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Solution and Solvent-Free Stopper Exchange Reactions for

the Preparation of Pillar[5]arene-containing [2] and

[3]Rotaxanes

Nihed Becharguia,™ " Iwona Nierengarten,* Jean-Marc Strub,' Sarah Cianférani,"

Marine Rémy,” Emeric Wasielewski,'’ Rym Abidi,

Dedicated to Prof. Yves Rubin on the occasion of his 60™ birthday

Diamine reagents have been used to functionalize a [2]rotaxane
building block bearing an activated pentafluorophenyl ester
stopper. Upon a first acylation, an intermediate host-guest
complex with a terminal amine function is obtained. Dissocia-
tion of the intermediate occurs in solution and acylation of the
released axle generates a [2]rotaxane with an elongated axle
subunit. In contrast, the corresponding [3]rotaxane can be
obtained if the reaction conditions are appropriate to stabilize
the inclusion complex of the mono-amine intermediate and the
pillar[5]arene. This is the case when the stopper exchange is

Introduction

Interlocked molecular ensembles such as rotaxanes and cate-
nanes are fascinating systems in which large amplitude
molecular motions are possible. Chemists became rapidly
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performed under mechanochemical solvent-free conditions.
Alternatively, if the newly introduced terminal amide group is
large enough to prevent the dissociation, the second acylation
provides exclusively a [3]rotaxane. On the other hand, detailed
conformational analysis has been also carried out by variable
temperature NMR investigations. A complete understanding of
the shuttling motions of the pillar[5]arene subunit along the
axles of the rotaxanes reported therein has been achieved with
the help of density functional theory calculations.

interested in controlling the conformation of such molecules
and the pioneering work of Sauvage and Stoddart in this area
gave rise to the field of molecular machines.” The possible
applications of such systems in various fields including
biology,”! nanotechnology™ or catalysis® have been a strong
driving force to further improve the synthetic strategies
allowing to efficiently produce mechanically interlocked
molecules.” Their preparation remains often challenging as
pre-organization of separate molecular units into a well-defined
supramolecular structure is mandatory. For example, the most
classical approach to prepare rotaxanes is based on the grafting
of bulky stoppers onto a linear building block associated to a
macrocyclic moiety in an inclusion complex.”” This strategy is
efficient as long as the reaction conditions are compatible with
the formation of the supramolecular complex. This requirement
is however often problematic, in particular when weak inter-
molecular interactions are used to assemble the two compo-
nents. This is for example the case when pillar[5]arene is used
as the macrocyclic component for the preparation of
rotaxanes.®'” The direct preparation of rotaxanes from
pillar[5]arene-based inclusion complexes is highly dependent
on the nature of the reagents even when similar reactions are
used for their synthesis and yields are often quite moderate.”'”
To solve this problem, we have developed the preparation of
pillar[5]arene-containing [2]rotaxane building blocks allowing
their efficient post-modification by a stopper exchange
reaction."" ¥ Very recently, we have also shown that the
reactivity of symmetrical pillar[5]arene-based building block is
affected by the presence of the macrocyclic subunit."¥ Indeed,
the first stopper exchange reaction is fast while the second
always significantly slower thus allowing selective mono-

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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functionalization of the rotaxane building block in high yields.
By using this methodology, rotaxane building block 2 is easily
available on a multigram scale (Figure 1).

In this paper, we show that mono-functionalized building
block 2 can be used for the direct synthesis of [2]rotaxanes with
elongated axle moieties and [3]rotaxanes. For this purpose,
diamine reagents have been used to functionalize building
block 2. As schematically shown in Figure 2, a first acylation of
diamine reagent 3 with [2]rotaxane 2 generates an intermediate

Figure 1. Owing to a protecting effect resulting from the presence of the
macrocyclic moiety, mono-functionalization of 1 with an amine reagent is
very efficient, compound 2 is thus obtained in 97 % yield by reaction of 1
with 3,5-bis(trifluoromethyl)benzylamine.
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o0

Q;

Figure 2. Schematic representation of the reaction of a diamine reagent (3)
with [2]rotaxane building block 2 incorporating a pentafluorophenyl ester
stopper (in green). The outcome depends on the stability of the intermediate
host-guest complex and is either a [2]rotaxane with an elongated axle (4) or
a [3]rotaxane (5).

5
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[2]rotaxane with a terminal amine function. The outcome of the
reaction is then related on the ability of the pillar[5]arene to
escape from its axle. If the newly introduced terminal amide
group is large enough to prevent the dissociation of the
intermediate, the second acylation provides a [3]rotaxane (5). In
contrast, if dissociation is possible, the reaction of the
uncomplexed axle intermediate with a second equivalent of 2
generates a [2]rotaxane with an elongated axle subunit (4). On
the other hand, the corresponding [3]rotaxane can be obtained
if the reaction conditions are appropriate to stabilize the
inclusion complex of the mono-amine intermediate and the
pillar[5]arene. This is effectively the case when the stopper
exchange is performed under solvent-free conditions.

