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Abstract: Since the dawn of supramolecular chemistry, calixarenes have been employed as
platforms onto which functional groups and binding sites can be loaded in a regio- and
stereocontrolled manner for the recognition of charged and neutral species. Despite their wider
annulus, potentially suitable to bind larger guests, the larger members of the calixarene series
have been relatively less employed, mainly because of the synthetic difficulties to control their
conformational flexibility and their regioselective functionalization. In this account, we will
present the achievements gained during the last two decades on the use of the calix[6]arene as a
platform to build-up structures in which the macrocycle acts as a wheel for the synthesis of
oriented (pseudo)rotaxanes. We also account on how these calix[6]arene hosts affect the reactivity
or spectroscopic properties of their bound guests.

Keywords: Calix[6]arenes, Mechanical Interlocked Molecules, (Pseudo)rotaxanes, Catenanes,

Molecular Machines

1. Introduction

Every chemical species is endowed with a heritage of structural
and chemical information responsible for its physical and
chemical properties. The reading of this information offers
powerful guidelines to govern chemical processes and design
and synthesize molecular receptors able to recognize specific
components (guest) and form aggregates held assembled
through non-covalent interactions. During the last century,
the theoretical bases of these weak attractive forces paved the
way for the development of supramolecular chemistry.") More
recently, the principle and methods of this new branch of
chemistry have been applied to extend the concept of working
devices and molecular machines to the molecular level.” A
molecular machine can be defined as “an assembly of a discrete
number of molecular components designed to perform
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mechanical-like movements (output) as a consequence of
appropriate external energy (input)”.”’ Within the plethora of
examples of artificial molecular-level devices and machines,
those belonging to the classes of pseudorotaxanes, rotaxanes,

and catenanes'

are among the more extensively employed
because of their potential for the development of nano-
technology as, for example, logic molecular switching elements
or as molecular motors.” The ability of these systems to work
as molecular machines is due to the chemical information
stored within their components.

A [n]pseudorotaxane is an intervowen complex in which a
macrocycle (rota) acts as the host for a guest having an axial
symmetry (axle) (Figure 1, the number of component species
is indicated between square brackets before the name). [n]
Rotaxanes and [n]catenanes are mechanically interlocked

¥l in which two or more species are connected to each

systems
other, often by the presence of one or more stoppering
moieties. Thus, since components could be separated only by
breaking covalent bonds, these species are considered as a
single chemical entity.”’ The threading process driving their
formation is dictated by non-covalent interactions (i.e. hydro-
gen-bonding interactions) which are further responsible for
their spatial rearrangement. The manipulation of these
interactions through external stimuli can promote the rever-

sible (and cyclic) dethreading-rethreading of the axle from/into

a)

b) c) §
Figure 1. Schematic representation of a) a [2]pseudorotaxane complex, b) a
[2]rotaxane, and c) a [2]catenane.
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the wheel in pseudorotaxanes, the shuttling motion of the These movements can thus mimic the functioning of a
wheel along the axle in rotaxanes or the rotation of a cyclic  mechanical switch or a molecular machine. The construction
component in a catenane (Figure 2). of these systems and the study of their working mode have
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Figure 2. Representation of stimuli-controlled unidirectional threading/
dethreading of a [2]pseudorotaxane (a), a processive linear motor based on a
[2]rotaxane (b) and a rotary motor based on a [2]catenane (c). Image
reproduced from Ref. [30]. Copyright © 2012 Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim.

attracted the attention of many researchers over the years so
that a wide variety of complementary components are now
available that can be employed to build up molecular machines
and devices based on these systems. As part of their ongoing
research, several academic groups developed different synthetic
routes to such structures with the final target to produce
devices like switches, sensors, supramolecular catalysts, or
active coating of solid surfaces. In this context, several
supramolecular systems such as crown ethers, cyclodextrins,
cucurbiturils, and calixarenes have been extensively exploited,
and several books and reviews are now available that cover all
the aspects relative to their chemistry (Figure 3)."”
Calix[n]arenes present unique properties with respect to
their parental supramolecular systems."” Unlike crown ethers

OH

HO O “ (o]
%H?'O%
5 o

OH

N
o OH OH
calix[6]arene

Figure 3. Representation of common supramolecular receptors.
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and cucurbiturils, they are non-palindromic and synthetically
versatile and represent a modular platform for the synthesis of
heteroditopic receptors. Furthermore, in sharp contrast with
water-soluble cyclodextrins that can form inclusion complexes
via hydrophobic effect, their solubility in organic solvents and
n-rich  hydrophobic cavity allow calix[n]arenes to work
smoothly in apolar organic media. These features render calix
[n]arenes macrocycles a unique and versatile scaffold for the
synthesis of pseudorotaxanes and rotaxanes itself.

During the last twenty years, our group focused its research
on exploiting the modular reactivity of the calix[6]arene
platform, to synthesize a new generation of calixarene-based
devices and prototypes of molecular machines. Within this
review, a survey of the significant achievements reported by
our group, during two decades or so, will be described, guiding
the reader toward a comprehensive and straightforward under-
standing of the supramolecular chemistry of triphenylureido-
calix[6]arenes (Figure 4) mechanically interlocked molecules

(MIMs).

2. Recognition Properties of TPU Wheel

The idea to employ calixarene derivatives as components of
interlocked systems emerged in 1998 when it was envisaged by
Vogtle and coworkers that the unique binding properties of
these macrocycles could have been embedded into a rotaxane
system."" Since then, synthetic strategies to obtain complex
and topologically interesting mechanically locked dissymmetric

(13 [14,15] have

capsules,'” fourfold [2]rotaxanes,"” and catenanes
been identified. Following our precedent studies focused on
the synthesis of self-assembled molecular cages based on calix

U617 it was reported on the synthesis of the

[6]arene derivatives,
heteroditopic calix[6]arene receptor of type 1 bearing three
phenylureido moieties able to extend the m-rich apolar cavity

of the

recognition."® Its ability to form inclusion complexes acting as

supramolecular object and to perform anion

b)
/—"upper rim"
L § »

"lower rim" /

R = Oct, 1
R = (CH,),OFEt, 2

Figure 4. Triphenylureido calix[6]arene (TPU) motif (a) and its schematic
counterpart (b).

