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In our effort to implement the mechanical force used to activate single molecules in mechanochemistry in
the context of conceptual density functional theory, we present a theoretical investigation of strained
alkynes for rationalizing structural trends as well as the reactivity of cyclic alkynes that are of great
importance in in vivo click reactions. The strain on the triple bond in cyclic alkynes is modeled by
angular constraints in a 2-butyne fragment and the corresponding bending force is calculated by means
of an extended COGEF (constrained geometries simulate external forces) model. In general, the force
required to bend the triple bond is smaller with electron-withdrawing groups on the propargylic C-atom,
which elegantly results in smaller angles around the triple bond in cyclic alkynes with such substitution
pattern. By means of conceptual DFT descriptors, the electrophilic and nucleophilic character of bent
triple bonds was investigated revealing moderate activation for small distortions from the linear

Received 6th September 2019 geometry (0° to 15°) and a drastically more reactive m-space if the triple bond is bent further. This
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analysis of the intrinsic reactivity of the triple bond is in line with experimental observations, explaining

DOI: 10.1038/¢95c04507d the reactive nature of cyclooctynes and cycloheptynes, whereas larger cyclic systems do not drastically

rsc.li/chemical-science activate the triple bond.

A critical aspect of the strain-promoted coupling in Fig. 1b is

1. Introduction - ) rote )
the stability of the cyclic alkyne, which is governed by the ring

Under the impetus of Bertozzi and co-workers, research on
highly selective and bio-orthogonal (denoting inertness to the
biochemical environment in a living organism) processes has
flourished and has led to in vivo imaging of bio-molecules using
small-molecule probes." Among the examples of chemical
reactions suitable for such in vivo applications, strain-promoted
azide-alkyne couplings (SPAAC) have attracted particular
interest due to the stability of both the azide and strained
(cyclic) alkyne in a biological environment, high selectivity
without the need of a potentially toxic catalyst and favorable
reaction rates.

Many computational studies confirm the low reaction
barriers in cycloadditions with cyclic alkynes, with 8-membered
rings being the most popular member of the family because of
their stability and commercial availability.” Fig. 1 illustrates the
cycloaddition between acetylene and the strained cyclooctyne
and an azide, in which the azide is typically considered the
electron donor, although rapid inverse-electron demand SPAAC
reactions are known.?
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size.* Therefore, the smallest cycloalkynes (3 to 6-membered
rings) are not suited for reactions of this type, with total ring
strain increasing from 41 kcal mol ' for cyclohexyne to
133 keal mol ' in cyclopropyne.® Whereas cyclopropyne is an
intriguing test system in theoretical studies with no application
in SPAAC reactions,® the very reactive 4, 5 and 6-membered
cyclic alkynes are prone to rearrangements and di- and trime-
rization, but can be trapped in transition metal complexes or
bicyclic compounds.” Cycloheptyne and its derivatives are the
smallest members of the stable cycloalkyne family, although
cycloheptyne itself is not thermally stable.*

Driven by the wide range of possible applications in
biochemistry and assisted by computational simulations, the
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Fig. 1 The cycloaddition of an alkyne with an azide requires (a)
thermal or catalytic activation, or (b) a strained alkyne to accelerate the
reaction.
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hunt for reactive cyclic alkynes (mainly cyclooctynes) has iden-
tified a family of compounds that undergo quick SPAAC reac-
tions, some even under physiological conditions.*®*** But what
does this strain exactly do to the triple bond? Evidently, the bent
triple bond in Fig. 1b lowers the deformation energy of the
alkyne to form the 1,2,3-triazole. Less evidently, the intrinsic
reactivity of the triple bond is also fascinatingly affected by the
strained ring-structure.

