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Abstract Mechanically interlocked molecular compounds can be synthesized in high yields
by using template-directed assistance to covalent synthesis. Catenanes and rotaxanes are two
classes of mechanically interlocked molecules that have been prepared using a variety of
methods such as “clipping”, “slipping”, and “threading-followed-by-stoppering”, under both
kinetic and thermodynamic regimes. These different methods have utilized a range of
templates such as transistion metals, T-donor/m-acceptors, and hydrogen-bonding motifs.
Multivalency has emerged as another tool to aid and abet the supramolecularly assisted
synthesis of mechanically interlocked molecules. Recent advances in our understanding of
the nature of the mechanical bond has led to the construction of molecular machines with
controllable motions that have, in one instance, been introduced into molecular electronic
devices.

Keywords Catenanes - Dynamic chemistry - Molecular machines - Multivalency -
Rotaxanes

Abbreviations and Symbols

B24C8 Benzo[24]crown-8

BIPY?* 4,4’-Bipyridinium

BN24C8  Benzo-2,3-naphtho[24]crown-8

Bu Butyl

24C8 [24]Crown-8

CBPQT**  Cyclobis(paraquat-p-phenylene)
CT Charge-transfer

Ccv Cyclic voltammetry

Cy Cyclohexyl

DB24C8  Dibenzo[24]crown-8

DEAD Diethyl azodicarboxylate

DMF Dimethylformamide

DMSO Dimethyl sulfoxide

DN24C8  2,3-Dinaphtho[24]crown-8
DN38C10 1,5-Dinaphtho[38]crown-10
DNP 1,5-Dioxynaphthalene

Et Ethyl

GrubbsI  First generation Grubbs catalyst
Grubbs II Second generation Grubbs catalyst
HMPT Hexamethylphosphoric triamide
LB Langmuir-Blodgett

Me Methyl

MPTTFE  Monopyrrolotetrathiafulvalene
N24C8 2,3-Naphtho[24]crown-8

NMR Nuclear magnetic resonance

RCM Ring-closing metathesis

RORCM  Ring-opening ring-closing metathesis
SAM Self-assembled monolayer

tert Tertiary

TFAA Trifluoroacetic anhydride

THF Tetrahydrofuran

Tr Triphenylmethyl (Trityl)

TTF Tetrathiafulvalene
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1
Introduction

Interlocked molecules [1-5] consist of two or more components that are held
together as a consequence of mechanical linking rather than by covalent bonds.
The interest of the scientific community was initially piqued by the challenges
inherent in their efficient syntheses, as well as by their relatively unconventional
architectures - a fascinating aspect of their structure that marries topology [6]
with chemistry. Catenanes [7-14] and rotaxanes [15-26] are the archetypal
examples of such mechanically interlocked compounds. They merely represent
the forerunners, however, of an ever-expanding family of more intricate as-
semblies [27]. Catenanes (from the Latin catena, meaning “chain”) are com-
prised of two or more mechanically interlocked macrocycles, whereas simple
rotaxanes (from the Latin rota and axis, meaning “wheel” and “axle”, respec-
tively) contain a linear dumbbell-shaped component - bearing bulky end-
groups or “stoppers” — around which one or more macrocycles are trapped. No
longer esoteric curiosities, catenanes and rotaxanes are now being explored
[28-29] as prototypical molecular machines - an intriguing application that
arises from the ability to control the relative translations of interlocked com-
ponents within any given molecular assembly. Molecular devices such as logic
gates, switches, and shuttles are now a reality [28-29].

A common retrosynthetic disconnection shared by generic [2]rotaxane and
[2]catenane structures invokes (Fig. 1) a [2]pseudorotaxane precursor, in which
a linear molecule is threaded through a macrocyclic one. Post-assembly mod-
ification of the threaded [2]pseudorotaxane superstructure can proceed in two
ways: (i) macrocyclization of the linear component affords a [2]catenane
(Fig. 1a), whereas (ii) end-capping of the linear component with sufficiently
large groups — a process often referred to as “stoppering” (Fig. 1b) - results in
the formation of a [2]rotaxane. A complementary “clipping” strategy (Fig. 1¢),
in which an acyclic precursor is cyclized around a linear dumbbell-shaped
template, has also been developed for the synthesis of rotaxanes. An alternative
approach to prepare rotaxanes, called “slippage” (Fig. 1d), proceeds by heating
the preformed macrocycle and dumbbell together in order to slip the macro-
cycle past the bulky stoppers to produce the thermodynamically favored
rotaxane.

Each of these strategies requires the precise geometrical positioning of two
or more molecules prior to the formation of the final covalent bond, i.e., the one
that defines the ultimate molecular entity. When left to chance, the fragments
are highly unlikely to be oriented in the arrangement necessary for the creation
of an interlocked molecule - the statistics are not kind! Consequently, early
“statistical” approaches [7, 15] were poor yielding, relying upon tedious repe-
tition and arduous purification protocols to generate even the smallest quan-
tities of catenanes and rotaxanes. Covalent-directed approaches followed [1]
but they fared little better since they required complex multi-step syntheses.
Paradigms, however, have a habit of shifting; the chemical landscape was about
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(a) Clipping

J [2]Catenane

[2]Pseudorotaxane

2X

(b) Stoppering

(c) Clipping

[2]Rotaxane

A

(d) Slippage

Fig.1 Schematic representation of the synthesis of a [2]catenane by a clipping, and of a
[2]rotaxane by b stoppering, ¢ clipping, and d slippage
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to change. The field of host-guest chemistry [30] gained momentum (and, in
some circles, changed its name [31]) as the latter half of the twentieth century
wore on, and it was only a matter of time before the principles and practices of
supramolecular chemistry were applied to the formation of interlocked mole-
cules. The template-directed strategies that we continue to develop and hone up
to this day were born [8,32-41]. Whether hydrogen-bonding [42-48] or metal-
ligand interactions, [49-53] -t stacking [54-60] or hydrophobic binding,
[61-65] molecular recognition and the intermolecular forces - that we are now
beginning to comprehend and exploit - are the foundations upon which the
field of mechanically interlocked molecules are built.

