3.6 nN the exo one after which it is
activated. In the activated region, at 4 nN, the rupture rate of the first bond for the endo adduct
is computed to be = 3 orders of magnitude larger than for exo one in qualitative agreement with
recent sonication experiments [ Z. Wang, S. L. Craig, Chemical Communications 2019, 55,
12263-12266.] In the intermediate region of the path between the rupture of the first and the
second bond, the lowest singlet state exhibits a diradical character for both adducts and is close
in energy to a diradical triplet state. The computed values of spin-orbit coupling along the path
are too small for inducing intersystem crossings. These findings open the way for the rational

design of DA mechanophores for polymer science and photochemistry.
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Introduction

Dynamic covalent bonds, like the archetypal furan—maleimide Diels—Alder (DA) adduct, are
vastly used in synthetic chemistry and polymer science, and are now expanding into biology.!
3 Furan-maleimide adducts are characterized by dynamical covalent bonds that are more labile
and slightly longer than typical carbon-carbon covalent ones. The dynamical covalent bonds
of Diels-Alder (DA) adducts makes them attractive mechanophore when embedded in
polymers and networks.*!! The DA reactions on these adducts proceed via a low reaction
barrier that leads to reversible reactions. In solution, the adducts need to be heated at high
temperatures to break open.!: 12 The retro-DA reaction can also take place at room temperature
when the adduct is sonicated, thus subjected to mechanical forces.> ! ! There is however not
yet a detailed understanding on the rupture mechanism of these adducts under tension, in

particular on the concerted or sequential nature of the reaction path.!3

Beyond stabilizing intermediates and shifting chemical equilibria, due to the vector character
of the force, mechanochemical reactions can follow specific pathways yielding products that
may differ from those of non-directional thermal activation in solution.* '3-1° It was shown
that the cis or trans anchoring of benzocyclobutene to a polymer chain controls the
stereochemistry of the ring opening.?% 2! Under tension, the cis attachment leads to a
disrotatory ring opening in violation of the Woodward-Hoffmann rules?? and yields the same
product as the trans attachment. Ab initio steered molecular dynamics simulations on
cyclobutene and the determination of the minimum energy pathway provided a mechanistic
interpretation on the force modified potential energy surface.'* In cis and trans gem-difluoro-
cyclopropane (gDFC), it was shown that under tension, the trans gDFC undergoes a
Woodward-Hoffmann thermally forbidden conrotatory ring opening, and that both cis and
trans gDFC open via a diradical intermediate that is stabilized under tension.?? Upon
releasing the tension, the diradical returns to the cis gDFC for which the barrier is smaller on
the field free potential. The diradical character of the intermediate under tension was
demonstrated by trapping it with a radical chromophore. Cyclobutane cores embedded in
mechanophores were reported to open sequentially?*2” and shown to proceed via a diradical
intermediate, the product stereochemistry being determined by whether or not the
intermediate undergoes isomerization after the first bond rupture. 2%2° Diradical
intermediates were also recently reported to play a role in the mechanochemical reactivity of
vinyl-addition polynorbornene that contains norbornane units,*® and in the release of CO by

sonication activation of Norborn 2-en-7-one scaffold.?!



Various [4+2] mechanophores have been investigated,!” among them furan-maleimide is a
popular motive.> & 11. 3238 Fyran-maleimide adducts embedded in a polymethyl acrylate
(PMA) polymer were shown to selectively break under sonication.’ Stevenson and De Bo!?
pointed to a regioselectivity of the rupture of furan-maleimide mechanophore embedded in
PMA activated by sonication; the two proximal stereoisomers, where the anchoring of the
polymer chain on the furan is on a carbon atom near neighbor to the furan/maleimide junction,
being more labile than the distal ones where the anchoring is on the next near neighbor atom
on the furan moiety. Wang et al!! benchmarked the mechanical resistance to activation by
sonication of the two proximal stereoisomers with respect to the ring opening of the gem-
dichlorocyclpropane. They concluded that the proximal-exo adduct is mechanically less labile
than the proximal-endo one. This stereoselectivity in the rupture under force follows the trend
of thermal activation. It is corroborated by the differences in the computed force-free activation
barriers and in the efficiency of the mechanochemical coupling to the polymer chain.

