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Mechanochemistry has experienced a renaissance in recent years witnessing, at the molecular level, a
remarkable interplay between theory and experiment. Molecular mechanochemistry has welcomed a
broad spectrum of quantum-chemical methods to evaluate the influence of an external mechanical
force on molecular properties. In this contribution, an overview is given on recent work on quantum
mechanochemistry in the Brussels Quantum Chemistry group (ALGC). The effect of an external force
was scrutinized both in fundamental topics, like reactivity descriptors in Conceptual DFT, and in applied
topics, such as designing molecular force probes and tuning the stereoselectivity of certain types of
reactions. In the conceptual part, a brief overview of the techniques introducing mechanical forces into
a quantum-mechanical description of a molecule is followed by an introduction to conceptual DFT. The
evolution of the electronic chemical potential (or electronegativity), chemical hardness and
electrophilicity are investigated when a chemical bond in a series of diatomics is put under mechanical
stress. Its counterpart, the influence of mechanical stress on bond angles, is analyzed by varying the
strain present in alkyne triple bonds by applying a bending force, taking the strain promoted alkyne—
azide coupling cycloaddition as an example. The increase of reactivity of the alkyne upon bending is
probed by Fukui functions and the local softness. In the applied part, a new molecular force probe is
presented based on an intramolecular 6n-electrocyclization in constrained polyenes operating under
thermal conditions. A cyclic process is conceived where ring opening and closure are triggered by
applying or removing an external pulling force. The efficiency of mechanical activation strongly depends
on the magnitude of the applied force and the distance between the pulling points. The idea of pulling
point distances as a tool to identify new mechanochemical processes is then tested in [28]hexaphyrins
with an intricate equilibrium between Mobius aromatic and Huckel antiaromatic topologies. A mechanical
force is shown to trigger the interconversion between the two topologies, using the distance matrix as a
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guide to select appropriate pulling points. In a final application, the Felkin-Anh model for the addition of
nucleophiles to chiral carbonyls under the presence of an external mechanical force is scrutinized.
By applying a force for restricting the conformational freedom of the chiral ketone, otherwise
inaccessible reaction pathways are promoted on the force-modified potential energy surfaces resulting
in a diastereoselectivity different from the force-free reaction.

DOI: 10.1039/d3cp04907h

rsc.li/pccp

1. Introduction

Synthetic chemists are continuously updating their portfolio to
increase the rate and steer the outcome of chemical reactions,
in most cases by supplying energy in one or another form.
Traditional approaches, each of them giving rise to a specific
nomenclature of the resulting branch of chemistry, involve heat
(thermochemistry), radiation (photochemistry), electric current
(electrochemistry) and mechanical energy (mechanochemistry)
(for a recent review, see ref. 1). Mankind has been aware for a
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very long time of the unique and fascinating outcomes in the
latter field involving “the direct absorption of mechanical
energy” according to TUPAC.> Although already documented
by Theophrastus (describing the formation of the liquid metal
mercury by grinding cinnabar, a mineral of mercuric sulfide, in
vinegar with a copper pestle and mortar?), the field has known
hardly any progress for many centuries. However, in the 19th
century, a revival can be noticed with the use of grinding
techniques evolving to the present-day status with for example
ball milling techniques allowing to gain control of the reaction
conditions and obtain reproducible results. This renaissance of
mechanochemistry*” has witnessed remarkable sustainability
features, not requiring the use of solvents and reducing the

Phys. Chem. Chem. Phys., 2024, 26, 21-35 | 21


https://orcid.org/0000-0002-7076-2305
https://orcid.org/0000-0003-2883-1992
https://orcid.org/0000-0003-0973-5604
https://orcid.org/0000-0003-1897-7285
https://orcid.org/0000-0003-4900-7513
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cp04907h&domain=pdf&date_stamp=2023-12-06
https://rsc.li/pccp
https://doi.org/10.1039/d3cp04907h
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP026001

Published on 12 December 2023. Downloaded on 4/30/2026 6:15:00 AM.

Review

generation of waste and pollution." It should however be
recognized that still a veil of mystery is surrounding the way
these mechanochemical transformations occur at the molecu-
lar level due to the bulk aspect of the aforementioned classical
techniques.

The introduction of the atomic force microscopy (AFM)
technique has been a crucial step in understanding the effect
of a mechanical force on a single molecule.® Other ingenious
experimental set ups were designed for example by incorporat-
ing a target molecule into polymer chains, allowing the transfer
of mechanical force to the target molecule, thereby initiating a
chemical transformation.® The molecular level is then reached
opening the gate to investigate the mechanical effect on the
properties and reactions of an individual molecule, in contrast
to the ‘“classical” bulk mechanochemistry. These single-
molecule mechanochemical experiments launched a subfield
of mechanochemistry: molecular mechanochemistry, some-
times also called covalent mechanochemistry.***°

At the time of these experimental developments, quantum
chemistry had already reached a level of sophistication in
which both via wavefunction techniques and density functional
theory (DFT) accurate results can be obtained routinely for a
variety of properties of individual molecules and reactions.'""?
DFT surpasses wavefunction methods from a quality/cost ratio
point of view enabling studies on systems with a significantly
larger number of atoms, although less trustworthy for systems
with intricate bonding patterns or spin behavior. It bears no
surprise that quantum chemical studies on the influence of
mechanical forces on the geometrical and electronic structure,
reactivity and even complete reaction pathways emerged from
the beginning of the 21st Century with often a direct interplay
between theory and experiment. In retrospect, it can be said
that molecular mechanochemistry is a chemistry subfield char-
acterized by a simultaneous development of experimental and
theoretical techniques.