To date, the final bond-forming reaction employed in the majority of me-
chanically interlocked molecule syntheses have been performed under kinetic
control. Such protocols can result in the irreversible formation of undesired
(non-interlocked) side-products, potentially reducing the efficiency of the in-
terlocking processes. By contrast, however, a reversible thermodynamically
controlled approach allows for a “proof-reading” step in which “incorrect” struc-
tures are consumed and their component parts recycled back into an equili-
brating mixture [66-71]. For example, in a stoppering reaction performed
(Fig.2a) under reversible conditions, the formation of a dumbbell-shaped com-
ponent does not represent a dead end, as it would if this reaction was performed
under kinetic control (vide supra). In this case, such an undesired structure can
simply re-equilibrate and its components can go on to form the desired dynamic
[2]rotaxane product. Furthermore, thermodynamic approaches for the syn-
theses of mechanically interlocked compounds are not limited to stoppering
reactions. The thermodynamically controlled clipping (Fig. 2b) of a macro-
cyclic component around a preformed dumbbell-shaped molecule can also be
envisaged. In fact, there are many ways by which dynamic [2]catenanes and
[2]rotaxanes can be assembled, depending upon whether just one or both of the
components possess, within their framework, bonds that can be made and bro-
ken reversibly. Additionally, the possibility exists for mechanically interlocked
molecules to be assembled (Fig. 2¢) directly from their constituent components.
For example, by mixing two preformed macrocycles with one another - at
least one of which contains a reversibly formed bond - it is possible, under the
appropriate conditions, to reproduce the conjurer’s “magic rings” trick, wherein
two apparently “closed” rings can be linked together, one through the other, to
form a [2]catenane.

This article surveys, in an appropriate historical context, the state-of-the-art
when it comes to the formation of mechanically interlocked molecules - under
both kinetic and thermodynamic regimes - and concludes with a vision of
what the future may hold, especially if we choose the right templates!
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2
Kinetic Approaches to the Synthesis of Interlocked Molecules

2.1
Transition Metal Templates

Kinetic templates, such as transition metals, have been used for over two
decades in the synthesis of catenanes and rotaxanes on account of their ability
to gather and coordinate organic ligands in a geometrically precise fashion. In
1983, Sauvage [8] reported the first metal-templated protocols for the synthe-
sis of catenanes and outlined a general procedure for using various transition
metals as synthetic templates. Since then, the synthesis of a string of exotic cate-
nanes and rotaxanes [72-73] has been demonstrated. Recently, Sauvage has
reported [74-75] the synthesis of metal-templated [2]catenanes, for which an
alkene terminated 2,2’-bipyridine derivative 2 (Scheme 1a) is chelated with a
pre-formed bisphenanthroline macrocycle 1 in the presence of a Ru(II) or a
Rh(IIT) metal center to afford stable, octahedral coordination complexes,
which correspond to the pseudorotaxanes 3a-2Cl or 3b-3Cl, respectively. These
pseudorotaxanes can be transformed into the corresponding olefin-linked
[2]catenates 5a-2Cl or 5b-3Cl, respectively, by using a ring-closing metathesis
(RCM) methodology on the two terminal alkenes with the catalyst 4 (Grubbs
I) in 68% or 34% yield, respectively. Conversely, a Cu(I)-templated [2]rotaxane
9-BF, [76] can be prepared (Scheme 1b) by means of a threading-followed-
by-stoppering approach. In this case, a 2,2’-bipyridine derivative 7 is treated
with a phenanthroline-terpyridine-containing macrocycle 6 in the presence of
Cu(I) ions, resulting in the formation of a tetrahedral coordination complex —
namely a semirotaxane [Cu(6>7)]-BF,. Subsequently, alkylation of the complex
[Cu(627)]-BF, with the stoppering reagent 8 gives the desired Cu(I)-templated
rotaxane 9-BF, in a yield of 20% for the final two steps. The X-ray crystal struc-
ture of the rotaxane 9-BF, confirmed that the Cu(I) complex adopts a tetrahe-
dral structure with the coordination of the two different bidentate ligands,
2,2’-bipyridine and phenanthroline with the Cu(I) metal center. It was demon-
strated [76] that the Cu(I)-templated [2]rotaxane 9-BF, undergoes controllable
rotary motion (pirouetting) of the macrocycle around the dumbbell’s axis
following the oxidation and reduction of the Cu metal center. Specifically,
the Cu(I) ion favors a four-coordinate ligand set in a tetrahedral geometry, a re-
quirement satisfied by the 2,2"-bipyridine and phenanthroline ligands, whereas
Cu(II) ion favors a five-coordinate geometry with 2,2’-bipyridine and terpyri-
dine ligands.