Motivated by these results 1% !!

we theoretically investigated the mechanism of the [4+2] retro
Diels-Alder (rDA) ring opening of the proximal-endo, Pendo, and proximal-exo, Pexo, dimethyl
furan-maleimide adducts under tension. We report on a shift from a concerted mechanism at
zero force to a sequential one at external pulling forces on the weakest scissile bond smaller
than 1nN due to the directionality of the force applied to the methyl groups used to model the
tethering of the adduct into a polymer. We further show that the tension inhibits the bond
rupture up to pulling forces of = 3 nN before inducing a preferential activation of the Pendo
stereoisomer in qualitative agreement with the experimental results of Wang et al.!!

On the ground electronic state at room temperature, thermally activated [4+2] retro Diels-Alder
(rDA) reactions proceed most of the time via a concerted and stereospecific pathway involving
a single concerted transition state at room temperature.> 40 Activation energies of 25-30
kcal-mol™! for the concerted rupture of the two scissile bonds at room temperature confer them
a dynamic character. Endo adducts are more reactive than exo ones because of their lower
activation barriers.*'*** A sequential mechanism involving diradicals or zwitterion species is
also thermally possible, depending of the substitution of DA adducts.** Studies involving
molecular dynamics showed that for some adducts at high temperature (>1000 K) and for
substituted ones a small fraction of the trajectories involves two transition states (TS) and
diradicals open shell singlet intermediates along the reaction path.*® Photoactivation of DA

adducts by UV pulse was shown to proceed via non concerted pathways through successive



bond cleavages, depending on the nature of the Conical Intersections (Coln) leading back to
the ground electronic state.*>*® Studies investigating activation by an external static electrical
field also reported going through a sequential pathway involving zwitterionic intermediates.*!:
49

We show here that diradical intermediates can be stabilized under tension in the rDA of the
substituted Penso and Pex, furan-maleimide adducts where the methyl groups model the
anchoring on the polymer chain and control the directionality of the external force. The two
adducts and the four bonds of interest, the two scissile bonds, SB1 and SB2, and the CN and
the CC anchoring bonds of the methyl groups are drawn in Figure 1. Because of the difference
in the stereo character of Pendo and Pexo, at the force free equilibrium geometry, SB1 and SB2
are essentially of equal length in P4 (1.57 A) while in Pey,, SB1 is longer (1.58A) than SB2
(1.56 A).

Pexo Pendo

Figure 1. Stereochemistry of the Penso and Pexo adducts, the labeling of the two scissile bonds,
SB1 (orange) and SB2 (green) and of the two anchoring bonds, CC (blue) and NC (violet) and
the direction of the stretching coordinate in dashes. The pulling coordinate has a larger

projection on SB1 than on SB2.

Computational methods

The effect of the external force on the potential energy surface (PES) can be computed by an
isometric or an isotensional approach.>® The isometric method CoGEF (constrained geometries
simulate external force)! consists in a constrained geometry optimization where typically the
constraint is the distance between the two atoms to which the pulling force is applied. This

approach yields the most stable geometry of the system that satisfies a given value of the



constraint, and provides the energy and other molecular properties through electronic structure
computations. In the isotensional method, the external force is explicitly added as a term in the
expression of the nuclear gradient of the energy during the geometry optimization. Three
approaches have been implemented, the force-modified-potential-energy surface (FMPES),
the external force is explicit included (EFEI)'® and the enforce geometry optimization (EGO).>2
The isotensional approaches can be used to determine the reactant, transition state and
activation energies on the FMPES and to carry out ab initio molecular dynamics under force.!'*
It was shown in ref. > that at stationarity, the EFEI potential, Verei(Fo), is the Legendre
transform of the CoGEF potential Vcocer (qo), so that the external force and the geometrical
constraint can be considered conjugate variables: Virg (Fy) = Veocer (@0) — Foqo-