Results and Discussion
Stopper exchange with diamine reagents in solution

Building block 2 was treated with diamines 3a-d (0.5 equiv.) to
form the corresponding [2]rotaxanes (4a-d) with an elongated
axle moiety (Scheme 1). In all the cases, a first stopper exchange
reaction occurred to generate an intermediate host-guest
complex from which the pillar[5]arene unit was liberated thus
providing an intermediate axle with a terminal amine function.
Subsequent reaction of this intermediate with a second
equivalent of 2 then provided [2]rotaxanes 4a-d. No traces of
[3]rotaxanes could be detected thus showing that dissociation
of the intermediate host-guest complexes was always faster
than the second stopper exchange reaction. In contrast, when
the reaction of 2 was carried out with amine 3 e, [3]rotaxane 5e
was exclusively obtained as the disubstituted naphthalene
moiety is large enough to prevent dissociation of the
intermediate obtained after reaction of 2 with 3e. In other
words, the intermediate is a [2]rotaxane in this particular case. It
can be noted that compound 5 e was obtained as a 1:1 mixture
of two diastereomers depending on the relative stereochemis-
try of the two npillar[5]larene moieties (Figure S1). The two
macrocycles of the [3]rotaxane have an opposite absolute
stereochemistry in the case of the achiral meso diastereomer. In
contrast, the absolute chemistry of the two pillar[5]arenes is the
same in the case of the C,-symmetrical diastereomer. The C,-
and GC,-symmetrical diastereomers of 5e have an identical
polarity and could not be separated.

Stopper exchange with diamine reagents under solvent-free
ball-milling conditions

Mechanochemical solvent-free conditions have been success-
fully used to prepare rotaxanes.>'” Our group has shown that
such conditions are particularly well suited to obtain
pillar[5]arene-containing rotaxanes in good yields."" Indeed,
the association between the axle reagent and the pillar[5]arene
leading to rotaxane formation is favored in the solid state.'”!
When compared to analogous reactions performed in solution,
desolvation energy is totally removed in the solid state.

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 1. Reaction of [2]rotaxane 2 with various diamines. Reagents and conditions: (i) THF, rt (4a: 94 % from 3 a; 4b: 89% from 3 b; 4 c: 93 %from 3¢; 4d:
95% from 3d; 5e: 99% from 3 e); (ii) TBD (2 equiv.), mixing in a Retsch MM400 mill at 30 Hz for 2 h [4a: 50% and 5a: 47 % (from 3 a); 4b: 29% and 5b: 68 %

(from 3b); 4c: 72% and 5c¢: 24% (from 3 c)].

Moreover, the concentration effect is also favorable to generate
the inclusion complex in the solid state. Our group has also
reported solvent-free conditions for stopper exchange reactions
involving pillar[5]arene-containing rotaxane building blocks
with  pentafluorophenyl ester stoppers and various
nucleophiles."'¥ Under such conditions, one may anticipate that
the reaction of 2 with diamine reagents 3a-c should allow the
formation of the corresponding [3]rotaxanes as dissociation of
the intermediate host-guest complexes should be limited in the
solid state. The mechanochemical solvent-free conditions for
the stopper exchange reaction were first optimized with
diamine 3a (Scheme 1, Table 1).

The stopper exchange reaction was very slow by mixing
diamine 3a with a slight excess of rotaxane building block 2 in
a Retsch MM400 mill at 30 Hz for 2 hours (Table 1, Entry 1). In

Table 1. Optimization of the mechanochemical solvent-free conditions for
the reaction of 2 (2.2 equiv.) with diamine 3a (1 equiv.). All the reactions
were performed in a 10 mL stainless-steel vial containing four stainless-
steel balls that was mixed in a Retsch MM400 mill at 30 Hz for 2 h.

Entry Additive Isolated yield in

[2]rotaxane 4a

Isolated yield in
[3]rotaxane 5a

1 None 9% 8%

2 TBD 51% 17%
(1 equiv.)

3 TBD (2 50% 47 %
equv.)

4 TBD (4 55% 41%
equv.)

5 DMAP 46 % 37%
(2 equiv.)

Chem. Eur. J. 2024, €202304131 (3 of 13)

this case, acylated products were obtained in low yields
together with large amounts of unreacted starting materials.
Whereas good vyields are typically obtained when using
stoichiometric amounts of pentafluorophenyl esters and amine
reagents in THF solutions, it has been shown that the use of a
large excess of amine reagents (8 equiv.) is mandatory to
achieve such reactions in good yields under mechanochemical
conditions."'? It was however not possible to use an excess of
diamine reagent 3a for the functionalization of 2 as such
conditions would produce large amounts of mono-acetylated
byproducts. It was therefore decided to add a base to the
mixture. Mixing of 3a and 2 was thus carried out in the
presence of 1,5,7-triazabicyclo[4.4.0.]dec-5-ene (TBD). The start-
ing materials were not totally consumed after 2 hours when
1 equiv. of TBD was used (Table 1, Entry 2), the reaction was
nevertheless much faster than in the absence of additive. By
increasing the amount of TBD to 2 equiv. (Entry 3), the starting
materials were fully consumed after two hours of mixing.
Whereas the reaction of 3a and 2 in THF solutions provided
exclusively [2]rotaxane 4a, mechanochemical conditions af-
forded a mixture of [2] and [3]rotaxanes thus showing that
dissociation of the intermediate host-guest complex is signifi-
cantly prevented in the solid state. Compounds 4a and 5a
were then conveniently separated by size exclusion chromatog-
raphy. The isolated yields in 4a and 5a were 50 and 47%,
respectively. By further increasing the amount of TBD (4 equiv.),
the overall yield was similar but the formation of [3]rotaxane 5a
was slightly less favorable (Entry 4, Table 1). This observation
can be explained by a dilution effect that favors dissociation of
the pseudorotaxane intermediate to a greater extend. Alter-
natively, it was also possible to use 4-dimethylaminopyridine
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(DMAP) as a base, but the overall yield was not as good as the
one obtained with TBD (Entry 5, Table 1).