Wiley Online Library 1164



Personal Account

THE CHEMICAL RECORD

a “molecular wheel” was subsequently evaluated by mixing 1
with dioctylviologen (DOV) salts 3 in CDCl; at 300 K
(Scheme 1).1”

"H-NMR analysis highlighted a significant upfield shift (1
to 3 ppm) of aromatic C-H and N-CH, protons of the DOV
axles 3a, which indicated their inclusion in the cavity of the
calix[6]arene wheel 1 with the formation of pseudorotaxanes
(P) P[1D3a]2X. This shift is due to an anisotropic shielding
effect applied by the n-rich aromatic cavity of the wheel on to
the protons of the dicationic guest. Contemporary, NH signals
of phenylureido groups suffered a substantial downfield shift
indicating their engagement in hydrogen-bonding interactions
with the corresponding counterions (I", TsO™). From a
spectroscopic point of view, the formation of these inclusion
complexes was accompanied by a new, broad although weak
UV-Vis absorption band at A ~460 nm, which could be
attributed to charge-transfer interactions between the aromatic
rings and bipyridium units. Hence, spectrophotometric titra-
tions carried out in dichloromethane solution in the presence
of axles 3a920Ts (PF;) were employed to get more details in

©
X
O\ /—\, SN\ <
O
X

CDCl3, 300 K

3a-20Ts, X = OTs
3a2,  X=1
3a*2PFg, X = PFg P[123a]20Ts
P[123a]2l

Scheme 1. Pseudorotaxanes formation through threading of DOV salts.

Figure 5. Pluton view of the X-ray crystal structure of pseudorotaxane P[1
D3a]2l; hydrogen atoms except those involved in H-bonding have been
omitted for clarity
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the formation of pseudorotaxanes. The values of the apparent
stability constant (K) are 6.0 and 0.8x10°M™' for [1D3a]
20Ts and [1D3a]2PF, respectively.”” This large difference
clearly indicated that ion-pairing at the axle play an important
role in the threading process and the larger stability of [1D3a]
20Ts, despite the higher ion pair stability of TsO with respect
to PFg, suggested that counterions are, in fact, parts of the
complex and contribute to its stabilization. X-ray diffraction
analysis of complex [1D3a]2I further confirmed the nature of
host-guest interactions (Figure 5)."”

Subsequently, the features of calix[6]arene wheel 1 were
employed for the synthesis of rotaxane (R) R[1D4a]2Br
through a typical threading and reaction
(Scheme 2).

These findings led soon to interrogate on the nature of the
threading process and more precisely if the threading of the

stoppering

axle would involve the upper or the lower rim of the calix[6]
arene wheel. To solve the riddle, unsymmetrical axles of type
5e20Ts with a pre-installed stopper were synthesized, and
both subsequently reacted in the presence of the wheel in
apolar aromatic solvents.”"*” It is noteworthy that "H-NMR-
analysis showed in both cases the selective formation of only
one of the two possible pseudorotaxanes orientational isomers,
and particularly, only those presenting the axle diphenylacetic
stopper at the macrocycle upper rim P'[255a]20Ts and P'[2
D5b]20Ts. This supported the hypothesis that threading of
the axles proceeded selectively through the upper rim. Hence-
forth, the single quote after the P in the pseudorotaxane
nomenclature indicates that a stoppered axle presents its
stopper oriented toward the macrocycle upper rim while a
double quote indicates the opposite pseudorotaxane orienta-
tional isomer (Scheme 3).

The results collected at this point of the investigation could
be rationalized by considering these following different factors:
i) in apolar solvents, the inward orientation at the NMR
timescale of the three methoxy groups (see Figure 4a) of the
calix[6]arene towards the cavity, disfavored the access of the
axle through the lower rim by repulsive intermolecular

4a°2Br O (Ef
B — no 287
00 ® o <« Z

Br

« >

toluene, 380 K

Ph

Q
2) 273K

Cl Ph

R[124a]2Br: 25%

Scheme 2. Synthesis of rotaxane R[1D4a]2Br via stoppering reaction.
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Scheme 3. Exploiting the unidirectional threading of axles 5 for the synthesis of oriented pseudorotaxane isomers.

interactions; ii) as evidenced by X-ray analysis, the size and
binding ability of the wheel inner volume are suitable only for
the inclusion of the cationic portion of the axle, leaving outside
the cavity the corresponding counterions; iii) the hydrophilic
ureido groups present at the wider rim of the calixarene play
an important role as hydrogen-bond (HB)-donor groups and
participate in the overall complexation process by ligating the
two anions of the axle, pivoting the cationic portion of dialkyl
viologen axles to thread exclusively from the upper rim of the
wheel. Of course, in a scenario dominated by hydrogen-
bonding interactions, secondary parameters such as the polarity
of the solvent and temperature, have to play a crucial role in
dictating the orientation of the threading process. In order to
investigate their role in a more detailed manner, first the
synthesis of pseudorotaxane P'[2D5b]20Ts was conducted in
a polar solvent such as CH;CN (Scheme 4).123

Ph
Ph CH,OH

( (
2

)
©  20Ts

S}
N® 20Ts N
| = l
<« % « %

5be 20Ts
CH3CN, 300 K

P'[225b]20Ts: 1 P"[2D5b]20Ts: 2

Scheme 4. Threading of axle 5be20Ts in CH;CN.
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Quite remarkably, a different product distribution was
observed (1:2 ratio determined by NMR analysis of a crude
mixture) in this case between P’//P“[2D5b]20Ts, demonstrat-
ing the threading of the axle to occur from the upper and the
lower rim of the wheel. This trend seemed to be reasonable
since polar solvents can compete with phenylureido groups by
engaging hydrogen bonding (HB) with the tosylate counter-
ions of the axle, limiting their pivotal role in controlling the
directionality of the threading process. To get more insights on
the enthalpies of the process, different axles of type 5 were
synthesized and subsequently engaged in the threading process
at different temperatures, using benzene-d; as the solvent. As
expected, at 300 K, a monodirectional-oriented pseudorotax-
ane P’ was observed in both cases (Scheme 5).