This short review on the entrance of quantum chemistry
in mechanochemistry may not give the impression that the
inclusion of a mechanical force in the quantum mechanical
description of a molecule or a reacting pair of molecules was a
trivial task, ready to be implemented in the existing quantum-
chemical packages. The mechanical nature of the force without
associated interaction terms in the electronic Hamiltonian,
similar to pressure, is responsible for this theoretical challenge.
Various techniques have been proposed to cope with this
fundamental problem such as COGEF (constrained geometries
simulate external force)'® and EFEI (external forces explicitly
included)'* methods, as will be briefly summarized in Sections
2 and 3, resulting in a fair increase in quantum mechanochem-
ical publications, sometimes also including the visualization of
the distribution of the strain energy in the molecule (JEDI,
Judgment of Energy Distribution).’®'® Studies vary from the
initial investigation of the mechanical strength and bond
rupture in small molecules,"? through papers on the possibility
to control the stereoselectivity of pericyclic reactions including
the violation of the Woodward Hoffmann rules,'*™® often
in synergy with experimental studies,’”**?° to studies on
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force-induced retro-click reactions,” mechanically induced
conductance switching,?® activation efficiency of mechano-
phores,”® mechanical activation of photo-reactivity>**> and
anthracene (4+4) cycloadducts,® force-induced switching of
aromaticity and homo-aromaticity,”” flex-activated mechano-
phores,*® among others.

In this contribution, we report on recent work on quantum
mechanochemistry in the ALGC group,”>! in which the
mechanical force was put in as an extra ingredient in a Con-
ceptual DFT (CDFT) framework, involving more fundamental
aspects (concepts and reactivity) and more applied topics such
as mechanically driven switches.

To put the conceptual aspect in a broader context, it is part of
the ALGC research program®> on the inclusion of external
“fields” in Conceptual DFT (CDFT),>***® for many years one
of the central topics of our research.?>*>***> Conceptual DFT is
essentially a density-based reactivity theory in which the reac-
tivity of a molecule is described in terms of a series of response
functions. They quantify the propensity of a molecule to change
its energy at the onset of a chemical reaction when it is
perturbed by another molecule resulting in a change in its
number of electrons N and/or the external potential v(r), i.e. the
potential felt by the electrons due to the nuclei. These response
functions, derivatives at different orders of the energy with
respect to N or/and v(r), can often be traced back to well-known
concepts such as the electron density itself,*>® electronegativity,*”
hardness and softness,*® the Fukui functions*® (a generalization
of Fukui’s frontier orbital concept®®) and electrophilicity.”*
In recent years, we have extended the scope of CDFT by introdu-
cing new external variables®® from which the mechanical force is
one example that will be discussed in detail in the present work.
In this broader context, the extension of CDFT to incorporate
electric>®> and magnetic fields>>> and pressure®® was investi-
gated, together with mechanical forces, to keep pace with recent
experimental and theoretical work on extending the portfolio of
reaction conditions. Examples include the use of oriented external
electric fields (OEFFs)*” as “novel effectors of chemical change”,’®
chemistry at very high pressure®*™' and the rising interest in the
behavior of atoms and molecules in strong magnetic fields,** as
observed in white dwarfs and neutron stars.®®® In the present
contribution the inclusion of a mechanical force in a CDFT
context is considered in Section 2. After a short introduction to
CDFT and pinpointing the basic equations of the mechanochem-
ical methods, we discuss the results of a proof-of-concept inves-
tigation on the change in chemical properties of diatomics, as
described by CDFT concepts when an external stretching force is
applied to a chemical bond.>® As a natural sequel, implying an
extension of the COGEF approach, the reactivity of a bond is
probed when it is bent by an external mechanical force, taking the
CC triple bond as an example. The results are a guide to
rationalize structural trends and the reactivity of cyclic alkynes
of paramount importance in in vivo click reactions.*

Section 3 is more diverse and applied in nature and injects a
mechanochemical component in existing research lines in our
group involving pericyclic reactions®*”’° (with studies on regio-
selectivity and a density only re-interpretation of the Woodward
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Hoffmann rules), expanded porphyrins’*~®> (with an extensive
series of studies on their topology, their Hiickel vs Mobius
switching behavior, conductance, photophysical and non-linear
optical properties, with aromaticity as leitmotiv) and the
reactivity of carbonyl groups for nucleophilic additions with the
associated Fukui function,®*°° recently including its behavior
under an electric field and the stereoselectivity of its hydride
reduction. The two former research lines are extended with the
inclusion of an external force in the design of force probes
based on electrocyclization reactions in polyenes and mechan-
ochemically triggered topology changes in extended porphyrins
respectively, offering the possibility for mechanically driven
switches.*** The final example shows how mechanical pulling
can force the outcome of a nucleophilic addition to an a-chiral
ketone to a diastereoselectivity opposed to the celebrated
Felkin-Anh model,>® a situation comparable to the anti-
Woodward Hoffmann ring opening of cyclobutene shifting
from a conrotatory to a disrotatory mode upon mechanical
stress."®

Our wandering through quantum mechanochemistry, from
concepts to reactivity and switches thereby comes to an end.

2. Reconciling conceptual DFT with
mechanochemistry
2.1. Quantum mechanochemistry: a short introduction

In this part, we provide a brief overview of the quantum mechano-
chemical approaches used in our work to describe the effect of an
external force on the different molecular systems. Extensive and
complete reviews on this topic are available elsewhere.**%** We
will focus on two static approaches as mentioned in the introduc-
tion. A first approach is the constrained geometries simulate
external force (COGEF) methodology, introduced by Beyer and
co-workers." This is an indirect method that uses a geometric
constraint to simulate an external force. Applying an external force
to a molecule results in a change of the nuclear constellation; the
nuclear gradient computed at this deformed geometry is equal
to the force that will mechanically lead to this geometry. When
performing this type of calculation, one typically adjusts
(Z.e. elongate or decrease) the distance between two atoms on
which an external force will act and the rest of the molecular
framework is relaxed. Repeating this for different values of this
interatomic distance will then allow to explore the effect of a
changing external force. As such, COGEF indirectly simulates the
influence of the mechanical force on the molecular framework.