The mechanochemical reaction conditions optimized with
diamine 3a were then used starting from 3b-c (Scheme 1). A
mixture of the appropriate diamine reagent (1 equiv.), 2
(2.2 equiv.) and TBD (2 equiv.) was mixed in a Retsch MM400
mill at 30 Hz for 2 hours. The resulting solid was dissolved in
CHCl, and filtered over a short plug of silica. [2]JRotaxane 4a—c
and [3]rotaxane 5a-c were then separated by gel permeation
chromatography (Biobeads SX-1, CHCl;). The overall yield in
rotaxane was the same whatever the diamine reagent (96-97 %),
however the relative proportion of [2] and [3]rotaxane was
significantly affected by the nature of the linker between the
two amine functions of 3a-c. Diamine reagents 3a-b with
phenylene spacers gave effectively higher yields in [3]rotaxane
when compared to triethylene glycol diamine (3c). Structural
factors play obviously an important role on the stability of the
intermediate pseudorotaxane obtained after the first acylation.
The nature of the spacer may influence the dissociation kinetics.
The energy barrier required for the unthreading process actually
depends on the size of the spacer. This effect is consistent with
the better yields in [3]rotaxane obtained from 3b, the
dethreading of the pillar[5]arene macrocycle through the meta-
phenylene linker being significantly more difficult (vide supra).
On the other hand, the system maybe dynamic and association/
dissociation of the pseudorotaxane intermediate is in principle
possible during the reaction.” Owing to the very poor affinity
of oligoethylene glycol for the pillar[5]arene, the threading
process of the axle component terminated with the ethylene
glycol amine is likely not very favorable.

Characterization of the rotaxanes

Compounds 4a-d, 5a-c and 5e were characterized by a
combination of different analytical techniques. Matrix-assisted
laser desorption - time of flight (MALDI-TOF) mass spectrometry
confirmed the proposed structures of 4a-d, 5a-c and 5e. As
typical examples, the mass spectra recorded for compounds 4a
and 5a in the positive mode are depicted in Figure 3. In all the
cases, only the singly charged pseudo-molecular ion peak
corresponding to [M+H]" was observed. Under these exper-
imental conditions, no fragmentation occurred thus showing
that MALDI-TOF mass spectrometry is an ideal tool for the
characterization of such rotaxanes.

[3]Rotaxanes 5a-c and 5e were also characterized by NMR
spectroscopy. As a typical example, the 'H NMR spectra
recorded for [3]rotaxane 5a in CDCl; and DMSO-d; are depicted
in Figure 4. Considering the shielding effect of the pillar[5]arene
moiety on the resonances of the methylene groups located
within its cavity, each macrocycle is clearly located over a decyl
subunit of the axle. All the signals of the CH, units of the decyl
chain are affected by the ring current effect of the aromatic ring
of their pillar[5]larene component thus showing that gliding
motions of the pillar[5]arenes all over their decyl station are
faster than the NMR timescale under these conditions. In CDCl;,
the shielding is more important for H(3,4) showing that these
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Figure 3. MALDI-TOF mass spectra of compounds 4a and 5a recorded in the
positive mode. Inset: calculated (top) and experimental (bottom) isotopic
patterns

particular methylene groups have a higher probability of
presence into the cavity of the macrocycle. As already shown
with related [2]rotaxanes,™ intramolecular dipole-dipole inter-
actions play a major role in nonpolar solvents and conforma-
tions in which the macrocycle is close to its bis(trifluorometh-
yl)phenyl stoppers are favored. When going from CDCl; to
DMSO-d,, dramatic chemical shift changes are observed for the
resonances of the methylene groups of the decyl chains.
Analysis of the relative chemical shifts of the methylene groups
revealed that the pillar[5]arene moiety is preferentially located
in the middle of the decyl chains in DMSO. Under these
conditions, the conformational preferences of rotaxane 5a
result from solvophobic effects. Obviously, the amide functions
of 5a are well solvated by DMSO while repulsive interactions
between the decyl chain and the polar solvent molecules are
expected. As a result, the macrocycle is preferentially located in
the middle of the axle subunit to limit unfavorable interactions
between the decyl chain and the solvent. A similar behavior
was also observed for [3]rotaxanes 5b, 5¢c and 5e (Figure S2).
Finally, it should be added that compounds 5a-c and 5e were
all obtained as a 1:1 mixture of two diastereomers. However,
the NMR spectra of the two diastereomers recorded at room
temperature are identical in all the cases. Actually, it was
necessary to record the spectra at low temperature to
distinguish the two diastereomers (Figure S3). At room temper-
ature, dynamic exchanges are fast and thermal agitation

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 4. '"H NMR spectra (500 MHz, 298 K) recorded for [3]rotaxane 5a in DMSO-d; (A) and CDCl; (B).

prevents the transfer of the chiral information."® By lowering

the temperature, molecular motions are in principle more
limited. The 'H NMR spectrum recorded at 208 K for 5 e revealed
effectively clearly the presence of the two diastereomers. In
contrast, only minor differences were observed in the '"H NMR
spectra recorded at low temperature for 5a-c.