These recent examples demonstrate the ability of metal-ion templates to
facilitate the construction of interlocked molecules — and represent only the tip
of the iceberg. Over the past two decades, Sauvage and others have employed
a wide range of metal-ligand interactions to facilitate the efficient synthesis
of both catenanes and rotaxanes, in addition to other complex intertwined mol-
ecular architectures, e.g., molecular knots.
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Scheme 1 Syntheses of the metal-templated [2]catenanes 5a-2Cl/5b-3Cl and the [2]rotaxane
9-BF, by a ring-closing metathesis and an alkylation, respectively
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2.2
Tt-Donor/mt-Acceptor Templation

2.2.1
Charged Templates

The first synthesis of a [2]catenane utilizing the templating effects of charged
mi-donor/m-acceptor noncovalent bonding interactions was reported [77] in
1989. Since then, charged mt-donor/m-acceptor templates have continued to play
an important role in the syntheses of catenanes and rotaxanes on account of
their high self-assembling efficiency [78]. Thus far, the preparation of catenanes
and rotaxanes [61, 79-80] has taken advantage of strong binding affinities
(K,>3,000 M in MeCN at 298 K) between (Fig. 3) the charged m-electron-de-
ficient tetracationic cyclophane, cyclobis(paraquat-p-phenylene) (CBPQT**)
10-4PF, and m-electron-rich compounds, such as aromatic ethers 11 and 12.
This complexation is driven by - stacking and charge-transfer (CT) inter-
actions [81-82],as well as by [C-H---O] hydrogen bonding [83-84]. By far the
most effective i-donors for the preparation of charged catenanes and rotax-
anes are those [85] based on tetrathiafulvalene (TTF) 13 and their mutual
recognition by the m-electron-deficient cyclophane 10-4PF,. The binding con-
stant between TTF (13) and 10-4PF, to form a 1:1 inclusion complex (i.e., a
[2]pseudorotaxane) was determined to be ca. 10,000 M~! in MeCN at 298 K.
Even higher binding constants have been obtained [86] for some pyrrole-fused
TTF derivatives. The pioneering work in the development of charged nt-donor/
Ti-acceptor recognition motifs led to the preparation of a myriad of novel cate-
nanes [87-92], including the [5]catenane “Olympiadane” [87] and other func-
tional rotaxanes [26,93-96].

In 1998, the Stoddart group [90] reported that the bistable [2]catenanes
17a-4PF¢ and 17b-4PF, can be prepared (Scheme 2a) by template-directed
synthesis that utilizes the appropriate preformed macrocyclic polyether 14a/b.
The reaction of the horseshoe-like dicationic salt 15-2PF, under high dilution
with the dibromide 16 in the presence of the macrocyclic template 14a/b,
affords either the 1,4-dioxybenzene-containing [2]catenane 17a-4PF¢ or the

Acceptor (A) Donors (D)
d X o 0/—\o/'—\OH
: s 8
| CO =
0 O =
PR AP HO__P_°
10-4PFg : 1 12 13

Fig.3 Some examples of a -electron acceptor (A) and some donors (D)
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Scheme 2 Template-directed syntheses of the charged m-donor/m-acceptor [2]catenanes
17a-4PF/17b-4PF¢and the [2]rotaxane 19-4PF, by clipping reactions around TTF units

1,5-dioxynaphthalene (DNP)-containing [2]catenane 17b-4PF. The [2]catenanes
were obtained in yields of 23 and 43%, respectively, following counterion ex-
change with ammonium hexafluorophosphate. The X-ray crystal structure of
the [2]catenane 17b-4PF revealed that the tetracationic CBPQT** cyclophane
encircles the TTF unit, leaving the DNP ring system to interact with the outer
face of one of the bipyridinium rings of the cyclophane. Interestingly, the
[2]catenanes 17a-4PF, and 17b-4PF, exhibit controllable, reversible circumro-
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tary movements that exchange the TTF unit for the other aromatic ring system
within the cavity of the tetracationic cyclophane. This switching behavior
occurs in both solution [91] and in the semi-solid state [92]. By further elabo-
rating this synthetic method, a bistable, electrochemically switchable, [2]ro-
taxane 19-4PF¢ [95] was synthesized (Scheme 2b) in 23% yield by employing
the same template-directed clipping process with the dicationic salt 15-2PF,
and the dibromide 16 around the dumbbell compound 18 containing the two
donors, monopyrrolo-TTF (MPTTF) and DNP. Furthermore, when the clipping
reaction is performed under high pressure (10 kbar), the yield of the [2]rotax-
ane can be increased dramatically, i.e., up to as much as 50%!

2.2.2
Neutral Templates

In addition to these charged m-stacking systems, Sanders [97] has more recently
reported that neutral Tt-stacking motifs can be utilized for the construction of
[2]catenanes with high efficiencies. The neutral m-stacking motifs that involve
mi-electron-deficient diimides, such as pyromellitimide 23 (Scheme 3) and
mi-electron-rich aromatic ethers, such as the previously mentioned DNP deriv-
ative 12, self-assemble to give charge-transfer complexes with intense colors
[98]. By employing this type of neutral recognition motif (Scheme 3a) when a