An example of a direct method used in our work to investi-
gate the effect of an external force is the EFEI (external force
explicitly included) method.™ In this approach, one minimizes
the force modified potential energy expression:

VEFEI(q,Fext) = VBo(‘]) — FexcR (1)

with respect to changes in the molecular geometry in order to
probe the effect of an external force. In this case, q denotes the
collection of structural parameters, Vgo the Born-Oppenheimer
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potential energy in absence of a force, Fey the external force
applied and R the distance between the pulling positions.

The effect of the application of an external force to a
molecule will result to a change of the complete geometry of
the molecule with respect to the original Born-Oppenheimer
equilibrium geometry. However, it is relevant to know the
structural parameters that are most impacted by the applica-
tion of the force. This information can be gained through the
application of the so-called JEDI (Judgement of Energy DIstri-
bution) analysis.'®'®> In this approach, one computes, in a
harmonic approximation, the energy stored in each internal
coordinate q, of which there are M in total, through application
of an external force as:

1 2V (q)
E=3) AqilAg; (2)
257 00104 |y,
, 2 40) . . .
In this expression, is a Hessian matrix element
99i94j |4y,

evaluated at the equilibrium geometry (qo) and Ag; is the
change in the internal coordinate i upon mechanical deforma-
tion. The sum of each of these terms for all internal coordinates
is called the harmonic stress energy. Analysis of the distribu-
tion of the stress energy can provide useful insights into local
effects as a response to the application of a mechanical force.

2.2. Conceptual DFT and its extension by a mechanical force:
mechanochemical response functions

Density functional theory (DFT)'>°! is a branch of quantum
mechanics which uses the electron density p(r) of the system,
an observable quantity, function of three spatial coordinates, as
the basic variable of an N-electron system instead of the wave
function ¥, which is a function of the spatial coordinates and
spin coordinate of all the electrons. DFT was formally estab-
lished through the Hohenberg-Kohn theorems which allow to
write the electronic energy as a functional of the ground state
electron density. Minimization of this energy with respect to
variations in the electron density with the constraint that the
electron density should at all times integrate to the number of
electrons of the system yields the so-called DFT analogue to the
Schrodinger equation:*®

H=le) + s ()

In this equation, p is the Lagrange multiplier associated
with the above-mentioned constraint, which is called the
electronic chemical potential, v(r) is the potential due to the
nuclei (i.e. the potential due to the nuclei in the absence of
other external fields) and Fy is the so-called Hohenberg-Kohn
functional, which contains the kinetic energy of the electrons
and the electron-electron repulsion. This equation was turned
into an orbital equation by Kohn and Sham in which the only
unknown variable is the exchange-correlation functional.’?
In the last 4 decades, many accurate approximations for this
functional have been put forward enabling the use of Kohn-
Sham DFT for the accurate calculation of many atomic,
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Fig. 1 Conceptual DFT response function tree depicting the most important response functions up to second order for the E = E[N, v(r)] functional. Red
arrows indicate differentiation with respect to N, and green arrows indicate differentiation with respect to v(r).

molecular, and material properties with high accuracy at a
much lower computational cost than traditional wavefunction
methods. However, density functional approximations also
suffer from shortcomings for the calculation of certain proper-
ties [for a recent critical account on the different Density
functional approximations (DFAs), see ref. 93]. Next to the
attractive computational properties of DFT, the theory has also
proven to be ultimately suited for the introduction of chemical
concepts and principles, known to many chemists, but often
previously defined only on qualitative grounds. As already
mentioned in the introduction, this area known as conceptual
DFT (CDFT)***° allows a sharp, mathematical definition of
these chemical concepts which permits their first principles
computation. Conceptual DFT started with the identification by
Parr and co-workers of the electronic chemical potential u*’
with the negative of the Mulliken expression for the electro-
negativity y, a quantity introduced by Pauling as the power of
an atom in a molecule to attract electrons to itself.”* The
electronic chemical potential can be proven to be equal to the
derivative of the energy of the system with respect to the
number of electrons at a constant external potential and can
thus be seen as a response function:

--(52) == @
a ON zz(r)_ *

This CDFT expression for the electronegativity connects the
definition to the expression put forward by Iczkowski and
Margrave.”” In a finite difference approximation, the electro-
negativity definition equals the expression proposed by
Mulliken®® for this quantity, the average of the vertical ioniza-
tion energy I and electron affinity A of the system.

I+ 4
=2 G)

Other chemical quantities have in turn been introduced as
response functions of the system’s energy with respect to
variations in the number of electrons, the external potential,
or both. These functions can conveniently be collected in a
so-called response function tree,*>*%3° given in Fig. 1 up to
second order.

24 | Phys. Chem. Chem. Phys., 2024, 26, 21-35

As can be seen, the first derivative of the energy with respect
to the external potential equals the electron density, the central
quantity of DFT. Other quantities find themselves a natural
place in this tree:

e The chemical hardness #,*®
energy with respect to the number of electrons, an important
quantity in Pearson’ hard and soft acids and bases®” and
maximum hardness principles.”® The absolute hardness was
introduced by Parr and Pearson as the half of the difference
between I and A.T The inverse of the global chemical hardness
is the global softness S.

e The Fukui function f(r) probes molecular regions prone to
a nucleophilic, electrophilic or radical attack.*® This function is
suited to describe intramolecular reactivity trends. To describe
reactivity trends between different compounds, the Fukui func-
tion is turned into the so-called local softness, the product of
the Fukui function with the global softness.”®

e The linear response function y(r,r'),*® a quantity which has
been shown to provide insight into electron delocalization.** '

Other additional quantities have also been introduced over
the years. The dual descriptor, a third order energy derivative,
was defined as the derivative of the Fukui function with respect
to the number of electrons***'%? and can provide a “one-shot”
picture of both the electrophilic and nucleophilic regions of the
molecule. The electrophilicity index > was introduced as the
energy change when the system takes up the maximum amount
of electrons possible from a perfect electron donor (i.e. a system
with zero chemical potential). It was shown to be equal to the
ratio of the square of the chemical potential and two times the
hardness:

the second derivative of the

w=— (6)