Alkyne bending lifts the degeneracy of both the bonding and
anti-bonding m-orbitals in the linear geometry, as a result of
mixing of the C,s and the in-plane C,;, atomic orbitals with one
7 and one m*-orbital, leading to a higher energy of the filled
orbital and a lower energy of the vacant orbital.”** This is
a strong indication that the high rate constants in SPAAC
reactions originate not only from the geometrical distortion but
are additionally due to the enhanced chemical reactivity of the
triple bond, as can be expected from a decreasing HOMO-
LUMO gap. This phenomenon gained recent attention by
Bickelhaupt and co-workers who analyzed the decrease in acti-
vation barriers of SPAAC reactions with the reduction of the
cycloalkyne ring size in terms of distortion/interaction-activa-
tion strain analyses.™

In mechanochemistry, external forces are used to enhance
the reactivity of molecules typically by stretching and, thus,
constraining bond lengths and angles. Through computational
strain analysis, the connection between mechanochemistry and
cyclic alkynes was explored recently by Stauch et al., revealing
that bicyclic cycloheptynes can sufficiently stabilize the alkyne,
whereas photoswitches (i.e. a popular source for mechanical
strain in laboratory experiments) cannot.'**'* Interestingly, in
their work, the use of mechanical force was investigated for
stabilizing cycloheptyne, rather than using force as a means of
activation which is the common direction followed in
mechanochemistry.

Recent experimental advances allow for mechanical activa-
tion at the single molecular level, where the directional char-
acter of mechanical activation through external forces is known
to selectively enhance reactivity.'® Besides impressive experi-
mental advances thanks to ingeniously set-up experiments,
mechanochemistry also witnessed in recent years the develop-
ment of several quantum chemical techniques for quantitative
studies on the response of molecular systems to external
mechanical forces.”” The COGEF method, for example, models
external stretching forces through geometrical constraints." In
a recent contribution, we casted this approach in a conceptual
density functional theory (CDFT) context to enhance the
chemical interpretation of these responses in the case of
diatomics, leading to an extension of the energy functional E
[Ny(r)] to E[N,(r),Fex].** In this expression, the molecular
energy does not only depend on the number of electrons N and
the external potential between the nuclei and the electrons v(r),
but also on external mechanical forces acting on the system,

Op and In
a ext aFext
where u and 7 are the electronic chemical potential and
chemical hardness, respectively.

leading to global response functions of the type
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With this study, we exploit the natural connection between
angular strain and mechanochemistry. The influence of an
external mechanical force on the energy, structure and reactivity
is scrutinized for alkynes and it is demonstrated that structural
trends in cycloalkynes can be elegantly interpreted from
a mechanochemical perspective. Our CDFT based approach for
quantifying mechanochemical reactivity is thereby logically
extended by investigating these bent alkynes and the response
of local reactivity indices, such as the Fukui function and the
local softness, revealing the influence of s¢rain on the intrinsic
reactivity of the triple bond in angle-strained alkynes.

2. Methods

2.1. Mechanochemical approach: extending COGEF towards
forces on angles

The force acting on a molecule can be conveniently calculated
by means of the COGEF (constrained geometries simulate
external forces) method which simulates the effect an external
force through a geometrical constraint, i.e. the structural effect
of applying a force to a molecular system.'® This method has
been widely adopted to estimate the force required to achieve
a certain geometrical change or vice versa. While this method is
generally used to simulate stretching of a molecule, it is
possible to extend the model for estimating the force on bond
angles in e.g. strained cyclic systems and even torsional angles.
We developed a simple model to connect angular strain with
single-molecule mechanochemistry.