@ VR
¢ Yo — i I
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Q o]
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Scheme3 Template-directed syntheses of neutral m-donor/m-acceptor [2]catenanes 22a/22b
and 25
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DNP-based macrocycle 20 (DN38C10) is treated separately with the bisacetyl-
ene 21a or 21b utilizing the Glaser-Hay oxidative homo-coupling reaction, the
[2]catenane 22a is produced as an orange-red solid in 38% yield and the
[2]catenane 22b as a purple solid in 52% yield, respectively [99-100]. From the
X-ray crystal structural analysis of the [2]catenane 22a, both the 3.5 A -t in-
teraction and the weak, intramolecular [N-C-H---O] hydrogen bonds are
observed and are believed to be essential for maintaining the self-assembled
structures. Moreover, an acetylene-free [2]catenane 25 (Scheme 3b) can be
constructed from the same starting macrocycle 20 with pyromellitimide 23
and diol 24 under Mitsunobu dehydrating reaction conditions to give the
product 25 as a deep-red solid in 17% yield [101]. In the synthetic studies of
other similar neutral [2]catenanes, the authors [97] conclude that the acidic
methylene protons adjacent to the diimide unit facilitate the formation of the
[2]catenanes from the macrocycle 20 by additional [N-C-H---O] hydrogen
bonding.

23
Hydrogen Bond Templation

2.3.1
Amide Templates

In 1992, Hunter [102] and Vogtle [103] reported separately that amide-based
[2]catenanes can be prepared in reasonable yields by amide-forming reactions
such that the intermediates are held in place by strong [C=0---H-N] hydrogen-
bonds [104]. Subsequently, in 1995, Leigh [9] published a convenient one-step
preparation (Scheme 4) of an amide-based [2]catenane 28. The synthesis in-
volves simply mixing isophthaloyl chloride 26 and p-xylylenediamine 27 in the
presence of triethylamine to furnish the [2]catenane 28 in a 20% yield by a
double [2+2] macrocyclization. The catenane formation is facilitated by two
types of interactions - the [C=0-.-H-N] hydrogen-bonds as well as -1 in-
teractions between phenylene rings - in a minimally spaced system. Based on
this landmark research, Leigh [105] has recently reported the synthesis
(Scheme 5a) of a “three-station” amide-based [2]catenane 30, which serves
as the basis for a unidirectional photochemically driven molecular motor. To

EtaN / GHClq

|
+
HaMN : NH; High Dilution
o]

26 27 28

o NH HN‘bNH NH.O

Scheme4 One-pot hydrogen bonding-assisted synthesis of the amide-based [2]catenane 28
from the acyclic starting materials 26 and 27
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begin with, a large amide-based macrocycle 29, which consists of (a) a sec-
ondary amide fumaramide group, (b) a tertiary amide fumaramide group, and
(c) a succinic amide ester group, is treated with isophthaloyl chloride 26 and
p-xylylenediamine 27 to yield, following a [2+2] macrocyclization, the [2]cate-
nane 30 as the major product in 50% yield. '"H-NMR spectroscopy confirmed
that the newly formed macrocyclic lactam was situated at the secondary amide
fumarmide moiety by forming a close-to-ideal hydrogen-bonding geometry.
And, as expected, [3]- and [4]catenanes were obtained as bonuses from the
one-pot reaction as minor products.

Employing a similar hydrogen bonding-induced macrocyclization strategy,
various amide-based [2]rotaxanes can be constructed [106-112]. One example
[110] is that of a [2]rotaxane 32 (Scheme 5b) that can be synthesized in a 59%
yield from a succinamide and naphthalimide-containing compound 31 with a
standard one-pot formation of the macrocyclic lactam from compounds 26 and
27. Upon electrochemical stimulation, the [2]rotaxane 32 displays bistable
switching behavior in which the macrocyclic lactam ring moves from the suc-
cinamide station to the naphthalimide station. Furthermore, by using similar
synthetic strategies described above, other amide-based [2]catenanes [113-116]
and amide-based [2]rotaxanes [117] have also been reported.

23.2
Ammonium lon Templates

It is well known [16, 118-119] that crown ethers, such as [18]crown-6 and
[24]crown-8 are ideal hosts for binding both with primary alkyl- and secondary
dialkyl-ammonium ions as a result of strong [N*-H---O] hydrogen-bonding
interactions. The Stoddart group [17, 120-121] has recently reported that am-
monium-containing [2]rotaxanes 35-H-2PFy, 36-H-3PF,, 38-H-PF, and 39-H-PF,
(Scheme 6) can be synthesized by templation between dibenzo[24]crown-8
(DB24C8) and dialkylammonium salts 33-H-PF¢ or 34-H-PF,. The synthesis
[122-123] involves a threading-followed-by-stoppering approach. In all these
cases, one-end-capped dialkylammonium salt 33-H-PF, (Scheme 6a) or the non-
end-capped ammonium salt 34-H-PF (Scheme 6b) is threaded into DB24C8,
followed by stoppering with triphenylphosphine to afford [2]rotaxanes 35-H-2PF,
in 80% or 36-H-3PF, in 55% yield, respectively. Subsequently, the triphenyl-
phosphonium stoppers can be modified to become aryl stoppers by Wittig re-
actions with, for example, the aldehyde 37. Such reactions, followed by catalytic
hydrogenation, yield new [2]rotaxanes 38-H-PF or 39-H-PF, respectively, both
in about 50% yield. During the post-modification reactions, there is no evidence
for the escaping of the crown ether from the dumbbell component. The X-ray
crystal structures of the [2]rotaxane 38-H-PF, and 39-H-PF, reveal that both the
ammonium protons and the a-methylene protons adjacent to the nitrogen atom
contribute to the hydrogen bonding with the DB24C8 component.
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2.3.3
Anion Templates