The reaction mechanism was studied by the CoGEF isometric protocol, for the two adducts at
the UDFT level with the wB97XD>* functional and at the CAS-SCF (4,4) level with the 6-
31G(d,p) basis set for the lowest singlet, So, and triplet, To, states. The mechanical coordinate
is taken to be the distance between the two C atoms of the methyl anchoring groups (dashed
line in Figure 1). For each relaxed geometry under force, the spin-orbit coupling between So
and To was computed along the CoGEF path as well as the 4 lowest singlet and three lowest
triplet states at the state average (SA) complete active space®> CAS-SCF level. The CoGEF
path computed at the CAS (4,4) level /6-31G(d,p) is consistent with that obtained at the UDFT
level, see ESI for more details. The UDFT computations were carried out with the quantum
chemistry software QChem>® and the CAS-SCF computation with the MOLPRO quantum
chemistry package. °7- %8

The TS were determined at the UDFT/wB97XD level scanning external pulling force values
corresponding to the stretching coordinate. °° Consistent force modified CoGEF paths and
activation barriers were obtained with the PBEODH® and the BH&HLYP¢! functionals, Figure
S2. These three functionals describe correctly the diradical species that appear when the pulling
force induces the switch from a concerted to a sequential rupture mechanism, and give results
consistent with the CAS-SCF level.

The computed values of the barrier for the rupture of the weakest bond SBI1 using the
UDFT/wB97XD/6-31G(d,p) in the gas phase at zero force are in good agreement with
previously reported values in gas phase #!> 4> or the M06-2X #° functional in DMSO for
unsubstituted adducts. They are systematically higher by = 5-6 kcal/mol than those reported
values for similar furan-maleimide adducts using the B3LYP!! functional in THF. A detailed
comparison with previous results at zero force and computed values of the barriers using

different functionals is provided in the Electronic Supplementary Information (ESI).



Since the value of the stretching coordinate at equilibrium at zero force, Rputiing-0, 1s different in
the two stereoisomers, we report below the variation of the structural and energetic observables
as a function of the pulling distortion, defined as (Rpulling - Rpulling-0) Where Rpuiing s the

stretching distortion imposed in the CoGEF protocol.

Results and discussion

Switching from a concerted to a sequential mechanism under tension

Pendo I:)exo

/
/

i
!
jo
[
!
i
i

?27nN r 2.2nN
L d

(@)}
o

7/
/
L]
/
. '

Gauché-out

See® !
Gauchetout

/ .
i
i
,rj ; i ; ‘
i

(o)

o
>
=

°
g
@
=
N 40 /,
= !
(b} ,/ ! i i
¢ 30 ’ : ] |
© f '. / |
CB 20 / " o« .I L‘_._’ -0
i) [P / /
5 Addends Addends
510 ¢<r
W}

0 'Adduct A<':iduct

0 1 2 3 4 5 0 1 2 3 4 5

Pulling distortion (&)

Figure 2. CoGEF UDFT wB97XD potential energy profiles for the Pe,ao (2) and Pex, (b)
adducts as a function of the pulling distortion (Rpuiting-- Rpuliing-0) as well as relaxed geometries
under force for maxima and minima. The CoGEF path computed at the CAS(4,4) level is
given in Figure S1 and the one computed with the PBEODH and BH&HLYP functionals in
figure S2. The relaxed geometries along the CoGEF paths computed at the DFT wB97XD
and CAS(4,4) levels are given in the ESIL.