Regardless of the mathematical model used to describe the
Born-Oppenheimer (BO) potential energy curve in the case of
bond stretching, the contribution of a constant external force
(Fext) can be written as

Vtotal = VBO - Jﬁcxt -dr (1)

where r is a displacement or, in a molecular context, typically
the distance between two nuclei.”® The integration then goes
from the distance in equilibrium to the distance in the
stretched molecule. Such expression is the cornerstone of
computational methods that include the force explicitly.*! In the
case of a rotational displacement, one can write the second term
due to the external force as

Vi = — ‘ Foar (47 % 7) = - J (FxFu)-d5 @

where the vector d¢ is introduced. This vector is oriented
perpendicular to the plane of bending and parallel to 7 X Fey.
The integration over ¢ then goes from zero to a certain angle
and, evidently, the upper limit of the integration depends on the
magnitude of Fey: a larger force will result in a larger deviation
from the equilibrium structure. The vector 7 x Foy has the
meaning of an intramolecular torque (7; moment of force),
which provides information on the tendency of a molecule to
rotate intramolecularly in a certain direction.?” Importantly, Fox
is now perpendicular to the bond defined by 7, i.e. a bending
force. Fig. 2 shows a schematic picture of all vectors involved in
this extended COGEF model in the case of an infinitesimally

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Vector model of alkyne bending used for the extension of the
COGEF approach towards bending forces.

small bend on an alkyne in which the triple bond is held into
place.

Similar to the original COGEF model, a minimum on the
potential energy surface is achieved when the internal restoring
force and the external force cancel each other. In other words,
the first derivative of eqn (1) should equal zero. Substituting the
expression from eqn (2) yields

ad Vtolal _ d VBO
dop dop

—|AllF el = 0 (3)

In this expression, the vector product has been taken out of
the integral and eqn (2) is simplified to a simple product
because 7 and F.y are assumed to be perpendicular to each
other. For the sake of simplicity, let us now also suppose that
both vectors are independent of ¢ (see the ESIT for an extended
treatment). Eqn (3) connects the magnitude of an external
bending force with an angular deviation and allows an esti-
mation of bending forces in e.g. strained molecules, if an
expression for Vpg is available. In the case of a harmonic model
for the bending around the triple bond [see eqn (4)], the
magnitude of the external bending force, |ﬁext|, holds a simple
relationship with the harmonic force constant, a, and the length
of the bond adjacent to the triple bond, |7|, in the linear alkyne:

Veo = agp® (4)
- 2a¢p
|Fexll = (5)
|

In these equations, ¢ is the deviation from the angle at equi-
librium due to F.y. Eqn (5) is now the working equation in this
extended COGEF model as it connects the magnitude of the
external bending force to a specific angular distortion ¢, in
analogy to the original COGEF approach formulated by Beyer.'®
The two remarkably simple ingredients in eqn (5), being a bond
distance and a force constant, allow for an easy assessment of the
flexibility of different bond angles. This equation will be used for
quantifying the angular force acting on the triple bond in strained
systems by imposing geometrical constraints to a 2-butyne frag-
ment, creating a bridge between angle-strained alkynes and
mechanochemistry. Moreover, in the ESL ¥ eqn (5) is validated by
calculating the gradient on the propargylic C-atom in an angle-

This journal is © The Royal Society of Chemistry 2020
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constrained acetylene, which is shown be practically equal to
| Fexe|- It is also shown that this atomic gradient is almost perfectly
perpendicular to the C-C bond and oriented in the plane of the
three C-atoms in Fig. 2. Both methods are therefore equivalent for
calculating bending forces. However eqn (5) provides valuable
insight into the mechanical strength of a bond angle in terms of
a and |7|. Importantly, this model can be adopted for any bond
angle as well as torsional angles. However, a different expression
for Vgo might be advised in such cases.

2.2. Conceptual DFT descriptors

As stated above, in conceptual DFT (CDFT), the energy of
a chemical many-body system is expressed as a unique func-
tional of the number of electrons, N, and the external potential
between the electrons and nuclei, v(r). When the system is
exposed to a perturbation in N and/or v(r), the change in the
total energy, AE, can be written as a functional Taylor expan-
sion.”® Please note that, for the sake of readability, vectors in
this CDFT part are simply written with bold symbols.

oE dE 1 (&E
AE=(—] AN — ) Av@)dr+=(——=) AN?
(aN) v(r) + J (8\7(1')) N V(r) ' + 2 (6N2> v(l’)