These reactivity indices have been used extensively to eval-
uate chemical reactivity in different fields of chemistry, ranging
from organic to inorganic chemistry, biochemistry, catalysis
and nanochemistry.***¢

In a first part of our work on mechanochemical reactivity, we
wanted to evaluate the effect of an external mechanical force on

 In most papers, this arbitrary factor of 1 is dropped.
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these above-mentioned response functions. This will involve,
among others, the evaluation of derivatives of the type:

dX
6F ext (7)

with X the response function under scrutiny. The direct evalua-
tion of these kind of derivatives is however not straightforward
since the external force does not act on the electrons of the
systems but only on the nuclei. We will however circumvent
this issue by working in the framework of the COGEF method,*?
using force-modified geometries and subsequently evaluating
X at different geometries and thus for different values of the
force. This methodology was adopted for two cases: (1) an
external force aligned with a bond axis for diatomic
molecules® and (2) a force perpendicular to a given chemical
bond thus changing bond angles.*’

2.3. Chemical bonds and angles stressed by mechanical forces

2.3.1. Diatomic molecules: electronegativity, hardness and
softness and electrophilicity. To examine the first scenario, six
global reactivity indices were evaluated for a series of 21
diatomic molecules and these quantities were computed for
different magnitudes of the external force. The response functions
evaluated were the vertical ionization potential (I), the vertical
electron affinity (4), the electronegativity (), the chemical hard-
ness (1), the global softness (S) and the electrophilicity index (w).
The maximum force used in this analysis was half of the
maximum force Fp,,, the maximum external pulling force a
molecule can withstand, and which can be computed for diatomic
molecules from a Morse potential.’® For 11 equidistant values
between —0.5F ., and 0.5F ., the bond distance was determined
according to the COGEF approach. For each of the diatomic
molecules and for each response function separately, polynomials
of 2nd order were fit to computed X(F.,) values, subsequently
yielding the mechanochemical response functions: These poly-
nomials can be written as

XD(Fext) = aFeri® + bFexe + X(0) (8)

In Table 1, we list the linear parameters b of these second
order polynomials, which represent the first order changes in X
around the equilibrium position, i.e. corresponding to the

X2
absence of an external force, ——
ext | g =0
the @, denoting the use of a second-order polynomial fit, and
the condition F.y = 0 has been dropped in the notation of the
response functions in Table 1.

First, we will discuss the changes of the ionization energy
and the electron affinity with an external force. Since these
responses have the dimension of a distance, it is reasonable to
investigate the relationship between the changes in 7 and A with
the difference in bond equilibrium distance between the neu-
tral species and the cation and anion, respectively, in order to
gain insight into the sign and the magnitude of the responses.
The correlation plots between the first-order derivative of I and
A with respect to F.: and the difference between the

. Remark that both
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Table 1 First order responses of /, A, x. . S and o with respect to changes
in the external force. All values are in a.u

ol 0A dy an oS ow
aFext 0Fext 0Fexl aFexl aFext OFext
H, —0.4037 0.0276 —0.1881 —0.4313 1.0196 —0.0410
HF —0.1351  0.0327 —0.0509 —0.1672  0.4436 —0.0058
HCI —0.0706  0.0516  —0.0095 —0.1222  0.5214 0.0084
HBr —0.0589  0.0723 0.0067 —0.1312  0.6586 0.0169
F, 0.2014  0.8709 0.5362  —0.6695  1.9945 0.3621
Cl, 0.2099  0.7473 0.4786  —0.5374  3.4234 0.3655
Br, 0.1467  0.5460 0.3464  —0.3992  3.3898 0.3069
FCl 0.1796  0.5921 0.3858 —0.4124 2.0071 0.2647
FBr 0.1574 0.5171 0.3373  —0.3597 2.1888 0.2547
CIBr 0.2064  0.7045 0.4555 —0.4981 3.7181 0.3741
N, —0.0372  0.1332 0.0480 —0.1457 0.3343 0.0252
P, —0.1473  0.1464 —0.0005 —0.2937 2.2166 0.0437
PN 0.0147  0.0940 0.0545  —0.0792  0.4265 0.0373
BN —0.1282  0.0025 —0.0629 —0.1307 1.4116 —0.0030
O, 0.1801  0.2090 0.1945 —0.0289 0.1319 0.0975
S, 0.1538  0.1997 0.1767  —0.0459  0.5217 0.1306
SO 0.1278  0.1446 0.1362 —0.0168 0.1346 0.0834
CcO 0.0309  0.0568 0.0439  —0.0259 0.0797 0.0196
LiF —0.4419 0.0893 —0.1763 —0.5312 3.3022 —0.0186
NaCl —0.4534 0.1941 —0.1297 —0.6475 7.0596 0.0344
MgO —0.1065 0.0838 —0.0114 —0.1902  4.3190 0.0512

equilibrium bond distance of the neutral and cationic and
anionic species, respectively, are shown in Fig. 2. As can be
seen, except for a small number of outliers, these quantities are
. ol . e
correlated. One can infer that e > 0 if the equilibrium bond
ext
distance of the neutral molecule is larger than the equilibrium
bond distance of the cation, and vice versa. In addition, the sign
of this derivative can be shown to be smaller than zero when
the electron is removed from a bonding orbital and larger than
zero when it is removed from an antibonding orbital. Analo-
04 . e
gously, one observes that, D > 0 if the equilibrium bond
ext
distance of the neutral species is smaller than the equilibrium
bond distance of the anion; similarly, the derivative is larger
than zero when the electron is added to an antibonding orbital.
Both I'and A are the basic ingredients of the finite difference
estimates of the electronegativity and hardness; for the depen-
dence of the Mulliken electronegativity, one can thus write:

O _1( o1 , o4

5Fex172 6Fex[ aFext

(R~ RY1] o+ [RE = RJ) = 5(RY¥ = RY)
©)

~
~

N —

One might expect that the bond distance of the anion will
always be larger than that of the cation, implying an increase of
the molecular electronegativity with increasing force. In our
test set of 21 diatomic molecules, seven molecules (H,, HF,
HCl, BN, LiF, NaCl and MgO) have a larger equilibrium bond
distance in the cation than in the anion leading to a decrease
of the electronegativity with increasing force. For all other
diatomics, except P,, a positive first order derivative of y was
found, in agreement with the larger bond distance in the anion
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Fig. 2 Correlation between (A) the first-order derivative of / with respect
to Fext and the difference between the equilibrium bond distance of the
neutral and cationic species and (B) the first-order derivative of A with
respect to Fex and difference between the equilibrium bond distance of
the neutral and anionic species. The solid lines indicate the lines with unit
(1 or —1) slope and zero intercept, the dashed lines the regression curves.
Reproduced from ref. 29 with permission from the PCCP Owner Societies.

than in the cation. In the case of P,, the inconsistency between
the electronegativity change and the bond distance changes
was shown to be due to an important high order effect.