The CoGEF UDFT/wB97XD potential energy profiles are reported as a function of the pulling
distortion, (Rputting- Rputling-0), in Figures 2a and b for Pe,ao and Pexo respectively. Similar profiles
are obtained at the CAS(4,4) level, see Figure S1. Both adducts undergo a sequential bond
rupture. The energy curves exhibit two sharp rises separated by an intermediate region. The
breaking of SB1 occurs at the end of the first sharp energy rise, while that of SB2 occurs at the

end of the second one. This can be seen from the relaxed geometries under force reported as



insets in Figures 2a and b, and from the elongation of the bond lengths as a function of the
pulling distortion plotted in Figure 3a. During the first energy rise, SB1 is elongated while SB2
remains essentially at its equilibrium value (Figure 3a). In this range, the projection of the
pulling force on SB2 (Figure 3b) is smaller than on SB1 and not large enough for inducing
bond breaking. The SB1 bond of P4 ruptures for a projection of the pulling force of 3.8 nN,
that is slightly smaller than the breaking projection of pulling force for Pex (4.3 nN). These
values are in good agreement with those reported in ref. 0. After the SB1 breaking, the
projection of the pulling force (Figure 3b) on the two scissile bonds drops sharply to values
close to zero. In the intermediate region between the two bond breakings, the energy profile of
Penao (Figure 2a) continues to rise with a much smaller slope, starting from an anti-like unstable
endo rotamer that evolves to an unstable endo gauche out one just before the breaking of SB2.
On the other hand, in Py, the anti and gauche out rotamers correspond to minima (see Figure
2b), separated by a small rotation barrier of 3 kcal-mol™! which is overcome by a small value
of the force of 0.2 nN as can be seen from Figure 3b. These intermediates have been reported
previously for similar DA adducts for zero force reaction paths.*% #+48 Such a rotation around
the unbroken bond has also been reported for the sequential ring opening of cyclobutane cores
under tension.?*2”-2 The breaking of SB2 occurs after a second sharp rise in the projection of
the pulling force for a smaller value for Pey, (2.2 nN) than for Penso (2.7 nN), Figure 3b. Then
the potential energy drops sharply to the dissociation asymptote.
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Figure 3. a) SB1 (orange) and SB2 (green) elongation plotted as a function of the pulling
distortion for Penso (full lines) and P, (dashes). b) Projection of the pulling force on SB1 and
SB2 for the two adducts. The bond rupture and the maximum in the projection of the pulling
force on the scissile bonds do not occur at the same value for Peuso and Pex, because of the

difference in geometries of the two stereoisomers.



The results discussed above imply that there is a switching of the rupture mechanism from a
concerted one to a sequential one at low values of the pulling force, before the rupture of the
first scissile bond. In order to get further insights, we computed the transition state (TS) and
the free energy of the activation barrier, AG}, at 298 K, using the EFEI'? isotensional protocol
at the same UDFT level from zero force up to values of the pulling force on SB1 approaching
that of the rupture in the UDFT CoGEF path shown in Figure 3b. It is plotted in Figure 4.
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Figure 4. Free energy activation barrier computed using the EFEI protocol for values of the
pulling force up to the rupture of the SB1 bond. P.uuo is plotted in red with full circles and Pex,
in blue with diamonds. The geometries of the reactant and the transition states are given in the

SI.

At zero force, at 298 K, the free energy barrier is smaller for the Pena, adduct (28.2 kcal-mol!)
than for the Pexo (30.8 kcal-mol!) which leads to a computed A(AG¥) between Py, and Pendo of
2.6 kcal/mol. For both adducts, as the pulling force increases, the activation barrier first
increases, which means that rupture is inhibited, then is going through a plateau, before sharply
decreasing up to the rupture of the SB1 bond, see figure 4. The maximum of the activation
barrier occurs for both Peygo and Pey, at 1.8 nN. The barrier is higher for Py, (44.5 kcal-mol™!)
than for Pendo (35.4 kcal-mol ™). At pulling forces larger than 3.4 nN, the rupture of SB1 is
activated in Pe.qo compared to the zero-force barrier. For Pey,, activation occurs for a pulling
force larger than 3.8 nN (Figure 4). Above 3.5 nN, the computed A(AG*) , decays sharply, but
remains higher for P, which makes P adduct more labile, in agreement with the

experimental results of Wang et al.!! At 4 nN, just before rupture of SB1, the computed barrier



is 18 kcal/mol for Peyqo ( rate constant of 0.36s! (lifetime of 2.8 s)) while it is 22.5 kcal/mol
(rate constant of 2.1 10 s! (lifetime of 77 min)) for Pey,, see Figure S3 and the ESI for more
details. The crossover from a concerted mechanism to a sequential one occurs before the first
bond rupture at pulling forces = 1 nN (1.1 nN for P, and 0.9 nN for Pe,a0). It coincides with
the inflexion point of the pulling force on SB1. Above InN, the sequential mechanism is

favored over the concerted one and it dominates for forces above 3nN.