AE
+ Jm ANAV(I‘)dl‘

+ % JJ (M:Tf(r’)) NAV(I')AV<V/> drdr’ + ...
(6)

Insight into chemical reactivity is obtained by analyzing the
partial derivatives in eqn (6), representing the response of the
system to the perturbation at stake (response functions). The first
and second order response functions of E with respect to N are
termed the electronic chemical potential (1) and the chemical
hardness (n).>* In a previous study, the present authors revealed
the response of these global descriptors as well as the electro-

2
philicity index (w)* defined as ";— when a chemical bond is sub-
n

jected to an external force, showing clear trends that can be easily
understood in terms of simple chemical concepts.” In the
present work, also local descriptors will be considered.

The electron density p(r) is the first derivative of E with
respect to v(r). The Fukui function f{r) is the first mixed deriv-
ative of E[N,v(r)] with respect to both N and v(r) and, therefore, it
is a quantitative tool for describing the change in electron
density when a perturbation to the total amount of electrons is
applied.?® Just like p(r), f{r) is a local descriptor, i.e. varying from
point-to-point in space. The Fukui function can be calculated
when one electron is added or removed from the system,
probing the electrophilic or nucleophilic properties of a mole-
cule, respectively, but also the reactivity of an alkyne in cyclo-
addition reactions both in case of the normal or inverse electron
demand interactions.

The local softness is defined in eqn (7) as the product of the
Fukui function and the global softness (S) of the molecular
system, where the global softness is the inverse of the global

Chem. Sci., 2020, 1, 1431-1439 | 1433
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hardness (). It can be interpreted as the result of partitioning
the softness through space by the Fukui function picturing the
softest and less soft regions in the molecule (for a detailed
discussion, see ref. 27).

() = S(r) = %f(r) )

2.3. Computational details

All geometry optimizations were carried out with Gaussian
09 *® using the M06-2X functional®® in combination with the
6-311+G(d,p) basis set, as computed activation free energies
correlate well with experimental values.”” The external
bending force was simulated by means of the extended
COGEF method described above through geometry
constraints on one of the C=C-C bond angles in 2-butyne
fragments in steps of 5° and repeated for different substitu-
ents on the sp® hybridized C-atom (see Fig. 3a). On this
propargylic C-atom, oxygen and fluorine substituents are
common*”? and, in this work, other groups were selected to
systematically investigate the electron-withdrawing/donating
effect of the substituent on the mechanical rigidity of the
triple bond angles as well as other effects. The external
bending force was calculated with eqn (5) using the distance
|| in the equilibrium geometry. The reactivity of the triple
bond in cyclic systems was simulated by imposing the
geometry constraint on both angles and, at the same time,
freezing the C-C=C-C dihedral angle to 0° to prevent the
trans-bending, as illustrated by Fig. 3b. The CDFT reactivity
indices (Fukui function, softness and local softness) were
computed using the smaller 6-311G basis set, in order to
artificially bind the additional electron to the molecule;** this
routine is especially crucial in the case of unstable anions,
which typically allocate the electron to diffuse orbitals.**

(a) (b)
H;C———CHj, HzsC——=——CHjs3
J Fext ] f(r), s(r)
HiC—= =
CHs Q3C CHy
Fig. 3 (a) The bending force was calculated by constraining one bond

angle; (b) the reactivity of the triple bond in cyclic alkynes was modeled
by constraining both angles around the triple bond.
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3. Results and discussion

3.1. Bending linear alkynes with an external force

The extended COGEF model described above leads to eqn (5) for
calculating the force corresponding to a given angular distor-
tion. As a prelude to the investigation of cyclic alkynes, which
impose this geometrical constraint on the triple bond through
ring strain, we discuss in this paragraph the angular force in
simple linear alkynes.