Compounds 4a-d were also characterized by NMR spectro-
scopy. As shown in Figure 5, the '"H NMR spectrum of 4a
recorded in CDCl; at room temperature revealed that the two
3,5-bis(trifluoromethyl)benzyl stoppers appear as equivalent
suggesting fast dynamic gliding motions of the pillar[5]arene
moiety along the molecular axle of the rotaxane. The dynamic
shuttling must be however close to the NMR timescale under
these conditions as the signals arising from the two decyl

Chem. Eur. J. 2024, €202304131 (5 of 13)

chains are broad (Figure S4). This prompted us to perform
temperature-dependent NMR measurements. At low temper-
ature, the dynamic gliding motions became slower than the
NMR timescale and the two moieties of the axle of 4a appeared
as non-equivalent in the '"H NMR spectrum recorded at 218 K in
CDCl, (Figure 5).

Considering the dramatic shielding effect of the
pillar[5]arene moiety on the resonances of the groups located
within its cavity, it appears clear that the macrocycle is located
over one decyl station of the axle, the second one remaining
unoccupied. In contrast, the dynamic exchange allowing the
macrocycle to shuttle back and forth between the two decyl
moieties is faster than the NMR timescale at high temperature
(Figure S5). The "H NMR spectrum of 4a recorded in CDCI,CDCl,

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 5. Aromatic region of the "H NMR spectra (400 MHz) of [2]rotaxanes 4a (A) and 4b (B) recorded in CDCl; at 218 and 298 K. Inset: schematic
representation of the shuttling process deduced from the variable temperature 'H NMR investigations, the pillar[5]arene is preferentially located over its two
decyl stations in [2]rotaxanes 4a-d and the central station can be considered as the transition state for the dynamic exchange allowing the macrocycle to

switch from one decyl station to the other one.

revealed effectively one set of signals for the two decyl chains
at 378 K. The chemical shift and the shape of the signal arising
from the aromatic protons of the central para-phenylene
moiety of 4a are only slightly affected by the temperature
changes. Indeed, the central station of 4a is not significantly
occupied by the pillar[5]arene subunit and can be considered
as the transition state for the dynamic exchange. A similar
behavior was observed for 4b with the meta-phenylene linker.
However, the gliding motions of the pillar[5]arene are slower
than the NMR timescale at room temperature in this case
(Figure 5). Effectively, the '"H NMR spectrum of 4b recorded at
298 K revealed non-equivalent 3,5-bis(trifluoromethyl)benzyl
stoppers. By increasing the temperature, a clear coalescence
was observed but the dynamic exchange was still not fast
enough to obtain an average spectrum with narrow signals at
the highest possible temperature that can be reached with our
spectrometer (378 K). The energy barrier allowing the
pillar[5]arene to shuttle back and forth between the two decyl

Chem. Eur. J. 2024, €202304131 (6 of 13)

moieties is therefore higher in the case of 4b when compared
to 4a. Obviously, the meta-phenylene spacer in 4b is more
sterically demanding when compared to the para-phenylene
linker in its isomer 4a and crossing the central part of the axle
becomes more difficult for the pillar[5]larene moiety. Variable
temperature NMR investigations were also carried out for 4c
and 4d (Figures S4 and S5). As discussed for compound 4a,
dynamic gliding motions of the macrocyclic moiety along the
molecular axle of 4c and 4d is faster than the NMR timescale at
298 K. The two 3,5-bis(trifluoromethyl)benzamide terminated
decyl chains appear effectively as equivalent under these
conditions. By lowering the temperature, the dynamic gliding
motions became slower than the NMR timescale for both 4c
and 4d. As observed for 4a, two 3,5-bis(trifluorometh-
yl)benzamide terminated decyl chains appeared effectively as
non-equivalent in the '"H NMR spectra recorded at low temper-
atures. In both cases, the macrocycle is located over one decyl
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chain of the axle and the central station is not significantly
occupied.

Overall, variable temperature 'H NMR investigations re-
vealed that the pillar[5]arene is preferentially located over its
two decyl stations in [2]rotaxanes 4a-d. In contrast, the
conformer in which the macrocyclic subunit of 4a-d is located
over the central moiety of the axle is not significantly
populated. Indeed, this central station can be considered as the
transition state for the dynamic exchange allowing the macro-
cycle to shuttle back and forth between the two different decyl
stations (inset Figure 5). The coalescence temperatures were
found significantly different indicating changes in the activation
free energy (AG™) of the shuttling process with the nature of
the central linkers in 4a-d. At the coalescence temperature (T,),

Table 2. Coalescence temperature (T), rate constant (k), chemical shift
difference (Av) and activation free energy (AG¥) deduced from the 'H NMR
spectra recorded at different temperatures for [2]rotaxanes 4-d.

[2]rotaxane T. Av k AG™

(K) (Hz) s (kJ mol™")
43" 243 29.4 65.3 51(1)
4p"Y 323 285 63.2 68(1)
49 233 313 69.4 48(1)
4d® 233 223 495 49(1)

[a] From "H NMR spectra recorded in CDCls. [b] From 'H NMR spectra
recorded in CDCI,CDCl,. [c] From 'H NMR spectra recorded in CD,Cl,.