Ph
oﬁ)\Ph
o
ors R
Sy \ — 3 ( o
Ph N \ /N 4 20Ts
Ph /—4—[ ® NO®
o * © S
d OTs < —
5a* 20Ts, R = Me
5¢ce 20Ts, R = CH,NH;00CF,
2
benzene-dg, 300 K, 3 h
P'[2D5a]20Ts
P'[2D5¢]20Ts

Scheme 5. Synthesis of monodirectional-oriented pseudorotaxane P'.
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Subsequently, both pseudotoraxanes were heated up in an
apolar media at 340 K (toluene-d; and benzene-d;, respec-
tively). While for P'[2D5a]20Ts, even after 7 days of
refluxing, no isomerization was observed, P'[2D5c]20Ts
underwent a product redistribution (P'/P“[2D5¢]20Ts=3:7)
after only 12 h at 340 K. Hence, it became plausible that
elements controlling the threading process in apolar media are
no longer active in polar ones. To further study this possibility,
an equimolar mixture of pseudorotaxanes P'/P”[2D5a]20Ts
and P'/P“[2D5¢]20Ts was obtained by performing the
reaction in CH3CN at 300 K and re-dissolving the mixture in
benzene-d; (clearly showing that multiple up- and down-
oriented pseudorotaxanes have comparable thermodynamic
stability in polar media). Subsequently, the two mixtures were
both heated up at 340 K. While for solution of P'/P”[2D5a]
20Ts, no notable difference in the product distribution was
observed, the mixture P'/P“[2D5c]20Ts was detected in the
same isomer ratio as observed in the reaction performed in
CyDy at 340 K (30:70, as for Scheme 6).*!

In such a scenario, it is possible to argue that in apolar
media, at 300 K, the threading process is under kinetic control
and up-oriented rotaxanes are delivered as sole products.
However, in the case of a positively charged amino group, the
threading process could be under kinetic or thermodynamic
control, depending on the solvent polarity, presumably thanks
to secondary interactions between the charged amino group
and phenylureido units. Based on what was observed in apolar
media, the threading of the wheel by dialkylviologen axles
occurs through the calix[6]arene upper rim mostly because
phenylureido groups engage hydrogen bonding interactions
with the tosylate counterions favoring the dissociation of the
ion-pair. Hence, it became attractive to understand the
threading of unsymmetrical dialkylviologen axles 6#20Ts that
can lead, in principle, to two different short and long oriented
pseudo rotaxanes.? To this end, the case of four different

® o
Ph (0] NH3 CO,CF3
Ph
4 o
20Ts ® 20Ts
3 o
« > «'Z»
P'[2D5¢]20Ts ——————= .
toluene-dg or
benzene-dg
reflux, 12 h

P' [225¢]20Ts: 30% P"[225¢]20Ts: 70%

Scheme 6. Redistribution of P'[225¢]20Ts at 340 K in aromatic apolar

solvents
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axles was studied in benzene-d; at 300 K and the results
collected (Scheme 7).

Interestingly, the selectivity of the threading process toward
the Py, pseudorotaxane increases as the difference in the
length of the two alkyl chains, with P[126¢]20Ts and P[1
D6d]20Ts affording exclusively the short-oriented isomers
P’ or- Refluxing the mixtures, a redistribution up to 1:1 of the
two orientational isomers was always observed for P[1D6b]
20Ts and P[1D26c]20Ts, while the isomerization of P[1
D6d]20Ts was only 20 % after the same time. A competition
experiment to exploit the “length chain” selectivity was
subsequently performed. Hence, a solution of 1 and an excess
of symmetric axles 6e020Ts (C;Cs) and 6£620Ts (C;4C,g) in
an equimolar ratio was prepared in benzene-dj. After 1 h of
stirring, '"H-NMR analysis showed that pseudorotaxane P[1
D6€]20Ts was the only species present in solution, high-
lighting once more not only how the threading process is
governed by kinetics, but also that a simple alkyl chain could
be used as a kinetic stopper to direct the unidirectional
threading of the axle through the upper rim.

3. Template-assisted Synthesis of MIMs

The growing interest toward mechanically interlocked mole-
cules (MIM) prompted several research groups to elaborate
novel synthetic methodologies to deliver these supramolecular
systems in a high efficient manner. Most of these approaches
are based on the use of metal ions that are able to provide the
correct spatial rearrangement of the precursors and eventually
playing an active role in promoting the formation of covalent
bonds that finally lead to MIMs.” In this context, electron-
rich calixarene wheels of type 2 are able to form inclusion
complexes with m-acceptors guests such as dialkyl viologen
salts. Interestingly, the same trend was observed mixing a

00 00

@X
U%Mﬁm ol ~ wil

benzene-dg, 300 K, 1 h

P'[12 6lgnort 20Ts  P"[12 BJgng 20Ts

n=8, CgCs (6a+20Ts) 53 47
n =10, C1oCs (6b*20Ts) 88 12
n=12, C1,C¢ (6c*20Ts) 100 -
n =18, C15Csq (6d*20Ts) 100

Scheme 7. Threading of unsymmetrical dialkylviologen axles of type
6020Ts.
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pyridilpyridinium salt 7aeOTs and triphenylureido calix[6]
arene wheel in toluene. This paved the way for investigating
on an unprecedented “metal-free” synthesis of oriented
rotaxanes. Hence, NMR analysis performed in toluene-d; at
340 K, showed the formation of two distinct pseudorotaxanes
isomers P'[2D7a]OTs and P“[2D7a]OTs (=2 1:1 ratio)
which differ for the relative orientation of their non-sym-
metrical components (Scheme 8).2%%”