For different substituents (CHz, H, F and CHO) on the
propargylic C-atom, the external bending force was calculated
and plotted as a function of the deviation from the equilibrium
geometry (@) in Fig. 4, allowing us to scrutinize the effect of
electron-withdrawing effects. Clearly, for ¢ equal to zero, the
force also converges to zero for all substituents and a linear
relation is found overall, according to eqn (5). Importantly, the
magnitude of Fey is of the order of 1 nN, which is in the same
range as the stretching force typically required for bond length
elongations.* In the ESI,{ the extended COGEF model is
improved by varying || as a function of ¢, i.e. |7|(¢) (|7 typically
increases for larger bends); however, no significant deviation
from the linear correlation was found.

From Fig. 4, it seems that for R = CH,F, CHF, and
CH(CHO),, the required bending force is significantly lower
than for the other substituents. In the case of the fluorinated 2-
butyne fragment, Gold et al. revealed that the hyperconjugative
effect between the o, orbital and the in-plane m-orbital lowers
the energy required for bending compared to unsubstituted 2-
butyne and, elegantly, this effect is also reflected in a lower
bending force. Fig. 5 illustrates the frontier m-orbital for 2-
butyne and the o*-m orbital in the fluorinated variant. Upon
bending, the o*-m overlap increases and the orbital is stabilized
by 0.145 eV (or 3.3 kcal mol ') whereas the HOMO/HOMO—1
orbital in the unsubstituted 2-butyne is only stabilized by
0.044 eV (or 1.0 kcal mol™"). This effect is enhanced when
adding a second F-atom.

For R = CH(CHO),, one of the carbonyl groups aligns itself
with the triple bond upon bending, however, no benefit from

25} 3
HC—=
R
2,
e R=CH,
¢ R=CH,F
15 % R=CHF, 1
Z 190 x R=CH,CH,
P * R = CH,(CHy),
S * R =CH,CHO ’
1} = R =CH(CHO), 1
0.5¢ 1
O L L 1 1
0 10 20 30 40 50 60

)

,

Fig.4 Therequired bending force in acetylenes increases linearly with
the bending angle ¢, according to eqgn (5) but clearly varies upon
substitution.

This journal is © The Royal Society of Chemistry 2020
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CHy

3586 A ~@__
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(-0.507)

HOMO (-8.414 eV)

0.012
(0.136)
|

@=60° 2,608A|

|
-0.205
(-0.514)

%

HOMO-1 (-8.458 eV) HOMO-1 (-9.382 eV)

Fig.5 The frontier in-plane rt-orbital in 1-fluoro-2-butyne (R = CH,F)
is stabilized more than in 2-butyne (R = CHs) due to a hyper-
conjugative G*GF — 1 overlap. For R = CH(CHO),, electrostatic inter-
actions are presumed to be responsible for the low bending force.
Additionally, Hirshfeld (NPA) charges are shown.

orbital overlaps was found in this case. Instead, from Fig. 5, one
can hypothesize that electrostatic interactions are responsible
for the lower bending force. In particular the Natural Pop-
ulation Analysis (NPA) charges indicate a positively charged sp-
hybridized C-atom and a strongly negatively charged O-atom.

3.2. Structural trends in cyclic alkynes

As stated before, the hunt for reactive cyclic alkynes has led
a number of stable compounds with different substituents on the
C-atoms next to the triple bond. In this section, structural trends
in asymmetrically substituted cyclooctynes are interpreted in
a mechanochemical context, that is, the influence of the substit-
uents on the propargylic C-atom on the required bending force.