Diradical species in the sequential mechanism
The electronic structure of S is very similar for both adducts along the CAS (4,4) CoGEF path.
The main configurations correspond to a diradicalar open shell singlet in the intermediate
region between the two bond ruptures, see ESI for details and Figure S4 that shows the
coefficients of the So state on the electronic configurations as a function of the pulling

distortion.
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Figure 5. a) Permanent dipole of the two adducts along the CAS(4,4) CoGEF path for Penio
(red-filled circles) and Pey, (blue-diamonds). b) Computed partial charge on the furan and
maleimide addends along the CAS CoGEEF path.

At zero force, the value of the permanent dipole moment of the Peuao is very small (0.5 D). It
increases to 2.5 D in the intermediate region, after the first bond rupture, because the pulling

distortion increases the extension of the P..so adduct and makes it comparable to that of the
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Pexo, Figure 5. The geometry of the P.x, is more extended geometry at zero force because of its
stereo character and the dipole moment is larger, 3 D, than that of the Pe.ao adduct. It slightly
decreases in the intermediate region to 2 D. The partial positive and negative charges on the
two addends are small at zero force ((furan (donor), +0.1 |e| and maleimide (acceptor), -0.1 |e|)
and decrease in the intermediate region along the CoGEF path confirming the diradical

character of Sp in the intermediate region.

For both adducts, the lowest triplet state, To, becomes close in energy with So in the
intermediate region with energy differences of the order of 0.05 eV (Figure 6). The weight of
the [2aa0> configuration in the intermediate region is 93% (Figure S6). In the case of Penao, the
triplet state energy becomes lower than that of So at the beginning of the intermediate region,
for distortion in the range of 1.8 to 2.4 A (see Figure S7 for a plot of the So/To energy
difference). The spin-orbit coupling remains extremely small, of the order of 10 eV for both
adducts throughout the intermediate region (see Table S1), which makes intersystem crossing
unlikely along the minimum energy path under force. However, the So/To minimum energy
crossing occurs in the vicinity of second bond rupture for both adducts, see Figure S8.
Therefore, one could observe spin-orbit transitions using steered molecular dynamics!# %
which will be the subject of future work. The first excited singlet state S; which has also a
diradical character in the intermediate region, is much higher in energy along the minimum

path, with a So/S: energy difference larger than 3 eV.
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Figure 6. Energy profiles of the singlet So and the lowest triplet To along the CAS(4,4)-CoGEF
path. The energy of the Ty state is computed at the relaxed geometry of So. The values of the
spin-orbit coupling are reported in Table S1 of the ESI. The So/To energy differences are plotted
in Figure S6 and the minimum energy intersystem crossing (MEIC) geometries in Figure S7.
Files of geometries of the So state along the CoGEF path as well as at the MEIC are given in
the ESI.
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Conclusions

Our computations uncover a rich and complex electronic and structural reorganization of the
Pendo and Pexo adducts along the stretching mechanical path. The directionality of the force as
dictated by the carbon atoms of the two methyl substituents that model the anchoring into the
polymer leads to an uneven activation of the two scissile bonds. This in turn induces a switch
from a concerted mechanism at zero pulling force to a sequential one for force larger than InN
along the minimum energy path. As the external force increases, the reaction is first inhibited
and then activated. Pulling forces on the most activated scissile bond larger than 3.4 nN (Peyao)
and 3.6 nN (P.x) lead to a faster rupture rate constant than at zero force. The values of the
pulling force leading to the switch of mechanism and to the bond rupture for the reactant state
of P.nio and Py, are very close. However, the response Pe.q4, Occurs systematically at slightly
lower forces than those computed for Pex,. The free energy activation barrier of Peyqo for the
first bond breaking is systematically lower by 7 to 3 kcal-mol™! as the external force increases
which explains the more labile character of Penao under tension observed experimentally.!!