In the case of the absolute hardness, one obtains:

on (0l B 04
6F€X[ B aFexl aFext

)= (R~ R = (R - &)

= (R~ RY = RY*)
(10)
on

aFEXt
diatomic molecules; the hardness of a diatomic molecule

Without any exception, we find that < 0 for the 21
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decreases when an external force is applied. This observation
can be seen as a manifestation of the so-called principle of
maximum hardness,”® which states that a system will evolve to a
configuration of maximum hardness at constant external and
chemical potential. It is pleasing to note that when replacing the
external force by an external isotropic pressure p, expressions were

iz and @ to the volume of the neutral, anionic and
o Op

found relating

cationic systems, completely analogous to equations (9) and (10).%°

Finally, we investigate the influence of a mechanical force
on the electrophilicity, a quantity which combines the electro-
negativity and the hardness (Eq. 6.). The change of electrophi-
licity with respect to an external mechanical force can be
evaluated as follows:

2 g 2 2
o 9 (X _OL (7 ) 04 (1 7T gy
SFéxt OFext 271 8F€Xt 2 2 8Fex1 2 2

with

1 (I+A4)
) -

As I is usually much larger than A (typically a factor 8),3¢ the
value of y varies around 0.5. As a result, the change in the
electrophilicity is mostly determined by the change of A. Since
this quantity is always positive for the systems investigated, the
electrophilicity change is positive in most cases, except for H,,
HF, BN and LiF where the large negative response of I over-
comes the small positive change of A. This result for the change
of the electrophilicity nicely connects to a QM/MM study
indicating that the redox potentials of cysteine dimers'®*
increases with the application of a pulling force. Since electro-
philicity is positively correlated with redox potentials,'®>'°® this
result is in line with the increasing electrophilicity with an
increasing external force.

2.3.2. Mechanical forces on bond angles: simulating strain
in cycloalkynes. We next move to an application where the
effect of a mechanical bending force is scrutinized. This
application is situated in the area of click and bio-orthogonal
chemistry, a highly important and timely research topic, as
witnessed by the fact that the 2022 Nobel Prize was awarded to
Bertozzi, Sharpless and Meldal for their developments in this
field."®” One example reaction is the 1,3-dipolar cycloaddition
of alkynes with azides forming 1,2,3-triazoles.'®® With plain
linear alkynes, this reaction requires a catalyst (e.g. a Cu-
based catalyst, denoting the reaction with the acronym
CuAAC or copper-catalyzed alkyne azide cycloaddition) or ele-
vated temperatures.'*®''® However, when putting strain on the
triple bond, as in cyclic alkynes such as cycloheptynes or
cyclooctynes, no catalyst is required; the reaction is termed a
strain promoted alkyne-azide cycloaddition (SPAAC) and
can be performed under physiological conditions. This
reaction is an example of a bio-orthogonal reaction, a chemo-
selective transformation that can be used in biological
environments.'"' 13

We consequently modelled the variation of strain present in an
alkyne triple bond by applying an angular bending force of different
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magnitude to put this reaction into a mechanochemical
perspective.*® Bending away from linearity in a syn fashion, both
angles around the triple bond resembles a fragment of a cyclic
alkyne. As such, the reactivity of the triple bond can be probed
through CDFT reactivity indices when the alkyne is bent. The
reactivity of cyclic alkynes with increasing ring strain was probed
using substituted 2-butyne fragments. As can be seen from Fig. 3, the
global softness S increased upon increasing bending angle, in line
with the results for the softness variation found for stretching the
covalent bonds in the diatomic molecules. Since increasing global
softness implies decreasing hardness, this results already indicates
an increasing chemical reactivity with increasing bending force.

Next, the local reactivity, as probed by the local softness, was
evaluated. In most cases, the alkyne behaves as the
electrophile’® and thus we evaluated both the condensed
Fukui function f and local softness s* for a nucleophilic attack
on both carbon atoms of the triple bond in order to probe the
C=C reactivity. The resulting plots of these quantities vs the
bending angle is shown in Fig. 4. As can be seen from these
plots, an increasing bending angle renders these alkynes more
prone to a nucleophilic attack. Importantly, the angles of the
alkyne must be distorted at least 15° to be significantly more
reactive than the linear system and the influence of substitu-
ents on the electrophilic character of the triple bond
diminishes when it is bent further away from linearity. From
this study, we can thus conclude that not only the strain effect
is important in SPAAC reactions but also the intrinsic increase
of chemical reactivity upon changing the bending angle.

3. Design of molecular force probes

Molecular force probes are a special type of mechanophores
that allow for the detection and quantification of mechanical
strain in a single molecule or material due to a measurable

S, a.u.