In Fig. 6, structural properties of a series of cyclooctynes are
shown. It is important to remark that two minimum structures
exist if only one substituent is used on the propargylic C-atom
and, according to the general scheme in this figure, the two
structures are distinguished by the position of the substituent
(see the dihedral angle, ). For X = F, it is already clear that the
bond angle 8 is smaller than for X = H showing that the
of_p — T overlap, which weakens the angle for bending, also
has a structural impact in the cyclic structure. Moreover, the
substituents are ordered from least electron-withdrawing at the
top (with CH; being even slightly electron-donating) to most
electron-withdrawing at the bottom. From Fig. 6, it is obvious
that the angle § decreases from top to bottom, indicating that
the of,_y — T overlap increasingly distorts the symmetry around
the triple bond, as expected along the series X = CH; > NH, >
OH > F, according to Fig. 7. That is, the o*-m energy gap
decreases and the o*-orbital is more localized on the prop-
argylic C-atom along this series, both enhancing the stabilizing
effect of the m-orbital. Additionally, the bond angle g is also
smaller when the C=C-C-X dihedral angle, ¢, is closer to 180°
corresponding to the anti-periplanar arrangement, which is
favorable for the o*-1 overlap.

In order to understand these structural trends imposed by
ring strain in the cyclic alkynes from a mechanochemical
perspective, we correlated the angles at the substituent side in

. . 2a., . .
Fig. 6 with the factor — ineqn (5), which determines how large

This journal is © The Royal Society of Chemistry 2020
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X = NHz*

163.8° 146.7°

X = OH,*

9

Fig. 6 Bond angles around the triple bond in asymmetrically
substituted cyclooctynes. The electron-withdrawing character
increases from top to bottom, whereas the bond angle at the
substituent side decreases from top to bottom. Relative energies are
in kcal mol™.

the perpendicular force component should be to bend the
C=C-C angle from linearity to a certain angle ¢, according to
our model in Fig. 2. The harmonic force constant, a, was
computed with the substituent in anti-periplanar arrangement.
Because the orientation of the substituent in Fig. 6 can have

Chem. Sci., 2020, 1, 1431-1439 | 1435
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Fig. 7 Correlation between 2a and the bond angle around the triple
bond at the substituent sidé in asymmetrically substituted cyclo-
octynes. A clear increasing trend is observed, meaning that the
mechanically weaker angles are more bent in cyclic alkynes.

a significant influence on the angle 3, two correlation graphs are
shown in Fig. 7.
From Fig. 7, a clear correlation is found between the angle in

2
the cyclooctyne and Ta, showing that the mechanically weaker
angle indeed gives rise to a larger bend in the cyclic systems. It
2
should also be pointed out that Ta was calculated using the very

simple bending model in Fig. 2, while constraining the other
angle of the triple bond to linearity, which is obviously not
representative for a cyclic alkyne. Nevertheless, this simple
model based on classical mechanical principles (work, force
and torque) provides insight into the degree of geometrical
deformation when a molecule is subjected to stress in the form
of an external force or, in this case, ring strain.

For the particular case of cyclic alkynes, our rationalization
of structural trends has focused on the hyperconjugative effect
between the o, 4 orbital and the 7-system of the triple bond. In
the ESLt the effect of the electron-withdrawing character of
substituents was tested by means of monobenzocyclooctynes,
which have a conjugated w-system with the out-of-plane -
orbital of the triple bond analogous to the dibenzocyclooctynes,
being an important family of reactive species in SPAAC reac-
tions.”»***¢ From this analysis, we infer that the strong depen-
dence of the angle § in Fig. 7 is due to the simultaneous effect of
the hyperconjugation and the electron-withdrawing effect of the
substituent.*> The optimized structures of the benzocy-
cloalkynes are shown in Fig. S5.7

3.3. Reactivity of bent alkynes

When an alkyne is bent, the mixing of C,; and C,, atomic
orbitals with the in-plane -orbital lifts the degeneracy of the -
space, which is a clear indication that not only a lower defor-
mation energy is required when a cyclic alkyne takes part in
a SPAAC reaction, but also that the reactivity of the cyclic alkyne
with respect to a nucleophilic or electrophilic substrate is
changed, compared to a linear system. In this section, these
changes in reactivity are probed through the Fukui function and

1436 | Chem. Sci, 2020, N, 1431-1439
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the local softness. These descriptors were calculated using the
6-311G basis set in order to bind the additional electron to the
molecule in the case of the electrophilic Fukui function, f'(r).