218K M
“1.44 2
[ ]
223k |V 164
[ =y
2
E -
233K/ \ =18 .
_2'0—
243K .
—r 00036  0.0038  0.0040  0.0042
Y y
5 (ppm) 1/T(KY)

Figure 6. '°F NMR spectra (376 MHz) of [2]rotaxanes 4a recorded in CDCl; at
different temperatures and the Eyring plot obtained from the rates of
exchange deduced from the line width of the singlet at 7> T,; the AH* and
AS* values were obtained from the slope and intercept of the plot,
respectively.

the rate constant (k) of the dynamic exchange is related to the
chemical shift difference (Av) for the two exchanging peaks
bellow T, at slow exchange regime (Eq. 1):

Ay

k =
2 (M

The free energy of activation (AG¥) for the dynamic
exchange can be then directly evaluated with the Eyring
equation (Eq. 2):

AG"™ = -RT.In(kh / ks T.) 2

where R is the gas constant, h is Planck’s constant, kg is the
Boltzmann constant, T is the coalescence temperature, and k is
the rate constant of exchange (s'). The AG™ values derived
from the coalescence of the signals arising from the H(a) proton
of the 3,5-bis(trifluoromethyl)benzyl stoppers are reported in
Table 2.

The AG" values were also conveniently derived from
variable temperature ’F NMR studies (Figure S6). As a typical
example, selected '°F NMR spectra recorded for 4a are shown
in Figure 6. At room temperature, only one singlet is observed.
The CF; groups of both stoppers appear as equivalent as the
shuttling of the macrocycle between its two decyl stations is
faster than the NMR timescale. In contrast, by lowering the
temperature, the two stoppers are not anymore equivalent and
two singlets are observed. A similar behavior was also observed
for 4b-d. The AG™ values obtained by analyzing the coales-
cence of the "F NMR signals of 4a-d are similar to the ones
derived from the analysis of the '"H NMR data (Table 3). In this
case, the Eyring equation was also used to decompose the
activation energies into enthalpic and entropic terms based on
the rates of exchange deduced from the line width at 7> Tc
according to the method described by A. M. Brouwer (Fig-
ure 6)."" Interestingly, the activation entropy values are
negative. Similar observations have been already reported for
shuttling motions in rotaxanes."”?" Indeed, distortion of the
molecular components of the rotaxanes is necessary to reach
the transition state allowing the macrocycle to escape a
favorable station in order to populate another one during its
random walk.”?" In other words, the conformational changes
required to constrain the structure are seen by the system as an
ordering. On the other hand, reorganization of the solvent
molecules during the shuttling process may also contribute to
the negative activation entropy.

Table 3. Coalescence temperature (T,), rate constant (k), chemical shift difference (Av), activation free energy (AG®), enthalpy of activation (AH™) and
entropy of activation (AS¥) deduced from the "*F NMR spectra recorded in CDCl; at different temperatures for [2]rotaxanes 4a-d.

[2]rotaxane T, Av k AG* AH* AS*
(K) (Hz) (s (kJ mol™) (kJ mol™) (Jmol ' K™
4a 233 9.2 20.4 51(1) 10(1) —175(5)
4b 293 15.7 34.8 63(1) 19(1) —150(5)
4c 233 10.0 223 51(1) 8(1) —182(5)
4d 233 9.0 20.1 51(1) 7(1) —185(5)
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The energy barrier for the shuttling of the pillar[5]arene
moiety over the central linker in 4a-d results from an interplay
between electronic and steric effects. In the case of 4c and 4d,
steric effects are likely limited and unfavorable interactions
between the triethylene glycol spacer’” and the pillar[5]arene
subunit are most probably at the origin of the energy barrier for
the shuttling of the macrocycle between its two decyl stations.
In the case of 4a-b, the cavity of the pillar[5]arene is slightly
too small to accommodate the central phenylene linker despite
possible favorable van der Waals interactions. Effectively, the
cavity size of the pillar[5]arene®®? is ca. 4.7 A and the size of a
phenyl ring calculated by van der Waals radii® ca. 5.0 to 5.8 A.
Obviously, substantial distortion of the pillar[5]arene scaffold is
necessary to allow the phenyl group to pass through the cavity
of the macrocycle. As a result, steric effects may play a major
role for the shuttling of the macrocycle between the two decyl
stations in the case of 4a-b.

Density functional theory (DFT) calculations

To fully understand the preference of the pillar[5]arene for the
decyl station in 4a-d, density functional theory (DFT) calcu-
lations were carried out with appropriate fragments. Specifi-
cally, the structure of the host-guest complexes resulting from
the association of methoxypillar[5]arene (H) with n-decane (G1),
diethylene glycol dimethyl ether (G2) and phenylene-based
model guests G3-4 were optimized at the B3LYP/6-31G* level of
theory® both in the gas phase and using the conductor-like
polarizable continuum model (CPCM)® with the dielectric
constant of THF (7.43) (Figure 7).