2.0 1 1 1 | 1
0 10 20 30 40 50 60

¢’
Fig. 3 Plot of the global softness S of the 2-butyne fragments vs the triple
bending angle ¢. S was calculated as the inverse of /-A (e) or the inverse of

the HOMO-LUMO gap (x). Reproduced from ref. 30 from the Royal
Society of Chemistry.
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Fig. 4 (A) Condensed Fukui functions f*(r) on the carbon atoms of
the triple bond with increasing bending angle. (B) Condensed local soft-
ness s*(r) on the carbon atoms of the triple bond with increasing bending
angle. Reproduced from ref. 30 from the Royal Society of Chemistry.

change in the properties, such as a variation of the color.>**”!*#

The small molecular force probes can be incorporated into
polymer chains providing a broad range of stress-responsive
materials, which are very important for the understanding of
mechanochemical reactivity."'*™*' These exciting force-sensi-
tive molecules can be designed using computational approaches
by identifying species undergoing optical property changes
upon application of an external mechanical force.>****'** The
most intensively investigated mechanophore is based on the
spiropyran-merocyanine interconversion via a force-induced peri-
cyclic ring-opening reaction.'**'** Thus, application of a force in
spiropyran results in the elongation of the spirocyclic C-O bond
triggering a 6mring opening to the colored merocyanine

125126 when external forces are removed, the material’s

122

form.
deformation recovers quickly but the color fades away slowly.
Definitely, most of the mechanophores suffer from a slow
mechanical deactivation, which limits the applicability of func-
tional materials incorporating mechanophores.'*”

In our work, an alternative intramolecular 6mn-electro-
cyclization in constrained polyenes was explored for designing
novel molecular force probes operating under thermal
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Fig. 5 Molecular force probe based on 6n-electrocyclizations in constrained polyenes. (A) Force probe mechanism consisting of 4 steps. (B) Schematic
Gibbs free energy diagram under thermal conditions. Reprinted with permission from the Journal of Organic Chemistry (ref. 31), Copyright 2021,

American Chemical Society.

conditions.®" As illustrated in Fig. 5, our thermal force probe
operates in 4 steps. In the first step, a spontaneous ring closure
takes place yielding the closed product, which interrupts the
n-conjugated system within the polyene. In step 2, an external
force (Fey) is then applied at the terminal H-atoms of the
polyene chain to strain the newly formed carbon-carbon
bond, triggering the reverse ring-opening reaction in step 3.
With the open form now promoted, the external force is
removed in step 4 allowing the relaxation of the open structure
that can undergo again the 6mn-electrocyclization, reinitiating
the mechanism. In principle, we can cycle through this force-
probe mechanism by repeatedly applying and removing the
external force.

The schematic energy level diagram in Fig. 5B shows that
the ring closure is spontaneous when no force is applied, i.e.
A(Grorwara < 0; while the ring opening should be exergonic
when an external force is active, i.e. A;Greyerse < 0 (under Fe). Thus,
the closed form must be sufficiently activated in the presence of the
external force in step 2 for such force probe mechanism to be
viable. To validate our hypothesis, we devised a set of constrained
polyenes with a fused ring system to lock the orientation of the
three n-bonds to promote the desired 6mn-electrocyclization in the
absence of an external force. Indeed, quantum mechanical calcula-
tions showed negative Gibbs free energies for the forward ring-
closure reaction in compounds 1-5 possessing different ring fused
structures (Fig. 6A). More importantly, strongly negative reaction

QH H H H H H HH HH H H
L LR SR TR

Open

ArGreverse AGireverse
1A -74.2 1.0
2A 754 13.6
3A 676 14.5
4A 703 12.8
5A -63.8 12.6
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| g D
1-5

@

BAAVBo MF AR

A U O N
o O O o

G, kcal mol!
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=
o

1A 2A 3A 4A 5A

[N
o o

Fig. 6 (A) Constrained polyenes with varying geometrical flexibility. (B) Gibbs reaction energies and transition state energies for the reverse ring-opening
reaction under a force of 2 nN. (C) Contributions of the effect of distorting the molecular system (blue) and the mechanical work (orange) to the shift in

Gibbs reaction energy of the force-induced reverse ring-opening reaction.
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barriers and low activation barriers were obtained for the reverse
reaction upon application of an external pulling force of 2 nN,
proving that the reverse ring opening becomes highly exergonic in
this force regime (Fig. 6B).

To get further insight into the driving forces pushing the
equilibrium towards the open form when F. = 2 nN, we
decompose the changes in the activation energies and reaction
energies into two terms based on the EFEI eqn (1). According to
this formalism, the shift of the energy differences (AAV) of the
stationary points due to the external force can be written as a
sum of two terms:

AAV = AAVgo — FerelAR (13)

where AAVp, is the shift of the energy differences of the Born-
Oppenheimer potential energy surface and captures the sec-
ondary effect of moving away from the unperturbed equili-
brium geometries due to the external force. The second term
captures the mechanical work applied to the system and
depends linearly on the magnitude of the external force (Fey).
AR corresponds to the difference in the distance between the
pulling positions in the closed and open forms.

As illustrated in Fig. 6C, the force-dependent term is signifi-
cantly larger than the Born-Oppenheimer term and therefore
governs the large shift in the thermochemical properties of the
reverse ring-opening reaction. Because the mechanical work is
the product of the force and the displacement along which the
force is oriented, one can explain why ring-opening reactions
are specifically triggered by a pulling force: a ring-opening
reaction typically increases the distance between several atoms
in a molecule (AR > 0) and the application of a pulling force to
a pair of such atoms triggers the ring opening. Therefore, the
efficiency of mechanical activation strongly depends on the
magnitude of the applied external force and the distance
between the pulling positions.

In the next study, we took this idea of the pulling point
distances a step further. Herein, we assessed if internuclear
distances can be used as a predictive tool for the identification
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of new mechanochemical processes. As a test bed, we focused
on the [28]hexaphyrin, a flexible macrocycle for which aro-
matic Mobius and antiaromatic Hiickel structures coexist
in dynamic equilibrium as proven experimentally’*® and
theoretically.”"'*® Expanded porphyrins are an unexplored
class of compounds for molecular force probe applications
despite its potential to act as conformational mechanophores,
i.e. molecules that undergo a predictable conforma-
tional modification triggered by a mechanical force."*® The
interest in conformational mechanophores has spiked in recent
years as they do not require any bond cleavage and thus can be
operated at lower force regimes and are less prone to mechanical
degradation,'*""*?