In the presence of appropriate macrocycles, the use of phenoxy anion templates
directs the synthesis of [2]rotaxanes [124-129] in high yielding reactions. In
1999, Vogtle [124] reported that a macrocyclic lactam 40 (Scheme 7a) is a good
acceptor for a p-tritylphenoxy anion as a result of forming [N-H---O~] hydro-
gen bonds. In this case, an intermediate complex [40D41]" is subsequently
reacted with a trityl end-stoppered alkylbromide 42, affording an amide-con-
taining [2]rotaxane 43 in 95% yield. By using a similar synthetic protocol,
Schalley [128] reported the synthesis (Scheme 7b) of the amide-containing
[2]rotaxane 46. Initially, the diamine 44 is treated with a mild base, prompting
it to thread onto the same starting macrocycle 40 to give a [2]pseudorotaxane
[40044]". The threading is followed by end-capping reactions with triphenyl-
acetic acid chloride 45 at both ends, generating the resulting [2]rotaxane 46.
Use of esterification to add two stoppers in a one-pot reaction leads to a sig-
nificantly lower yield 20-30%, compared with that for the mono-alkylation
(95%) of a single stopper in the former example.

2.3.4
Dipyridiniumethane Templates

In 1998, Loeb and Wisner [19, 130] reported that 1,2-bis(pyridinium)ethane and
DB24C8 self-assemble to form [2]pseudorotaxanes (K,=1,200 M~! in MeCN at
298 K). The complex is held together by two modes of attractive interactions,
namely [N*CH,---O] hydrogen-bonding and [N*---O] ion-dipole interactions.
This finding led these researchers to prepare new rotaxane [131-132] and cate-
nane [133] derivatives. For example, the [3]rotaxanes 50-5BF, and 51-6CF;SO;
(Scheme 8a) were made by the monoalkylation of the pyridinium salt 47-4BF,
or dialkylation of the pyridinium salt 48-4CF;SO; [131] with 4-tert-butylbenzyl
bromide 49, respectively, in the presence of an excess of DB24C8, to afford the
[3]rotaxanes, both in about 18% yield. In each series, however, the [2]rotaxanes
can also be prepared by using a limiting amount of the crown ether [132].

Alternatively, Loeb [133] has demonstrated (Scheme 8b) that, when various
crown ethers, such as 24C8,B24C8,N24C8, BN24C8, DN24C8, and DB24C8, are
treated separately with the pyridinium salt 52-2Br and the dibromide 53, then
a large number of [3]catenanes 54-8CF;SO; can be produced. According to the
nature of the crown ether, the percentage yields vary from 17% to 66%, with
DB24CS8 giving the best result.

24
Summary

Mechanically interlocked molecules, such as catenanes and rotaxanes, can be
synthesized in high efficiencies by utilizing organic or inorganic templates un-
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der kinetic control. The efficiency of these template-directed syntheses relies
upon a supramolecular approach that utilizes a combination of cooperative
noncovalent bonding interactions such as, metal-ligand interactions, -1
stacking and hydrogen bonding to form intermediates, leading to the irre-
versible formation of mechanically interlocked molecules by the formation of
a final covalent bond under kinetic control.

3
Thermodynamic Approaches to the Synthesis of Interlocked Molecules

3.1
Introduction

During the past 30 years, the synthesis of mechanically interlocked molecular
compounds such as rotaxanes and catenanes has relied, for the most part, upon
kinetically controlled reactions. However, as a result of the irreversible nature of
this synthetic approach, non-interlocked by-products(free dumbbell compo-
nents and free macrocycles) that are formed during the final post-assembly step,
invariably reduce the yield of the mechanically interlocked compounds. So, in
recent years, dynamic chemistry [134] has become the focus of some interest,
leading to molecular assemblies that are formed in a thermodynamically con-
trolled manner. In contrast with the kinetic process, the reversible thermody-
namic regime allows the undesired or competitive by-products to be recycled to
afford the most energetically favored mechanically interlocked compound.

3.2
Synthesis of Interlocked Molecules by Slippage

The so-called slippage approach has been employed successfully, in the past three
decades to self-assemble a series of linear [135-139] and branched [n]rotaxanes
[140-142] under thermodynamic control. In this strategy, the macrocycle and the
dumbbell, which are synthesized independently prior to self-assembly, are usu-
ally heated together in an appropriate solvent until the macrocycle slips over the
dumbbell’s stopper by overcoming the associated free energy of activation. The
resulting pseudorotaxane is stabilized by noncovalent bonding interactions. The
rotaxane comes into being when the solution is cooled down to ambient tem-
perature, at which point the free energy barrier to its dissociation back into its
components becomes insurmountable.

In 1972, Harrison [143] reported the synthesis of a rotaxane using a ther-
modynamically controlled slippage process. This interlocked molecular com-
pound was obtained by heating a solution containing macrocyclic hydrocarbons
with ring sizes between C,, and C,, and a dumbbell-shaped compound, namely
1,10-bis(triphenylmethoxy)decane, up to 120 °C. After cooling the solution
down to room temperature, Harrison was able to isolate chromatographically
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a [2]rotaxane comprised of the thread and the C,o-macrocycle. It transpires that
at high temperatures, the C,, macrocycle has sufficient energy to stretch out and
pass over the triarylmethane stoppers to afford, after cooling, a [2]rotaxane.