In the intermediate region between the two sequential bond ruptures, the singlet ground state
has a diradical character and adopts an extended geometry for both adducts. In this region, the
triplet state becomes very close in energy to So but the spin-orbit coupling remains too small
to induce an intercrossing transition along the minimum energy path. However, the minimum
energy crossing between To and So occurs in the vicinity of the second bond rupture along the
Pexo adduct minimum energy path.

Diradical intermediates resulting from an activation by an external mechanical force have been
identified experimentally in the case of ring opening of cyclopropanes®® and in the sequential
opening of [2+2] cyclobutane mechanophores. 2+ 23 2% 6264 Qur results suggest that diradical
intermediates are also formed in the mechanically activated sequential cycloreversion of [4+2]
furan-maleimide DA adducts due to the directionality of the pulling force. The effect of the
mechanical force is to modify the level structure of the various singlet and triplet states in the
intermediate region, inducing several conical intersections within the singlet and triplet
manifolds, as well as intersystem singlet-triplet crossings for geometries close to those of the
minimum energy path. In particular, the mechanical force stabilizes the diradical intermediates
on the lowest singlet and triplet states and does not induce the formation of a zwitterion, as has
been reported in the case of an activation by a static electric field*" % or for substituted
addends,* which leads to a larger charge separation. After the first bond rupture, in the case of

the Pexo adduct, small forces of less than InN along the minimum path induce an isomerization
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of the diradical intermediate from an anti to a gauche out stereoisomer, which are separated by
a small rotational barrier of 3 kcal/mol. Such internal rotations have been reported for DA

40, 44, 48

adducts undergoing a sequential cycloreversion at zero force , and also observed the

opening of cyclobutane under mechanical force. 24 2 29, 62-64

The presence of several crossings between electronic states in the vicinity of the minimum
energy path as well as the fact that the rotational barriers between stereoisomers of the
diradicalar intermediate can be overcome by small external forces could lead to different
adducts upon ring closure when the force is relaxed. ** The switching to a sequential mechanism
under force and the predicted production of intermediate diradicals could be potentially

3 and the eventual formation of

observed experimentally with the help of a radical trap,
alternative adducts confirmed by spectroscopy.

Single-molecule force spectroscopy (SMFS) has contributed to further developments in
mechanochemistry # % by enabling the mechanical activation of covalent bonds,®¢-*® with
applications in irreversible bond scission,!”-®-"7 and opening of mechanophores. !7-26 7883 Our
results offer new perspectives for investigating DA mechanophores by SMFS, in particular the
force-clamp characterization of a reversible partial opening by breaking the weakest bond of
the adduct only and the investigation of the effect of a photoexcitation of the mechanophore by
UV light under force. A recent study indeed reports the involvement of fluorescent radical
species in the SMFS spectroscopy of a tetraaryl succinonitrile mechanophore.?* In a broader
perspective, our results are also relevant for the photochemistry of DA adducts.* 4" They
provide insights on the regions of the potential energy surfaces involved in a sequential bond
rupture as well as on the relevant conical intersections and spin-orbit intersystem crossings

between excited states along the sequential reaction path that could be probed using the

ultrashort few femtosecond optical pulses that became recently available.®

Electronic Supplementary Information

The Electronic Supplementary Information provides a detailed description of computational
methods and results for the thermodynamics and kinetics analysis and of the electronic
structure methodology. Zip files provide the geometries of both adducts along the CoGEF path
computed the DFT and CAS(4,4) levels, the geometries of the reactant and transition states
computed at the DFT level and the geometries at minimum energy intersystem crossing
computed at the CAS(4.,4) level.

Data availability statement: Data for this paper, including optimized geometries for COGEF path and
EFEI and minimum enerfy intersystem crossings are available at ZENODO at
https://doi.org/10.5281/zenodo.7473211.
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