Our quantum mechanochemical calculations demonstrated
that mechanical force is an effective stimulus to trigger the
interconversion between Hiickel and Mobius topologies in
[28]hexaphyrin,** expanding the toolbox of stimuli to activate
these unique molecular switches.®"'** A straightforward
approach based on distance matrices of the unperturbed
structures was proposed for the identification of appropriate
pulling scenarios. Only the six meso-positions of the macrocycle
were considered as pulling positions since such peripheral
modifications are synthetically viable and applying force
through meso-positions should retain the central macrocyclic
framework."** A total of six internuclear distances that are
larger in the Hiickel topology were identified and our hypoth-
esis is that the application of a pulling force along these
distances is expected to favor the Hiickel topology. These meso
carbon-carbon distances larger in the Hiickel topology are
indicated in blue in Fig. 7A. Additionally, one distance (5-6 in
red) was found that is larger in all Mobius topologies and
accordingly pulling along this distance is expected to enhance
the stability of the Mobius topologies (Fig. 7B).

To verify our hypothesis, we computed the relative energies of
Hiickel and Mobius topologies at two force regimes (0.333 nN and
1 nN) with the EFEI formalism. Remarkably, the conformational
equilibrium evolved in the expected direction for all pulling
scenarios (Fig. 7B). For the pulling scenarios highlighted in blue,

O0nN ©O0.333nN m®m1nN

25 36

®,0

s
VTR SV 4
< ®

1-4 2-6 @5

35 1-5

@® Mobius

56

Fig. 7 (A) Numbering of the meso-positions of the [28]hexaphyrin macrocycle. Pulling scenarios promoting the Huckel (in blue) or the Mébius (in red)
conformation, based on the distance matrices. (B) Energies of the Mdbius structure relative to the Htickel topology for different force regimes. A positive
sign indicates a more stable Huckel structure, whereas a negative sign means the opposite.
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the energy differences between the Hiickel and M&bius structures
are reduced until full inversion of the conformational equilibrium
when the force is applied through 2-5 and 3-6 meso-positions.
By contrast, pulling at carbons 5-6 increases even more the energy
difference, locking the Mobius topology in a deeper minimum on
the potential energy surface. In a stronger force regime of 1 nN, the
shift in the relative energies is even more pronounced, but it is
remarkable that certain conformations did not converge to the
desired topology. Accordingly, the maximum force for this con-
formational mechanophore is about 1 nN.

Importantly, distance matrices are computed for unper-
turbed structures and can therefore only be used as a guiding
principle for the identification of appropriate pulling scenarios.
Two key assumptions need to be satisfied. First, if a distance is
smaller in one conformer relative to another one, this trend
must be preserved upon the application of a pulling force along
this distance. Second, it is assumed that the Born-Oppenhei-
mer term is small relative to the mechanical work, which is
indeed the case for the force-triggered topology interconver-
sions in [28]hexaphyrin.**

Having proved that [28]hexaphyrin can act as a novel con-
formational mechanophore operating at low force conditions,
we asked ourselves why mechanical activation is so efficient
to revert the conformational equilibrium towards the Hiickel
topology. To answer this question, we performed JEDI analy-
ses'® to examine the distribution of the mechanical energy
absorbed by bond, angles and dihedral angles. The JEDI
analysis provides a color-coded distribution of the mechanical
energy in the Mobius structures, where red areas corres-
pond to large amounts of stored mechanical energy (Fig. 8).
Even though the force was applied to the meso positions, the
strain energy was allocated very locally. The change of topol-
ogy in [28]hexaphyrin is achieved by variation of the internal
dihedral angles’"'*° and the regions around these dihedral
angles of interest were strained more than the rest of the
molecule, which is in line with the strong activation of the
molecular switch. It is noteworthy that the dihedral angles
account for a large portion of the total strain energy in this
mechanophore.
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4. Mechanochemical Felkin—Anh
model for the addition of nucleophiles
to chiral carbonyls

In our final study, the ability to lock a molecule into one
conformation with mechanical forces is used to challenge a
well-established reaction mechanism in organic chemistry: the
Felkin-Anh model for the nucleophilic attack to a-chiral
carbonyls.*® Two diastereomers can be obtained upon such
carbonyl addition reactions and the stereoselectivity can be
predicted by the Felkin-Anh model by arranging the substitu-
ents on the C, atom according to their size."*"® It is assumed
that the ketone can freely rotate around the C-C, bond and the
most stable rotamers are those in which the largest group (L) is
positioned perpendicular with respect to the oxygen atom and
methyl group of the ketone to minimize steric interactions
(Fig. 9A). In the next step, the nucleophile approaches the
carbonyl via either side of the ketone for both rotamers and
hence a total of four transition states are possible (Fig. 9A).
According to the Felkin-Anh model, the pathway with the least
steric hindrance proceeds via the lowest activation barrier
leading to the major diastereomer. In this case, the transition
state in which the nucleophile approaches close to the small
substituent is expected to be lower in energy. For our test
reaction, the nucleophilic addition of CN™ to (3S)-3-phenyl-
butan-2-one, our calculations confirm that this is indeed the
lowest energy transition state, yielding predominantly the S,R-
diastereomer (diastereomer 1 in Fig. 9A), in line with the
Felkin-Anh model predictions.*

The rotational freedom around the C-C, bond is crucial in
the Felkin-Anh model for achieving the different rotamers of
the chiral ketone. Based on our work on force-induced electro-
cyclic ring openings and topological interconversions,**> we
postulated that a mechanical force can be used to prevent the
free rotation around the C-C, bond and lock one conformation
in order to influence the stereoselectivity of the nucleophilic
addition. As illustrated in Fig. 9B, two pulling scenarios were
considered in which the mechanical force is applied through
the L or M substituent on C, and the carbonyl methyl group.