To verify this potential “template-assisted” effect, the
mixture of pseudorotaxanes was treated with 7-pentyl tosylate
8a under different temperatures. Hence, pseudorotaxanes P'[2
09a]20Ts and P“[209a]20Ts were obtained as a 7:3
mixture at 340 K suggesting that the reaction takes place
preferentially on P'[2D7a] which probably presents a more
reactive nucleophilic site. Interestingly, the formation of P'[2
D9a]20Ts is kinetically disfavoured; indeed, only P”[2D9a]
20Ts is afforded performing the alkylation at room temper-
ature. Kinetic analysis of the alkylation process fitted with a
Sx2 type mechanism with a rate constant of 1.4x107*s™" for
the reaction conducted with the calixarene wheel 2 and 8.6 x
107°s7" for the “un-assisted” one. These results highlighted
that under present reaction conditions, the alkylation is 16
times faster when the calixarene is employed. To gain more

insight into the mechanism of the reaction, we repeated the
“template-assisted” alkylation with a series of pentyl derivatives
8 that differ for the leaving groups. As expected, the tosylate
yielded the highest reaction rate and, in general, the results
obtained for the entire series reflect the ability of the leaving
groups (TsO>1>Br>Cl) present in the alkylating agent.
This effect unequivocally highlighted the proximity effect of
urea groups of the calixarene wheel that accelerated the Sy2
reaction by binding the anionic leaving group of the alkylating
agents.” The “template-directed” approach was subsequently
applied for the synthesis of oriented rotaxanes. This synthesis
is traditionally accomplished by directional insertion of a 1,1-
dialkyl-4,4-bipyridinium axle (possibly with one stoppered
extremity) in the calixarene, followed by a stoppering
(acylation) reaction. The rate-determining step of this
approach is the alkylation of the bipyridine or pyridylpyr-
idinium ion, which takes 7 days at reflux (Scheme9, a).
Hence, a more sustainable approach was realized by a
supramolecular assisted strategy exploiting the different reac-
tivities of oriented pseudorotaxanes (Scheme 9, b).

It is important to highlight that the novel strategy allowed
for more sustainable synthesis of the two possible oriented
rotaxanes with the longer chain facing the lower and the upper

o o
L@ OTs [ N\ﬁ OTs [ oTs
B =
2+ L J . < "~ + < i J

P'[2D7a]0Ts
T= 340K 50

P'2D27a]0Ts
50

NOTs ‘ toluene, A

C)

NQ  20Ts
< I/

P"[2 D9a]20Ts
T= 340K 30
T= 208K 100

Scheme 8. Template-assisted approach for pseudorotaxane synthesis.
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Scheme 9. Exploiting different approaches for rotaxane synthesis.

rim, respectively. This would be otherwise impossible to be
realized using the traditional approach. Particularly, the
equilibration of a pyridylpyridinium salt 7beOTs (whose
synthesis requires only 24 h) with the wheel led to a 1:1
mixture of pseudorotaxanes P”/P'[2D7b]OTs (evaluated in
toluene-dy at 340 K). This could be treated with 12-hydroxy-
n-dodecyl tosylate 8b in refluxing toluene for 4 days, enabling
the selective formation of the oriented dicationic pseudorotax-
ane P'[2D9b]20Ts, that further delivers the corresponding
rotaxane R'[2D9b]20Ts through a classical stoppering reac-
tion (Scheme 10) in 63 % overall yield.

Through this approach, only rotaxane R'[229b]20T's was
formed, indicating unequivocally that only P'[2D7b]OTs
underwent an accelerated alkylation reaction. All these
evidence led us to conclude that a deep encapsulation of the
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’ ii) "stoppering reaction” P .
© ©0
ii) alkylation
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pyridinium charge results in: i) a more exposed nucleophilic
nitrogen at the upper rim; ii) a substantial change of the
electron density of the axle that enhanced the nucleophilicity
of the exposed nitrogen itself. These, along with urea moieties
ability to stabilize the transition state by performing hydrogen
bonding interactions, are suggestive of the “innate” selectivity
of calixarene wheel in promoting a template-assisted synthesis
of rotaxanes. To further prove the potentiality of the “wheel”-
assisted reaction, the synthesis of catenanes was subsequently
investigated. Hence, a “tailored-shape” symmetric dialkyl
viologen axle 9¢e20Ts, that presents two terminal alkene
units, was designed. Subsequently, equilibration of this axle
with the calix[6]arene wheel 2 in toluene, followed by a well-
established ring-closing metathesis (RCM) reaction using first-
generation Grubb’s catalyst (5 mol%, 298 K, 24 hs) led to
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Scheme 10. Rotaxane synthesis via “template-assisted” approach.

catenane C[2D9¢]20Ts in  moderate

Scheme 11).%

yield  (15%,

4. Stimuli-induced Rearrangements
4.1. Photocontrolled Dynamics

The development of molecular motors able to perform
controlled threading/dethreading processes under external
stimuli would represent an important advance toward the
construction of “smart” materials. To address this issue, a
specific class of axles bearing photoisomerizable stilbene units
10020Ts was synthesized (Scheme 12)."!

Subsequently, rotaxanes R[2510a]20Ts and R[2D10b]
20Ts were synthesized under typical optimized reaction
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© 2021 The Authors. Published by The Chemical Society of Japan & Wiley-VCH GmbH

<

P'[2 D7b]OTs
toluene, AT
Ph
O
%ph
O
(
10 o
N 2TsO

R2 D 9b]OTs: 63%

conditions at 273 K using diphenylacetyl chloride as the
stoppering moiety. Detailed NMR analysis clearly showed the
expected formation of sole up-oriented rotaxanes with the
stilbene group positioned at the upper rim of the wheel.
Further efforts were devoted to the study of the dethreading
process. We hypothesized that the use of polar solvent such as
DMSO would weaken secondary interactions that govern the
threading process, favoring the slippage of the sufficiently thin
stilbene-type unit from the lower rim of the wheel. Kinetics of
dethreading process in polar solvents such as DMSO were
further evaluated by monitoring the CT absorption band at
460 nm for both rotaxanes. Data fitting showed that the
absorbance decay at A=460 nm takes place with a first-order
kinetic law and with rate constants of 5.9x107° and 9.3 x
107° s for R[2210a]20Ts and R[2D10b]20Ts, respec-
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Scheme 11. Synthesis of catenane C[229¢]20Ts by ring-closing metha-
thesis.
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Scheme 12. Synthesis of up-oriented rotaxanes R[2510]20Ts.

tively. The fact that the rate constants depend on the stilbene
structure (unsubstituted and #Bu-substituted)
evidence that dethreading occurs through the slippage of this
group from the lower rim of the wheel, upon dissolution in
DMSO. The two orders of magnitude lower rate constant of
R[2D10a]20Ts compared with R[2D10b]20Ts can indeed
be explained on the basis of the higher steric hindrance of the
#-Bu-substituted stilbene moiety (Scheme 13).