Macrocycles with a ring size of C;, are instead free to pass freely over the end
groups of the dumbbell and hence assemblies containing these rings are sim-
ply [2]pseudorotaxanes (1:1 complexes) at room temperature and dissociate
into their components when chromatographic purification is attempted. When
this type of slippage experiment was repeated in the presence of a small
amount of trichloroacetic acid, a number of [2]rotaxanes containing cyclics
ranging from C,;-C,, could be separated chromatographically. Thus, Harrison
postulated that, as a result of the acid-catalyzed reversible cleavage of the tri-
aryl group, the species that threads through the C,s-Cy rings, is now only the
monotriphenylmethyl ether (i.e., the half dumbbell) prior to reformation of the
ether linkage. In 1986, Schill [144] reported a similar synthesis of interlocked
molecular compounds obtained by the reversible covalent bond approach but
using thioethers instead of ethers.

Recently, the Stoddart group has demonstrated [135-136] the efficiency
of the slippage approach by self-assembling a number of linear and branched
[2]-, [3]-, and [4]rotaxanes, incorporating Ti-electron-rich hydroquinone-based
macrocyclic polyethers and -electron-deficient bipyridinium-based dumbbell-
shaped compounds. A kinetic investigation of the slippage process revealed [138,
145] that the free energies of activation associated with the slipping-on and slip-
ping-off processes are correlated with the size of the cavity of the macrocyclic
component, as well as with the size of the stoppers attached to the dumbbell-
shaped component. The free energy of activation was observed to increase upon
reducing the size of the cavity of the macrocycle and/or enlarging the bulk of the
stoppers. Rotaxanes have also been synthesized [146-148] by slippage using
other well-known recognition motifs. For example [146], the interaction of sec-
ondary dialkylammonium ions with commercially available dibenzo[24]crown-
8.1n 1997, Vigtle [148] reported the synthesis of the first amide-type rotaxane
using the slippage approach. The rotaxane-like structure was achieved by briefly
melting the macrocycle and dumbbell components together in order to overcome
the high energy of activation for the slippage process. The reported examples
demonstrate the efficiency of the thermodynamically controlled slippage ap-
proach to achieve a range of rotaxanes using a wide variety of noncovalent
interactions by tuning the size between the stoppers and the macrocycle.

The slippage approach leads to rotaxanes that are only stable under certain
conditions. In fact an increase in temperature, solvent polarity or acidity can
drastically affect [146] the stability of rotaxanes obtained by slippage. Thus, in
the last decade, more and more attention has become focussed on dynamic
covalent chemistry. In this case, by utilizing reversible bond formation, in con-
juction with supramolecular assistance, it is possible to make mechanically
interlocked compounds by thermodynamically controlled stoppering or clip-
ping reactions that can, in principle, produce rotaxanes that are stable under a
broader range of conditions.
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3.3
Ring-Closing Metathesis Mediated Syntheses

In 1998, the Sanders group [149] explored the use of dynamic covalent bond
formation for synthesizing neutral m-associated [2]catenanes by ring-closing
metathesis (RCM) [150-160]. The mechanically interlocked structure was
achieved using the electronic complementarity of m-electron-deficient aromatic
diimides substituted with olefin terminated alkyl chains and the m-electron-rich
dinaphtho[38]crown-10 (DN38C10) in the presence of the catalyst 4. The Cam-
bridge group proved that, in the absence of the RCM catalyst, the main product
formed is a white precipitate containing presumably only a mixture of oligo-
meric species. However, upon treatment of this product with the catalyst 4, the
mixture of linear and cyclic oligomers re-equilibrates to afford isomeric [2]cate-
nanes. Some competition experiments were performed using an alternative
diimide derivative to confirm the reversibility of these reactions. The slow re-
action kinetics, however, prevents the system from reaching the ultimate equi-
librium. Despite these difficulties, the Sanders group was able to demonstrate
that a reversible thermodynamic process, such as olefin metathesis, can lead to
the formation of an interlocked structure. Once again, the use of noncovalent
bonding interactions to direct the synthesis of the [2]catenane led to greatly
improved yields compared to the previous statistical methods.

A similar approach was employed by the Leigh group [161] in the synthe-
sis of a [2]catenane wholly stablized by hydrogen bonds. The combination
of ring-closing olefin metathesis and hydrogen bond-mediated assembly of
self complementary macrocycles, under appropriate condition leads to the
formation (Scheme 9) of [2]catenanes in >95% yield. A mixture of benzylic
amide macrocycles (E- and Z-diastereoisomers) 55a (or 55b) was used in

(iy TFAA/ Reflux

(i) 4/ CH,Cl
(iii) MeOH / Reflux
)L-NH
CysP
Ru—\ HN
PCY3
55 a;R=H o o 56 a:R=H
= TFAA = n=
b: R = OCH,CH(Et)Bu FSC)LOJLCFa b: R = OCH,CH(Et)Bu

Scheme 9 Reversible olefin metathesis is employed for the synthesis of [2]catenanes 56a and
56b under thermodynamic control. Their complete disassembly is achieved upon protection of
the amide groups, followed by treatment with Grubbs I catalyst 4,and subsequent deprotection
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the metathesis experiments. Reversible ring-opening ring-closing metathesis
(RORCM) reactions were carried out in a noncompeting solvent (typically
CH,Cl,) to maximize the strength of the inter-ring hydrogen bonding inter-
actions in the presence of the catalyst 4.