The loss of degeneracy of the m-system in bent (or cyclic)
acetylenes is due to an increase of the in-plane T-HOMO energy
and a decrease of the in-plane w-LUMO energy, while the out-of-
plane orbitals are unaffected by bending.” The global chemical
hardness, which can be approximated by the HOMO-LUMO gap
if orbital relaxation is ignored, should therefore decrease when
a bending force is applied to the triple bond or, equivalently, the
global chemical softness should increase. Fig. 8 illustrates the
increase of the chemical softness as a function of the deviation
from linearity (¢) in the 2-butyne fragment with H, F and CH;
substituents on the propargylic C-atom. The geometrical
constraint was here applied to both angles in order to model
a cyclic structure, according to Fig. 3b. The softness was
computed by calculating the energy of the anionic and cationic
species. However, a frontier orbital analysis revealed that the
decrease in LUMO energy is more significant than the increase
in HOMO energy. Importantly, the curves in Fig. 8 do not readily
increase when the system is bent, instead S starts to increase
after a deformation of about 15°.

Because the decrease of the LUMO energy is more significant
than the increase of the HOMO energy upon bending, the
electrophilic character of the triple bond is more affected by
bending than its nucleophilic properties. Also, in SPAAC reac-
tions, the alkyne is typically substituted with electron-
withdrawing substituents (such as fluorides or O-containing
chains) promoting the reaction with the electron-rich azi-
de.’»@* Hence, the electrophilic Fukui function, f'(r) which
monitors the local change in the electron density when one
electron is added to the system to model a nucleophilic attack,
is discussed in here. In the ESL T a fully equivalent analysis of
the nucleophilic Fukui function is provided. The change in
electron density was condensed to each atom of the triple bond,
according to the Hirshfeld population analysis,** in the bent
alkyne providing quantitative information about the change in

0 10 20 30 40 50 60

Fig. 8 The global softness of a 2-butyne fragment starts to increase
when the triple bond is bent to an angle of 15° due to an increase of the
in-plane ©-HOMO energy and a decrease of the in-plane ©-LUMO
energy.
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chemical reactivity due to an external bending force in Fig. 9a.
The same analysis based on the NPA integration method® is
provided in the ESIT and yields identical conclusions.

From Fig. 9a, f'(r) clearly increases when the alkyne is bent,
indicating that the triple bond becomes more prone to nucle-
ophilic attacks upon bending. Also, the electron-withdrawing
fluorine substituent increases the electrophilic character of
the alkyne for smaller values of ¢. Similar to S, the f'(r) curves
are flat around ¢ = 0° and steeper for ¢ = 15° onwards. Inter-
estingly, the separation of the curves corresponding to each C-
atom of the triple bond diminishes when the angle around
the triple bond becomes smaller and seems to converge at an
angle of 120°, ie. the double bond geometry. In a previous
contribution, we explored the response of the electrophilicity of
a chemical bond in diatomic molecules with an external
stretching force revealing an increase in electrophilicity when
a chemical bond is being stretched.*® This trend was interpreted
in terms of a principle of least nuclear motion,* that is, when
a (homonuclear) diatomic molecule is being stretched, it
becomes geometrically more similar to the geometry of the
reduced form. For example, when the S, molecule is stretched,
it becomes geometrically similar to two HS® moieties and,
therefore, the electrophilicity of S, will increase upon stretch-
ing. The electrophilic Fukui function in Fig. 9a shows a similar
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0.2 ]
——o—

3

® 015 o a

= Qac Csz
0.1+ R = CH,

R=H

0.2

e
LN ]
ssisvisv)
o

% 10 20 30 40 50 60

Fig. 9 (a) f(r) increases when the triple bond is bent, indicating that
smaller cyclic alkynes become more electrophilic; (b) s*(r) increases
when the triple bond is bent.
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behavior for alkynes: the electrophilic character increases and,
more interestingly, it seems to converge at the double bond
geometry (i.e. the geometry of the reduced compound). These
observations indicate that an interesting relation might exist
between mechanochemistry and redox chemistry.