To further support the evidence of the unidirectional
dethreading of the axle from the lower rim, the photo-
controlled cis/trans isomerization of stilbene units was inves-
tigated. Both compounds, (E)-R[2D10a]20Ts and (£)-R[2
D10b]20Ts, were irradiated for 90 min, causing about 70 %
conversion of the stilbene unit from the £ to the Z isomer.

is a clear
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Scheme 13. Decrease of the CT absorption band at A=460 nm of
compound R[2210a]20Ts (2.2x 107 M, top) and R[2D10b]20Ts (2.3
107*M, down) after dissolution in DMSO, at 298 K. Image partially
adapted from Ref. [30]. Copyright © 2012 Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim.

Subsequently, after evaporation of CH,Cl,, DMSO was added,
and the CT absorption bands were monitored. As previously
observed for the corresponding (E)-rotaxanes, the CT band
decreased over time indicating the occurrence of axle dethread-
ing also for the (2)-R[2D010a]20Ts and (£)-R[2D10b]20Ts.
In the case of (£)-R[2D10a]20Ts, the best fitting of the
absorption values at =460 nm clearly evidenced two super-
imposed first-order kinetics (Scheme 14, open circles) with
rate constants of 5.9x 107° and 2.3x 107°s™", respectively.

The faster process, which accounts for 30% of the total
decay, is attributed to the dethreading of the axle carrying the
stilbene (E)-isomer because its rate constant coincides with the
one obtained for non-irradiated rotaxane R[2D210a]20Ts.
Intuitively, the slower process can be assigned to the
dethreading of the axle comprising a (2)-stilbene (note that no
appreciable thermal Z-to-E isomerization was observed under
examined conditions). The low value of its rate constant is in
agreement with the higher hampering effect of the (2)-isomer
compared with the (£)-isomer, which results in a much more
difficult dethreading of this unit from the wheel. It is
interesting to notice that the F~Z photoisomerization affects
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Scheme 14. Absorbance decrease at =460 nm upon dissolution of (E)-R[2
210a]20Ts DMSO before (full circles) and after (open circles) exhaustive
irradiation at A=334 nm. The first order fitting curves are also shown.
Image partially adapted from Ref. [30]. Copyright © 2012 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.

the dethreading rate constant more than the incorporation of
the tert-butyl group on the stilbene unit (Scheme 15).

The rate constant observed upon isomerization is indeed
about one order of magnitude slower than that observed in the
case of the substituted stilbene. In the case of (£)-R[2D10b]
20Ts, a decrease of the CT absorption band of only about
30% is observed. The best fitting of the absorption values at
A=460 nm (Scheme 15, open circles) highlights that this
decrease occurs according to first-order kinetics with a rate
constant of 4x107°s™', which is quite similar to the one
obtained for dethreading of the non-irradiated (£)-R[2D10b]
20Ts. It was concluded that the observed decay of the CT

absorption band concerns the portion of the compound with

O hv irradiation, 90 min
00 ‘

N . i8u _O_o
trans-cis

isomerization v

DMSO

0 10000 20000 30000 40000
tls
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Scheme 15. Absorbance decrease at A=460 nm upon dissolution of (£)-
(R[2D10b]20Ts DMSO before (full circles) and after (open circles)
exhaustive irradiation at A=334 nm. The first order fitting curves are also
shown. Image partially adapted from Ref. [30]. Copyright © 2012 Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim.
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the axle carrying the (£)-isomer of the #Bu stilbene, and that
the photoisomerized compound does not undergo dethreading,
accounting for 70% of the CT absorption intensity that does
not disappear in DMSO. Hence, our results show that the (2)-
isomer of the #Bu stilbene is too bulky to pass through the
lower rim of the wheel and that (£)-R[2D210b]20Ts behaves
like a real rotaxane. Overall, it was demonstrated for the first
time that an external stimulus is able to promote the
unidirectional transit of the axle through its wheel.

4.2. Redox-induced Dynamics

As dialkyl viologen salts are redox-active molecules, it became
attractive to get insights on how the dynamics of threading/
dethreading processes are influenced by the electrochemical
state of the axles. Preliminary investigations by cyclic
voltammetry and differential pulse voltammetry were con-
ducted on a symmetric viologen salt 3ae2PF, as the model
substrate. This salt is characterized by two reversible mono-
electronic reduction processes at —0.29 and —0.81 V and no
oxidation process (with TBAPF; as the electrolyte, Fig-
ure 62).”"" The inclusion of 3ae2PF, into the cavity of 1
causes a large negative shift of the first reduction potential of
the viologen unit of the axle (Figure 6b). In other words, the
axle becomes more difficult to reduce, reflecting the stabiliza-
tion offered by the wheel. The second reduction process of
pseudorotaxane P[123a]2PF; occurs at the same potential as
for the free axle (Figure 6b). These results show that one-
electron reduction of 3ae2PF, promotes its dethreading from
1, in line with the behavior of several related bipyridinium-
containing pseudorotaxanes. This process is further related to
the fact that one-electron reduction decreases the m-acceptor
and H-bonding donor abilities of the viologen unit, thereby
destabilizing the pseudorotaxane structure.