Under these conditions, the formation of the [2]catenane is readily detected
in high yields (>95%) reminiscent of the “magic” interlocking rings trick. In the
RORCM experiment, the product distribution is, as expected, strongly depen-
dent on the concentrations of the monomers. Thus, at low concentrations
(0.2 mM), only the macrocycles can be detected. By increasing the reaction
concentrations progressively, however, more and more of the [2]catenane
is produced until, at 0.2 M, more than 95% of a mixture of the three diolefin
isomers (EE, EZ, ZZ) is produced. The isolated mixture of these isomers can
subsequently be converted into a single kinetically stable product by simply
hydrogenating the double bonds catalytically.

As further proof that the metathesis reaction proceeds under thermody-
namic control, the product mixture from one particular reaction was re-ex-
posed at a different concentration to the catalyst 4. The product distribution
readjusted to that obtained if only the macrocycle (or catenane) was subjected
to metathesis originally at that same concentration of the solution. Finally, to
complete the magic ring-trick, the [2]catenane was disassembled into the
macrocyclic components by trifluoroacetylation of the amide group in 56a and
56b. This protection procedure provides a mild and efficient method for
switching “off” the inter-macrocycle hydrogen bonding interactions. Although
these chemically modified macrocycles are stable in the interlocked structure,
when the Grubbs I catalyst 4 is added to the mixture, the dynamic nature of the
[2]catenane shifts the equilibrium towards the formation of the free macrocy-
cles 55. Subsequently, cleavage of the trifluoroacetyl groups by refluxing in
MeOH, prior to removal of the metathesis catalyst, affords the starting parent
macrocyclic compound 55.

Recently, in an extension of this work, the Leigh group [162] reported the
synthesis of a rotaxane based on hydrogen bonding under thermodynamic
control. In this research, a benzylic amide macrocycle, a rod containing two
bulky stoppers, peptide-based template sites,and an olefinic bond are exposed
to the Grubbs I catalyst 4. In a manner similar to that observed for the magic
rings, the rod is broken and the macrocycle binds to the template through four-
point hydrogen bonding. Upon reformation of the carbon-carbon double bond
and removal of the metathesis catalyst, the macrocycle is then trapped on the
dumbbell component of the now kinetically stable [2]rotaxane. Since the
dumbbell contains two templation sites, the interlocked structure obtained can
be easily converted into a [3]rotaxane by another round of metathesis. The
reversibility of the magic rod systems can be convincingly demonstrated either
by concentration or disassembly experiments.

In summary, the Leigh group has demonstrated with the magic ring and
dumbbell experiments that the combination of the olefin metathesis reaction
with hydrogen bonding interactions represents a powerful method for inte-
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grating thermodynamically controlled “error-checking” with a kinetically robust
final product in the shape of mechanically interlocked compounds.

3.4
Ammonium lon Templated Syntheses

Even although the introduction of supramolecular assistance to covalent syn-
thesis leads to a tremendous improvement in reaction yields compared with the
early statistical methods, the thermodynamic approach to the synthesis of
wholly organic interlocked structures remained largely unexplored prior to the
exploitation of the reversible imine bond [163]. Recently, the Stoddart group
[164] reported a simple and effective dynamic procedure for the synthesis of a
[2]rotaxane combining the reversible formation of the imine bond with the
widely investigated secondary ammonium ion/crown recognition motif [119,
165-176]. Mixing a bis(4-formylbenzyl)ammonium salt with two equivalents of
3,5-di-tert-butylaniline, as a stoppering precursor, in the presence of one equiv-
alent of DB24C8 afforded, after five days, the expected diimine [2]rotaxane as the
major species (47%) present in solution. This reaction was demonstrated to pro-
ceed under thermodynamic control by the observation that the equilibrium
composition was independent of the order of the addition of components.
Finally, the dynamic system can be readily converted into the kinetically stable
product by addition of benzeneselenol [177], leading to the isolation of the
“fixed” diamine [2]rotaxane in 18% yield.

Further investigations into the reversibility of the imine bond were con-
ducted by Rowan and Stoddart [178] in the dynamic synthesis of [2]rotaxanes
based upon m-electron-rich/m-electron-deficient recognition expressed by di-
aryl ethers and bipyridinium cations [66,179-181]. This study not only explored
the reversible behavior of imine bond formation but also illustrated its ability
to undergo exchange reactions with competiting amines to form new imines.

All the thermodynamically controlled syntheses of interlocked molecular
compounds discussed so far in this Section have, as a common feature, the
location of the reversible covalent linkage in the dumbbell component. This
approach has led to the preparation of rotaxanes by either threading-followed-
by-stoppering [152,182-184] or slippage [135-148] protocols. However, in 2001,
the Stoddart group [185] reported a simple and highly effective dynamic pro-
cedure (Scheme 10) for the formation of a [2]rotaxane by the clipping of a
diamine with a dialdehyde, as the precursor components of a [24]crown-8-like
macrocycle, around a dialkylammonium center that also acts as a template.

When an equimolar mixture of 2,6-diformylpyridine 57 and the diamine 58
are mixed together in acetonitrile-d;, the 'TH-NMR spectrum revealed broad
peaks that clearly arise from a complex mixture of many different cyclic and
acyclic oligomeric species. However, addition of bis(3,5-dimethoxybenzyl)am-
monium hexafluorophosphate 60-H-PF to this equilibrating mixture has an
immediate and dramatic effect. After only a few minutes, a new equilibrium
state is established in which the main component is the [2]rotaxane 61-H-PF,.
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Scheme 10 Reaction of the pyridine-containing macrocycle with 60-H-PF leads to the equi-
librium being shifted to form almost exclusively the [2]rotaxane 61-H-PF,. Subsequent
reduction affords the kinetically stable [2]rotaxane 63-H-PFj in essentially quantitative yield

This result indicates that the dibenzylammonium ion templates the formation
of the [24]crown-8-like macrocycle, thus generating the mechanically inter-
locked compound.