The local softness [s(r)], which is the product of the global
softness and the Fukui function, provides a predictive measure
for the effectiveness of frontier orbital interactions in e.g. SPAAC
reactions. In Fig. 9b, the analysis of s'(r) is shown for a nucleo-
philic attack to the alkyne. Similar to S and f'(r) individually,
s'(r) is rather flat near ¢ = 0°. The reactivity of the triple bond is
also strongly dependent on the substituent for small distortions
with R = F being significantly more electrophilic than R = H or
CHj;. However, as ¢ increases, the reactivity of the triple is much
less influenced by the substituent on the propargylic C-atom.

Recently, Bickelhaupt and co-workers investigated the [3 + 2]
cycloaddition reaction of methylazide with 2-butyne, cyclo-
nonyne, cyclooctyne and cycloheptyne, revealing that the
increased reaction rate along this series of alkynes can be
attributed to reduced deformation energy of the reactants as
well as a more stabilizing interaction energy along the reaction
pathways.** The most important contribution to the difference
in interaction energy were more favorable frontier orbital
interactions, which is completely in line with our analysis.
Smaller energy gaps and increased orbital overlap between the
frontier orbitals of the alkyne and methylazide are consistent
with the analysis of the global softness in Fig. 8 and the Fukui
function in Fig. 9, respectively. Moreover, cyclononyne with
a triple bond angle of 168° in the cyclic structure (corresponding
to ¢ = 12°) did not benefit from a significantly stronger inter-
action energy, which also emerges from the analysis of CDFT
descriptors. The benefit is larger when going to the 8-membered
ring (158° or ¢ = 22°) and even more significant for the 7-
membered ring (146° or ¢ = 34°), again fitting nicely into the
trends observed for s'(r) in Fig. 9b and s (r) in Fig. S7b.}

The analysis in this work shows that strained alkynes have
enhanced chemical reactivity compared to linear alkynes and
that the substituents on the propargylic positions can influence
the triple bond angle with electron-withdrawing groups giving
rise to mechanically weaker angles. It is important to remark
that any steric effects or attractive intermolecular interactions
between the azide and (cyclo)alkyne, such as H-bonding, are not
covered by this analysis based on CDFT descriptors.

4. Conclusions

Using a simple bond angle model, the COGEF approach to
mechanochemistry for bond stretching forces was successfully
extended to external bending forces. In the case of substituted
alkynes, the angular force required to bend (linear) alkynes was
calculated and shown to rely on the substituents on 2-butyne
fragments. Electron-withdrawing substituents make the angles
mechanically weaker and can be further weakened by a hyper-
conjugative o, y — 7 overlap, where X is a heteroatom. This
effect of electron-withdrawing substituents results in smaller
angles in cyclic alkynes. Smaller triple bond angles are desirable
in SPAAC reactions, which rely on angular strain of alkynes to
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accelerate the coupling of alkynes and azides. Moreover, using
the 2-butyne fragment, the chemical reactivity of the triple bond
was probed upon bending (similar to cyclic alkynes) with the
global softness, Fukui function and local softness. The global
softness as well as the Fukui function revealed enhanced reac-
tivity with respect to both nucleophiles and electrophiles.
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 substituents on the electrophilic character of
the triple bond diminishes when it is bent further away from
linearity.

This study on angle-strained alkynes is part of our effort to
rationalize and quantify mechanochemical reactivity within the
framework of conceptual density functional theory. With this
approach, different regions in complex molecules can be frag-
mented in order to reveal how certain bonds and (torsional)
angles should be affected by external forces for selectively
enhancing or reducing molecular reactivity for certain reac-
tions. This approach paves the path for designing mechanically
responsive molecules and identifying ideal attachment posi-
tions in mechanical experiments.
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