Differently, rotaxane R[1D4b]2PF,?"*? obtained with
typical reaction conditions using a symmetric diol derivative
4be2PF,, show two reversible or quasireversible monoelec-
tronic reduction processes at more negative potential values
with respect to the free bipyridinium derivative (Figure 6¢).
The reversibility of the electrochemical waves suggests that
cither no conformational rearrangement takes place, or the
rearrangement is fast on the timescale of the electrochemical
experiment. The shift toward negative potential values of the
second reduction potential shows that the reduced forms of
the bipyridinium still interact with the calix[6]arene. More
detailed information was acquired by analyzing the absorption
spectra of monoreduced DOV salt 3a020Ts and model
rotaxane R[124b]20Ts (Figure 7).** The absorption spectra
of monoreduced DOV salt 3a¢20Ts is characterized by two
structured bands at A,,,, =398 and 602 nm both in the absence
and in the presence of a calix[6]arene; the energy, shape and

‘max

intensity of the bands are not perturbated by the presence of
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Figure 6. Cyclic voltammetric curves (2 x 10~* M CH,CI, solution, 0.05 M TBAPF,, 293 K; scan rate 0.2 Vs~ ") for the first and second reduction of the viologen
unit in (a) 3ae2PF, (b) pseudorotaxane P[1D3a]2PF, (c) rotaxane R[1D4b]2PF,. Image partially adapted from Ref. [20]. Copyright © 2004, American
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Figure 7. Absorption spectra of the radical cation species of DOV 3a¢20Ts
(black) and R[1D4b]20Ts (gray). The spectra are normalized at the
maximum of the lower energy band. Image partially adapted from Ref. [32].
Copyright © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the host, indicating that monoreduced pyridinium axle easily
dethreads from the wheel. On the other hand, the spectrum of
monoreduced rotaxane R[1D4b]20Ts features some signifi-
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cant differences. The band at higher energy is less structured
while the band at lower energy is red-shifted. This indicated
that axle 4be2OTs is still located in the cavity of the host even
after mono reduction, although experiencing a different
environment with respect to the free axle.

All these evidence led us to conclude that electrochemical
stimulation of the bipyridinium core is not sufficient alone to
induce any mechanical movement in rotaxanes. Hence, a
second recognition site seemed to be necessary to facilitate
displacement and promoting shutting. To this goal, we
envisaged the synthesis of two-station rotaxanes with an
ammonium salt as a second unit that presents a different
association strength with the calixarene receptor.”” This would
become a feasible approach to control the movement of wheels
reversibly. Indeed, four different rotaxanes, depending on the
position of the ammonium station (UP if the station is
oriented towards the upper rim and DOWN if oriented
toward the lower rim), were synthesized exploiting different
strategies. In the first case, the presence of a bulky stopper able
to selectively orient the threading process, lead smoothly to
isolate rotaxane R-Up-short [2511a]20Ts and R-Up-long [2
D11b]20Ts after equilibration with wheel 2, a second
stoppering reaction and the final deprotection of the amino
group (Scheme 16).

In the second case, a template-assisted synthesis was
exploited using intermediates 11a’(b’)#OTs and 6-bromohexyl
2,2-diphenylacetate 12. This approach allows the alkylation of
the pyridine ring facing the calixarene upper rim to proceed
preferentially (see next session for more details). After
equilibration, alkylation and final deprotection R-Down-short
[2D11a]20Ts and R-Down-long [2D11b]20Ts could be
obtained in moderate yields (Scheme 17).
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Scheme 17. Synthesis of R-Down-short [2511a]20Ts and R-Down-long [2
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As previously concluded, in rotaxanes with single recog-
nition sites, the electrochemical reduction of bipyridinium ring
does not displace the ring from the station. Hence, it became
attractive to study the electrochemical properties of previously
synthesized two station rotaxanes R-Up/Down-short [2D11a]
20Ts and R-Up/Down-long [2D11b]20Ts by cyclic voltam-
metry (CV) and different pulse voltammetry (DPV) (Table 1).

In line with previous studies, we could first observe that
the first reduction potential of DOV 32e20Ts is comparable
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to those of dumbbells 11a¢20Ts and 11be2OTs, demon-
strating that the electrochemical properties of bipyridinium
axles are not influenced by the stoppers or the ammonium
units. Conversely, the electrochemical potentials of rotaxanes
[2D11a/b]20Ts are all shifted toward more negative values as
a consequence of the stabilization of the axle provided by the
electron-rich cavity of the calixarene. The second reduction
potentials are, however, closer to the one of the uncomplexed
axles suggesting that the calixarene ring moves away from the
monoreduced bipyridinium unit. Further analysis of reduction
potentials revealed a strong dependence on the length of the
N-containing alkyl chains. Hence, the second reduction
potentials of rotaxanes with shorter chains R-Up/Down-short
[2D11a]20Ts are relatively higher than those of the
corresponding long isomers. This suggests that the limited
length of the axle causes weak, although not negligible,
between the wheel and the
ammonium as well as the bipyridinium stations. Moreover,
[2D11a]20Ts with a short N-

containing chain, closer to the lower rim of the calixarene is

interactions calix[6]arene

rotaxane R-Down-short

easier to reduce with respect to all rotaxanes. This finding
might be rationalized with a calixarene less engaged in charge-
transfer interactions with the monoreduced bipyridinium unit,
possibly  because
ammonium site in its oxidized form. The voltammetric curves
obtained for rotaxane R-Up-short [2211a]20Ts were fitted
by fixing the reduction potentials for the encapsulated and free
species to the experimental values (Scheme 18). Overall, we

of pre-existing interactions with the

could conclude that electrochemical stimulation of dipyridyl
moiety, particularly its mono reduction, induces a mono-
directional shuttling of the calixarene towards the more favored
ammonium recognition site, allowing the complete reduction
of the radical cation to its neutral form, outside the calixarene
cavity.