Comparison of the macrocyclic host in the B3LYP minimized
structures of (H.G1) and (H.G2) with host H optimized at the
same level revealed only limited deformations (Figure S7). The
distortion energies (Ey,) were then evaluated for both (H.G1)
and (H.G2) by using the interaction energy decomposition
method.”® This analysis decomposes the electronic energy of
the host-guest complexes into two terms, namely the distortion
energy (Ep) and the interaction energy (E,). The first one
corresponds to the energy required for the deformation of the
individual components to form the supramolecular ensemble
and the second to the difference between the electronic
energies of the two distorted moieties and the host-guest
complex. The overall energy gain for the complexation of each
guest with H was then derived by adding the positive distortion
energy to the negative interaction energy. The computed
values are summarized in Table 4. The distortion energies are
rather weak. Solvation effects are also quite limited on the
distortion energies of (H.G1) and (H.G2). The interaction
energies were actually not considered at the B3LYP level as
dispersive interactions between molecules are not well de-
scribed with this functional.”” For this reason, the structures of
(H.G1) and (H.G2) were further optimized at the ®B97X—D/6-
31G* level in THF as the ®B97X—D functional includes empirical
corrections for long-range dispersive interactions.*®

The computed E,, value is 15.8 kJmol~' more favorable for
G1 when compared to G2. As the inspection of the frontier
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Figure 7. Fragments used for the DFT calculations and structures of (H.G1-4)
optimized in the gas phase at the B3LYP/6-31G* level (H: white, O: red, N:
blue, C: grey for G1-4 and pale blue for H).

Table 4. Distortion and interaction energies calculated for (H.G1) and

(H.G2).

Host-guest complex Epist [ Epist + Eint
(kJ mol™) (kJ mol™) (kJ mol™)

B3LYP/6-31G* (gas phase)

(H.G1) 4.2

(H.G2) 8.0

B3LYP/6-31G* (THF)

(H.G1) 4.5

(H.G2) 5.0

®B97X-D/6-31G* (THF)

(H.G1) 9.7 —1753 —165.6

(H.G2) 73 —159.5 —152.2

molecular orbitals (FMOs) of (H.G1) and (H.G2) revealed the
absence of electronic interactions between H and G1-2 (Fig-
ure S8), the intercomponent interactions are thus purely
dispersive in both cases. The difference in their E,, values
therefore reflects more favorable van der Waals interactions
between G1 and the pillar[5]arene receptor. Indeed, the
preferential position of the pillar[5]arene over the decyl stations
of 4c and 4d results from stronger dispersive interactions
between the pillar[5]arene and the peripheral decyl stations
when compared to the central triethylene glycol station. On the
other hand, differences in solvation between the two stations
may also play a role. To further elucidate the factors governing
the random walk of the pillar[5]arene moiety in rotaxanes 4c
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and 4d, the slipping of G1 and G2 through macrocyclic host H
was computed in a stepwise manner (Figure S9). The resulting
structures were then subjected to a distortion/interaction
analysis (Figure 8).

In the case of (H.G1), the distortion energy remains almost
constant whatever the position of H over the n-decane chain.
The variations of the interaction energies are ascribed to the
different relative orientations of H and G1 modulating the
strength of intercomponent C—H:--z interactions in (H.G1).
Gliding motions of the pillar[5]arene along the decyl station in
4a-d can therefore be seen in successive small random jumps
from one local minimum to a neighboring one with a very low
energy barrier to overcome. The system is in a way continuously
searching to counterbalance the thermal agitation by optimiz-
ing the weak intercomponent C—H---x interactions between the
methylene groups of the axle and the pillar[5]arene moiety. In
other words, the motions of the pillar[5]arene over their decyl
station are Brownian motions consisting in random fluctuations.

‘
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Figure 8. Distortion/interaction analysis of the structures obtained from the
energy profile calculated for the slipping of guest G1 (top) and G2 (bottom)
through macrocyclic host H (0B97X—D/6-31G* level using the CPCM model
with the dielectric constant of THF; H: white, O: red; C: grey for G1-2 and
pale blue for H).
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For (H.G2), substantial variations of distortion energy are
observed when the pillar[5]arene moiety slides over the
ethylene glycol chain (Figure 8). The distortion energy is
increased as soon as an oxygen atom of G2 is located close to
the five O atoms of one rim of H. Actually, repulsive interactions
between the oxygen atoms are at the origin of a slight tilt of
the hydroquinone subunits of H. The most favorable situation
in terms of interaction and distortion energies is observed
when the central O atom of G2 is located in the middle of the
cavity of H. In this conformation, methylene subunits of G2 are
located close to the O atoms of H thus preventing the distortion
of the macrocyclic receptor. At the same time, favorable
intercomponent C—H:--n interactions take place between two
hydroquinone moieties of H and the two central CH, groups of
G2. Overall, the observed energy barrier for the shuttling of the
macrocycle in 4 c-d accounts in part for the energy necessary to
overcome the enthalpic and solvation changes when going
from a decyl station to the triethylene glycol one. However,
steric effects play also a significant role as distortion of the
macrocycle occurs when the O atoms of both the triethylene
glycol station and the pillar[5]arene are close to each other. This
substantial steric constrain highlighted by the DFT calculations
is also consistent with the negative activation entropy deduced
experimentally from the variable temperature NMR studies.