Bonds 4.0%
Angles 25.1%
Dihedrals  69.9%

Fig. 8 JEDI analysis showing the distribution of the mechanical energy stored in the Mdbius structure in the 1-4 pulling scenario at 1.0 nN and the
Huckel structure in the 5—6 pulling scenario at 0.333 nN. Circular contours highlight the most activated regions by the external force and correspond to
the reaction coordinate triggering the topology interconversions. Reprinted from Chemistry — A European Journal, ref. 32.
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Fig. 9 (A) Felkin—Anh model predicting the favored diastereomer of a
nucleophilic attack to a chiral ketone. The four transition states associated
to the two rotamers with the largest substituent (L) perpendicular with
respect to the ketone oxygen atom and methyl group. (B) The proposed
mechanochemical Felkin—Anh model. The favored conformation for the
stretched ketone maximizes the separation of the pulling positions and the
lowest-energy transition state is associated to the pathway with least steric
interactions. The substituents on the chiral carbon are called L, M, and S in
the order of the largest to the smallest one.

Upon application of an external force to the ketone chain, only
one conformation becomes accessible in which the pulling
positions are placed in an antiperiplanar arrangement to maxi-
mize the distance between the pulling groups (Fig. 9B). The
second step in our mechanochemical model is identical to the
Felkin-Anh model since the nucleophile can approach from
either side of the carbonyl in the stretched chiral ketone and
the preferred transition state is selected based on steric hin-
drance. In the case of M-pulling, the stretched conformation is
very similar to the original Felkin-Anh model since L is almost
perpendicular with respect to the oxygen atom and the methyl
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group. Consequently, the favored pathway involves a similar
transition state and the diastereomeric selectivity is anticipated
to be unaffected. By contrast, pulling to the L group leads to a
drastic change in the stretched conformation of the ketone and
the favored transition state. As shown in Fig. 9B, the nucleo-
phile is expected to approach via the smaller substituent (S),
yielding the opposite diastereomeric selectivity with respect to
the original Felkin-Anh model.

This intuitive model was validated through quantum
mechanochemical calculations. While the S,R-diastereomer is
kinetically preferred when a force is applied to the two methyl
groups, the S,S-diastereomer is preferred when the force is
applied to the phenyl substituent on the C, atom and the
carbonyl methyl group. Remarkably, the conformation of the
ketone was locked into one minimum on the force-modified
potential energy surface at a very low force regime (0.50 nN) in
both pulling scenarios. The pulling point distances in the
optimized geometries at 0 nN were used to accurately predict
the changes of the rotational potential curves. Overall, a novel
mechanochemical Felkin-Anh model was proposed in which
the force is solely applied for restricting the conformational
freedom of the chiral ketone, promoting otherwise inaccessible
reaction pathways on the force-modified potential energy
surface.

5. Conclusions

The field of single-molecule mechanochemistry is only two
decades old and its development has witnessed a remarkable
interplay between theory and experiment. Some recent
advances in the quantum chemical part of this evolution are
highlighted in this contribution. Combined with the (extended)
COGEF model, both global and local descriptors from the
Conceptual DFT toolbox are capable to rationalize the behavior
of a bond under mechanical stress, both for stretching and
bending forces. In the former case, changes in global reactivity
indices such as electronegativity, hardness and electrophilicity
upon application of an external force can be related to the
evolution of equilibrium distances of the unperturbed molecule
when accepting or donating electrons. In the latter case, local
descriptors (Fukui functions and local softness) are instrumen-
tal in modelling the influence of ring strain on the reactivity of
cycloalkynes by mechanical bending forces.

The idea of applying a force along the reaction coordinate
already emerges from these more conceptual investigations and
turns out to be a leitmotiv in the applications on molecular
force probes. It is reminiscent of similar findings on the
optimal use of electric fields as “effectors” of chemical reac-
tivity, as presented in Shaik’ s work. In this part, local changes
of potential energy surfaces are investigated using the EFEI
approach to design force probes based on ring-opening and
closure (6m electrocyclizations) and a Hiickel-Mobius topologi-
cal switch in [28]hexaphyrins. In both cases, the distance
between the pulling points plays a decisive role. In the final
application, triggering the diasteroselectivity in nucleophilic
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additions on a chiral ketones, the potential of the mechanical
force on locking certain conformations is exploited, the distance
between the pulling points being again of crucial importance.

Our studies indicate that the introduction of a mechanical
force into a quantum chemical context, at first sight far from
trivial as the associated interaction terms in the electronic
Hamiltonian are not present, has been successful. Combined
with reactivity theories, such as Conceptual DFT, this approach
may be very rewarding to design and/or interpret experiments
for synthetic chemists exploring molecules with unprecedented
properties. A key issue in this endeavor is the position of the
pulling points: their distance and their relation to the reaction
coordinate. To put it in a more general context, molecular
mechanochemistry is still in its infancy, but has a great
potential for synthetic chemists when extending their tradi-
tional portfolio to increase the rate and steer the outcome of
chemical reactions alongside with pressure, electric fields and, who
knows, magnetic fields. The role of quantum mechanochemistry in
this evolution can be expected to be preponderant.

A final reflection. The reader should realize that in the
present contribution only a relatively small part of the emergent
field of mechanochemistry has been discussed, namely
quantum-mechanochemistry at the molecular level. Of course,
the field of mechanochemistry is much broader as can be seen
in the Introduction and the overall content of this Special Issue.
When looking at the status of the field," some parallelism can
however be drawn between the experimental and theoretical
advances and prospects. At the single molecular level, theory
often precedes experiment thanks to a series of solid theoretical
methodologies developed in recent years, as evidenced in the
present paper. This evolution should be compared with the
intricacies of the experimental studies. For reactions with ball
milling techniques, a theoretical interpretation, mechanistic
insight into the reactions and support for optimizing the
thermodynamical variables at stake (temperature and pressure)
are still in their infancy. One may hope that breakthroughs
along the theoretical side in that field may be accompanied
by experimental progress in upscaling the single molecule
mechanochemical processes. Having a look at the coverage of
the new journal “Mechanochemistry” yields ‘“Great Expecta-
tions” for the future of mechanochemistry in the development
of new reactions and materials, all sharing a remarkable
“greening”’ of chemical processes.
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