The dynamics of supramolecular calix[6]arene systems
were recently explored by our group with the synthesis of an
artificial molecular lasso, able to self-assemble in low polar
solvents, whose mechanical movement can be controlled by
redox-stimulations.®” The synthesis of calix[6]arene intermedi-
ate 13 was accomplished in satisfying yields, by a careful
control of reaction conditions and particularly, playing with
the stoichiometry of the reagents employed. Subsequently,
after equilibration with dialkyl viologen salt 4be20OTs,
catalytic amounts of TsOH were necessary to promote a
transesterification reaction yielding [1]pseudorotaxane P[13
D4b]20Ts in 65% yields. Interestingly, this structure could
dimerize, depending on its concentration, to form a [c2]daisy
chain structure. A typical stoppering reaction was crucial to re-
quilibrate the system between the monomeric and dimeric
structures, leading to the self-complexed [1]rotaxane R[13
D4b]20Ts in a selective fashion (Scheme 19).
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Table 1. Electrochemical potentials (vs. SCE) of the investigated
compounds. Conditions: argon-purged acetonitrile, 0.04 M tetrae-
thylammonium hexafluorophosphate, 30-40 mM analyte.

Species® Reduction Potentials [V]
El E2
DOV 3a020Ts —0.42 —0.87
DB-short 11a020Ts —0.41 —0.85
DB-long 11be20Ts —0.40 —0.85
R-Up-short [2D11a]20Ts —0.60 —0.94
R-Up-long [2D11b]20Ts —0.61 —0.87
R-Down-short [2D11a]20Ts —0.52 —0.93
R-Down-long R[2D11a]20Ts —0.60 —0.88
R—-C6C6 R[1D3b]20Ts —0.64 —1.15

The redox properties of these supramolecular structures
were subsequently analyzed by cyclic voltammetry (CV) and
compared with a typical free bipyridinium axle. For both
species, the shift of the first reduction process to more negative
potential values (—0.60 and —0.63V, respectively), with
respect to the one of DOVe2OTs (—0.41 V), highlighted how
the mono-reduced species were still encapsulated and engaged
in charge-transfer interactions. On the other hand, the second
reduction potential for P[1304b]20Ts (—0.88 V) is compa-
rable to the one of the free-axle (—0.87 V) supporting the
dethreading of the former from the wheel, leading to a hollow
macrocyclic structure. The reversibility of the process was
further confirmed by the chemical reversibility of the CV
patterns and allowed the regeneration of the original lasso-like
structure. The second reduction process is far more difficult
for [1]rotaxane R[13D4b]20Ts with a potential of —1.18 V
that is due to a stronger encapsulation enabled by a mechanical
bond (Scheme 20).

1.0x10°s™"
—
077"
[
1.0x10%s™
P—
1.0x10*s™
\q
3.0x10"s™
[ ] P—
32x10°s™

4.3. Molecular Machines through Dynamic Control

The synthesis of a catenane through a template-assisted
methodology encouraged our efforts toward the realization of a
molecular machine. To this end, it is necessary to incorporate
functional groups that could respond to different external
stimuli leading to appropriate co-conformational rearrange-
ments. Particularly, one of the most efficient approaches relies
on the presence of two recognition sites on one ring (the
‘track’) for the other ring (the ‘shuttle’); upon switching off
and on the affinity of the primary site, the ‘shuttle’ ring moves
onto and away from the secondary one, and reversible
pirouetting can be achieved. An essential property for a
molecular machine motor is the control of the directionality of
the circumrotation; this might be addressed by rendering non-
equivalent the clockwise and the anticlockwise direction, so
the rotation in one direction is faster than the other one
(Scheme 21). To these
supramolecular entities, we employed the strategy previously
used for the synthesis of non-oriented [2]catenane C[229c]
20Ts. Particularly, a non-symmetrical axle 14ae2Br was

investigate the dynamics of

designed and subsequently synthesized with a premeditatedly
short alkyl chain to promote a directionally-controlled
threading from the upper rim calix[6]arene wheel 2
(Scheme 22). After equilibration of axle 14a2Br in toluene at
ambient temperature, a RCM reaction led to the isolation of
the Boc-protected [2]catenane C[2D14a]2Br in 17 % yields
(Scheme 22, i). The final catenane C[2D214b]2Br was finally
delivered by deprotection with TFA in quantitative yields
(Scheme 22, ij).””

The electrochemical properties of oriented [2]catenane C[2
D14b]20Ts was investigated by cyclic and differential pulse
voltammetry techniques and compared with (a) the sym-
metrical one-station [2]catenane C[229¢]20Ts, (b) the one-
station rotaxane R[2D4b]2Br and (c) the free DOV 3a¢20Ts

K(++)=1.3x10%

K(+) =10
&
- K(0)=9.4

Scheme 18. Reaction scheme showing the thermodynamic and kinetic data for the simulated voltammogram of R-Up-short [2D11a]20Ts.
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Scheme 20. Left: Cyclic volammetry curves in CH;CN of DOVe20Ts (2.4x 10~ M), scan rate 100 mV/s (a), [1]pseudorotaxane P[1324b]20Ts (1.5x
10~* M) (b), [1]rotaxane R[13D4b]20Ts (1.8x 107 M) (c). Right: Schematic representation of the threading/dethreading equilibria and redox reactions of [1]
pseudorotaxane P[1304b]20Ts.