Similar DFT calculations were also carried out with the host-
guest complexes resulting from the association of H with
phenylene-based model guests G3-4. As shown in Figure 7, the
pillar[5]arene host has to tilt one of its hydroquinone unit to
accommodate guests G3 and G4 within its cavity. Nonetheless,
in both cases, the phenylene moiety is not located within the
cavity of the host thus confirming that the pillar[5]arene cavity
is slightly too small to host a 6-membered aromatic ring. Energy
profiles were also calculated for (H.G3) and (H.G4) to visualize
how the pillar[5]arene moiety slides over the phenylene stations
in [2]rotaxanes 4a and 4b (Figure S10). The energy profile
together with selected calculated structures are shown in
Figure 9. In the case of (H.G4), the energy gradually increases as
the phenylene moiety of G4 begins to pass through the cavity
of H. Near the transition state, the entire cyclophane scaffold of
H bends slightly and the tilted hydroquinone subunit of H then
swings over the phenyl ring of G4 thus allowing the guest to
escape on the other side. As soon as the phenylene group has
sufficiently crossed the median plane of the cavity, the applied
distance constraint is reoriented by the system. As a result, the
orientation of the guest relative to the host is modified thus
leading to a non-continuous profile. The calculations done with
host G3 show the same qualitative trends (Figure 9). Steric
constraints are however more important due to the meta-
substitution pattern of the phenylene moiety of G3. Indeed, the
aromatic subunit of G3 is forced to cross the cavity with two
para-CH groups parallel to the plane of the cavity of the
pillar[5]arene. As a result, the width of the phenylene is greater
than in the case of the para analogue (G3) which can cross the
cavity with a more favorable orientation. In the particular case
of G3, the energy profile shows an abrupt drop after the
transition state. Indeed, as soon as the phenylene group has
sufficiently crossed the median plane of the cavity, the system
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Figure 9. Selected structures of (H.G3) and (H.G4) obtained from the energy profile calculated for the slipping of guest G3 (top) and G4 (bottom) through
macrocyclic host H. The transition states (H.G3)™ and (H.G4)™ found for the slippage process are also shown together with a comparison of the H moiety of
(H.G3)* and (H.G4)* with the structure of H (inset). All the represented structures have been optimized in the gas phase at the B3LYP/6-31G* level (H: white,

O: red, N: blue, C: grey for G1-4 and pale blue for H).

directs the distance constraint towards the outside of the cavity
and no longer towards the inside.

In both cases, transition states were also computed (Fig-
ure 9). As revealed by the frequency analysis, just one imaginary
frequency was associated with each transition state. Visual
inspection of the corresponding normal mode validated also
the identification of the transition states. Close analysis of
(H.G3)" and (H.G4)™ shows a large deformation of the cyclo-
phane core of H. The pillar[5]arene is shrinking its structure in
one direction to increase the height of its cavity in the
perpendicular direction. In this way, the cavity is able to
accommodate the phenylene moiety of the guest. When

Chem. Eur. J. 2024, €202304131 (10 of 13)

compared to the optimized structure of H for which the height
is 9.08 A, an increase of 0.90 and 0.77 A is observed in the
transition states (H.G3)*™ and (H.G4)", respectively. Clearly, the
distortion of the pillar[5]arene is more important in the case of
(H.G3)™. The structural factors controlling the slippage of the
pillar[5]arene over the phenylene moieties of G3 and G4 were
further investigated by evaluating the energy required for the
deformation of their individual components (H and G3-4) in
transition states (H.G3)™ and (H.G4)". The distortion energies
are summarized in Table 5.

As expected from the difference in free energy of activation
experimentally determined by analyzing the coalescence of the

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

85U80| 7 SUOWWIOD 3A1ea.D 3|qeo!(dde au Aq pausenob 8e ssjole YO ‘8sn JO S3ni o A%Iq1T aUIIUO AB]IA UO (SUORIPUOD-PUR-SLLBY W00 A3 | 1M AReiq 1 Ul juO//:SdnY) SUORIPUOD PUe swiie | 841 88S *[202/T0/2z] uo Ariqi auljuo AB|1M ‘souei- aueiya0d Aq TETYOEZOZ WeYd/Z00T OT/I0p/wod A3 | im Areiqputjuo-adoune-Als ey sdny woiy papeojumocy’o ‘S9.ETZST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202304131

Table 5. Distortion and interaction energies calculated for transition states
(H.G3)* and (H.G4)*.
Transition state Epist Ene Epist + Eint

(kJ mol™) (kJ mol™) (kJ mol™)
B3LYP/6-31G* (gas phase)
(H.G3)" 55.1
(H.G4)* 46.6
®B97X—D/6-31G* (THF)
(H.G3)* 58.9 —199.4 —140.5
(H.G4)" 53.2 —199.7 —146.5

NMR signals of 4a and 4b, the distortion energies computed
for the para- and meta-phenylene-containing model transition
states (H.G4)™ and (H.G3)™ are quite high. Whereas the binding
of G1 is governed by dispersive interactions, the situation is
totally different for G3-4. In both cases, favorable electronic
interactions are effectively evidenced by a stabilization of the
highest occupied HOMO of H and a destabilization of the
lowest unoccupied molecular orbital (LUMO) of G3-4 in the
host-guest complexes calculated with the phenylene groups
located within the cavity of the pillar[5]arene (Figure S11). This
is reflected by the significantly larger E,, values obtained for
(H.G3)* and (H.G4)", when compared to those calculated for
(H.G1) (Tables4 and 5). However, these more favorable
interaction energies are counterbalanced by the high distortion
energies. As a result, the overall energy gain for the complex-
ation of G3-4 is largely penalized by the high distortion energy
and steric factors explains the more favorable formation of
(H.G1). In the case of rotaxanes 4a-b, the limited distortion of
the macrocyclic component is therefore at the origin of the
preferential location of the pillar[5]arene moiety over the decyl
stations. Moreover, the DFT calculations revealed also that the
shuttling of the macrocycle between the two decyl stations in
4a-b is essentially governed by steric effects.