(Figure 8). Catenane C[2D14b]20Ts shows two reversible  first and second reduction of the bipyridinium unit, respec-
monoelectronic reduction processes at —0.597 and —0.877 V  tively (Figure 8a). Particularly, its first reduction potential is
versus the standard calomel electrode (SCE) assigned to the  shifted toward more negative values with respect to the same
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Scheme 21. (a) In a [2]catenane containing two different recognition sites on one ring, the relative rotation of the rings is achieved upon switching off and on the
primary recognition site with an external stimulus. As the clockwise and anticlockwise directions are equally probable, no repetitive unidirectional circumrotation
can be obtained. (b) In a bistable [2]catenane with an oriented ‘track’ ring, the clockwise and anticlockwise rotation directions are not equivalent. This is a key
requirement for the construction of catenane rotary motors. Upon external modulation of both the relative affinities of the recognition sites and the shuttling
barriers with a stimulus, full directional rotation of the blue ring around the “track” (e.g. clockwise as shown in the illustration) can be achieved. Dashed lines
represent slow processes that are unlikely to occur. Image partially adapted from [34]. Reproduced by permission of The Royal Society of Chemistry.
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Scheme 22. Synthesis of catenane C[2214b]2OTs by ring-closing methathesis.

process in the free DOV axle 3ae20Ts. As previously 2Br, in which the bipyridinium unit is confined inside the
described, this shift might be attributed to the stabilization — aromatic cavity of 2. However, the value of the second
provided by the m-rich cavity of 2. In fact, the shift measured  reduction potential of C[2D214b]20Ts is comparable to that
for catenane C[2D14b]20Ts is similar to that observed for of free DOV axle 3ae20Ts (Figure 8b). This observation
other interlocked species such as C[209¢]20Ts and R[2D4b]  might be explained with the calixarene wheel not interacting
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Figure 8. Electrochemical measurements: (a) Cyclic voltammogram of an argon-purged acetonitrile solution of catenane C[2514b]20Ts (0.03 mM, 0.04 M
tetraethylammonium hexafluorophosphate (TEAPF); scan rate 200 mV's™'); the wave in the region of positive potentials is that of ferrocene used as an internal
standard. (b) Genetic diagram for the first and second reduction processes for (from top to bottom): the free bipyridinium axle 3a¢20Ts (empty circles), the [2]
catenane C[2D14b]20Ts (solid circles), the one-station [2]catenane C[2D9¢c]20Ts (squares); and the one-station [2]rotaxane R[2D4b]2Br (triangles). Image

partially adapted from Ref. [35].

any longer with the monoreduced bipyridinium site, in sharp
contrast to what was observed for the one-station catenane C[2
D9¢]20Ts. Hence, the presence of a second recognition unit
enabled a translational movement of the calixarene ring upon
one-electron reduction of the bipyridinium site. The full
reversibility of all the voltammetric waves further confirmed
the stability of the supramolecular system and that the re-
oxidation of the bipyridinium site promoted the return of the
calixarene, from the ammonium station to the dicationic unit.
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Finally, calix[6]arenes are able to form stable pseudorotax-
ane complexes P[1D7cH]PF, (K,=6+2 x10°M™") with
axles obtained by simple protonation of pyridyl-pyridinium
salts of type 7 cePF,. This property was finally exploited to
design a molecular machine by coupling this complex with a
second partner whose acid-base properties could be photo-
controlled,  specifically  spyropyran  photochrome  SP
(Scheme 23).5¢

The operating mode of this molecular machine could be
rationalized as follows. In the dark, SP and pseudorotaxane
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Scheme 23. Control of threading-dethreading processes in pseudorotaxane P[127cH]PF, by means of light-induced proton exchange with a spiropyran (SP)/
merocyanine [ME—H]" photochromic system. (Right) absorption spectra in CH,Cl, at RT of (i) P[1D7cH]PF, (black curve); (ii) P[1D7cH]PF, and SP,
immediately after the addition of the latter (blue curve); (iii) solution (ii) after 7 days of rest in the dark (red curve); (iv) solution (iii) after 10 min of irradiation at
A>450 nm (green curve). Inset: absorbance changes at 417 and 550 nm of 10~ M solution of P[127cH]PF and SP in CH,Cl, taken upon several thermal
equilibration cycles (white bars) and visible light irradiation (gray bars). Image partially adapted from Ref. [36]. Copyright © 2007, American Chemical Society

P[1D7cH]PF, are mixed as a solution of CH,Cl, (107* M)
and a slow thermal proton transfer (7 days) from P[1D7cH]
PFs to SP occurs, leading to the formation of merocyanine
[ME—H]", that typically absorbs at A=417 nm, and dethread-
ing of axle 7 cePF6, which could be appreciated by a marked
decrease of the CT band of the corresponding pseudorotaxane
P[1D7cH]PF; at A =478 nm (red curve). Subsequently, light
irradiation in the visible region of [ME-H]+ promotes the
opposite proton transfer, regenerating pseudorotaxane P[1
D7cH]PF, whose formation could be appreciated by the
restoring of its typical CT absorption band (green curve). It
appears evident that the photostationary resting state is shifted
towards SP and pseudorotaxane P[1D7cH]PF, unless irradi-
ation is carried out or temperature is increased, implementing
a “memory” in the supramolecular system.
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5. Future Perspectives and Outlook

A less exploited, yet intriguing possibility in supramolecular
chemistry, that we are currently pursuing in our group, is the
control of chemical and spectroscopic properties of organic
molecules upon complexation. This would open new possibil-
ities toward the synthesis of responsive function-oriented
devices. In this context, we recently demonstrated the ability
of calix[6]arene 2 wheel to tune the fluorescent properties of
stilbazolium axles 15aeOTs, depending on its relative
orientation inside the macrocyclic cavity (Scheme 24).””

Yet, the modular platform was further explored through
the synthesis of a new class of trisulfonamidecalix[6]arene
derivatives of type 16, that are able to work as Bronsted acid
catalysts"®¥
ogen salts 3. Intriguingly, we demonstrated how the features

) and to form inclusion complexes with dialkylviol-

of the ion-pair associated to these axles are able to promote a
selective conformational rearrangement in the corresponding
pseudorotaxanes (Scheme 25).
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Within this manuscript, we discussed how the functional-
ization of the upper and lower rim of calix[6]arene wheels
allowed for the preparation of a platform of heteroditopic
receptors, able to selectively recognize charged viologen-based
guests, leading to supramolecular interwoven and interlocked
structures. ™™ The development of synthetic strategies to
realize supramolecular species with a predetermined spatial
orientation and the control of the directional motion of the
relative threaded components is crucial to explore the still
growing research area of calixarene-based nanodevices. In this
context, further efforts will be directed towards the develop-
ment of molecular machines able to store informations at the

nanoscale level and stimuli-responsive catalysts.*
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