Computational studies were also carried out in order to
evaluate the distance over which the gliding motions of the
pillar[5]arene moiety are possible in the case of [2]rotaxanes
4a-d. Geometry optimizations were performed at the semi-
empirical level (PM6). The calculated structures are shown in
Figure 10. The length of the decyl stations of the rotaxanes is
ca. 1.39 nm. The width of the pillar[5]arene moiety is ca. 1 nm if
one considers its ethoxy substituents. Gliding motions of the
pillar[5]arene component over its axle subunit occurs over a
distance of ca. 3.8-4.2 nm depending on the nature of the
central spacer. Despite the relatively large length of the axle,
the dynamic exchange allowing the macrocycle to shuttle back
and forth between the two different decyl stations remains
faster than the NMR timescale at room temperature in the case
of 4a and 4c-d. In the particular case of 4b, higher temper-
ature are necessary to allow motions of the pillar[5]arene over
the entire length of the axle due to a greater energy barrier to
cross the substantially larger central subunit.

Chem. Eur. J. 2024, €202304131 (11 of 13)

Figure 10. Calculated structures of compounds 4c (A), 4d (B), 4a (C) and 4b
(D) highlighting the distances between the C atoms of the C=0 moieties of
the axle component and the C—C distance between two aromatic C atoms of
the pillar[5]arene moiety (H: white, F: light green, O: red, N: blue, C: grey for
the axle and pale blue for the pillar[5]arene moiety).

Conclusions

In this paper, the reaction between a rotaxane building block
bearing an activated pentafluorophenyl ester stopper and
various diamine reagents has been investigated. When the
diamine reagent is large enough to prevent dissociation of the
monoacylated intermediate, reaction with a second equivalent
of the rotaxane building block provides the corresponding
[3lrotaxane in excellent yields. In contrast, when the diamine
reagent is smaller, the monoacylated intermediate is an
inclusion complex. In THF solutions, complete dissociation of
the inclusion complex occurred. As a result, the amine function
of the resulting molecular thread with the pentafluorophenyl
ester stoppered rotaxane affords the corresponding [2]rotaxane
with an elongated axle unit. In contrast, when the reaction is
performed under solvent-free mechanochemical conditions,
dissociation of the intermediate inclusion complex is partially
prevented thus allowing the formation of [3]rotaxanes. As far as
the synthesis is concerned, the present work illustrates the
potential of the stopper exchange strategy for the construction
of sophisticated rotaxanes that would be difficult to obtain by
classical synthetic strategies based on the direct introduction of
stoppers onto the axle moiety of a preorganized host-guest
complex. On the other hand, detailed conformational inves-
tigations have been also carried out by variable temperature
NMR investigations. To fully understand the motions of the
pillar[5]arene subunit along the axles of the rotaxanes reported
therein, DFT calculations have been particularly useful. The
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preferential location of the macrocycle over particular stations
results from an interplay between favorable intercomponent
interactions and deformation of the constitutive elements of
the rotaxanes. Such considerations are essential for the further
development of pillar[5]arene-based molecular machines in
which the position of the macrocycle can be controlled by an
external stimuli. Work in this direction is currently underway in
our laboratory.

Experimental section

Synthesis. The characterization of all the new compounds is
described in the Supporting Information. Compound 2™ was
prepared according to a reported procedure.

General procedure for the preparation of [2]rotaxanes 4a-d and
[3lrotaxane 5e in solution. A mixture of 2 (2.0eq.) and the
appropriate diamine reagent (3a-e, 1.0eq.) in anhydrous THF
(1 mL/110 mg of 2) was stirred at rt for 6 days (4a—d) or 2 days
(5e). The resulting mixture was filtered through a short plug (SiO,
CH,Cl, containing 5% MeOH), concentrated and purified by gel
permeation chromatography (Biobeads SX-1, CHCI,).

General procedure for the preparation of [2]rotaxanes 4a-c and
[3]rotaxanes 5a-c under mechanochemical conditions. Com-
pound 2 (2.2 eq.), the appropriate diamine reagent (3a-c, 1.0 eq.)
and TBD (2.0 eq.) were placed in a stainless-steel vial containing
four stainless-steel balls. The resulting mixture was mixed in a
Retsch MM400 mill at 30 Hz for 2 h. The crude was filtered through
a short plug (SiO,, CHCl; containing 5% MeOH), concentrated and
purified by gel permeation chromatography (Biobeads SX-1, CHCI;).

Supporting Information
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Supporting Information.?**”
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Stopper exchange reactions between
a rotaxane building block and
diamine reagents gave dramatically
different outcome in solution and in

solvent-free conditions. Upon a first q@ + ~ + (Xm

acylation, an intermediate host-guest
. . . Solvent-free conditions
complex with a terminal amine
function is obtained. Dissociation of
the intermediate occurs in solution
but the inclusion complex is
preserved under mechanochemical

solvent-free conditions.
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