The [2]rotaxane obtained in this manner is thermodynamically stable,
even although it interconverts slowly with its free components as a result of the
presence of easily hydrolyzable imino groups. These groups can be subse-
quently reduced to the corresponding kinetically stable amino functions using
the borane-2,6-lutidine complex [178].

The reaction between the equilibrium mixture set up by the dialdehyde 57,
the diamine 58, and the dialkylammonium salt 60-H-PF,, in the presence of a
slight excess of the BH;-lutidine complex in CD;CN, was monitored by 'H-NMR
spectroscopy. The [2]rotaxane 61-H-PF; is consumed gradually with the ini-
tial appearance and subsequent disappearance of the monoreduced rotaxane
62-H-PF, being detected until, ultimately, the fully reduced rotaxane 63-H-PF,
is produced.

Interestingly, the free dibenzylammonium ion signals also disappear while
the reduction of the imine bonds takes place. This result indicates that the
reduction of the imine bonds in the interlocked structures occurs at a rate faster
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than those of the imine bonds in the free macrocycles or acyclic oligomers.
Therefore, as more of the kinetically stable 63-H-PFis formed, its removal from
the equilibrium mixture is compensated by a shifting of the equilibrium be-
tween threaded and free macrocycles to form more of 61-H-PF. Although the
imino groups of the interlocked structures are not as accessible sterically as
those in free macrocycles or acyclic species, the presence of the NHj center in
the rotaxanes provides a mildly acidic environment for the addition of the B-H
bond to these particular imines, thereby catalyzing their reduction. The whole
process, namely, thermodynamic formation of the diimine [2]rotaxane followed
by kinetically controlled borane reduction, is somewhat reminiscent of enzyme
catalysis [186] and also catalysis employing synthetic enzyme mimics (for an
example of a synthetic receptor with enzyme-like activity, see [187]), wherein an
initial recognition process results in a substrate pre-organization and hence
access to a conformation that lowers the activation barrier for the final reaction.

The clipping approach based on the reversible imine bond [188] was inves-
tigated further by the preparation of a library of [2]rotaxanes (Scheme 11). This
study describes the influence that the constitutions of two of the three precur-
sor components have on the kinetic and thermodynamic stabilities of these

o S o © o o)
57 64 65
PRy PFs PFe
=+, OM
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Scheme 11 Dynamic covalent syntheses of the imine [2]rotaxanes by clipping of the di-
aldehydes (57, 64 and 65) and the diamine 58 around the dialkylammonium ions (60-H-PEj,
66-H-PF,, 67-H-PF,)
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dynamically interlocked compounds. In particular, the donor-acceptor nature
of the terminal benzyl stoppering groups of the dumbbell-shaped dialkylam-
monium ions is varied from the m-electron-rich 60-H-PF [189] through the
mi-electron-neutral 66-H-PF, to the 1i-electron-deficient 67-H-PF,. The dialde-
hyde is varied between 2,6-diformylpyridine 57 [190], isophthalaldehyde 64 and
2,5-diformylfuran 65 [191]. The tetraethylene glycol bis(2-aminophenyl)ether
58 is used as the diamine monomer in all the cases. On combining these dumb-
bell-shaped ions and the three dialdehydes with the diamine monomer, a library
of nine dynamic [2]rotaxanes is obtained. The stabilities and stoichiometry of
the dynamic [2]rotaxanes are established by mass spectrometry and '"H-NMR
spectroscopy. The non-existence of higher-order assemblies, such as double-
stranded [3]pseudorotaxanes, in this dynamic equilibrating system confirms
that the [2]rotaxanes are by far the most stable entities.

The rates of rotaxane formation vary drastically, however, depending on the
components used in the assembly. In general, the 2,6-diformylpyridine 57 is
associated with the fastest clipping reactions with all of the three dumbbells,and
the 2,5-diformylfuran 65 results in the slowest. Clipping of isophthalaldehyde 64
occurs at an intermediate rate. This reactivity scale is consistent [183-195] with
the electrophilicities of the different formyl groups. As expected, the dialdehyde
57 exhibits the most electrophilic behavior, while 65 exhibits the least. The
donor-acceptor nature of the dumbbell-shaped dialkylammonium ion also
affects the rates of clipping. In particular, the 67-H-PF; dumbbell establishes the
fastest reaction equilibria with all of the three dialdehydes. This result can be
attributed to the higher acidity of the NHJ center relative to those of the other
dumbbells and so increases the rate of imine bond formation. Additionally,
during the clipping process, there are likely to be significant aromatic-aromatic
interactions occurring between the stoppers on the dumbbell and the aryl units
(Tt-electron-rich units in the diamine 58 and m-electron-deficient ones in 64
and 65) of the forming macrocycle.

Some predictions on the rate of clipping can be made by considering the
m-electron density alone, based on the simple model of charge distribution in
m-systems proposed by Hunter and Sanders [81]. This model indicates that fast
clipping reactions would occur for the most 1-electron-rich dumbbell with the
most mi-electron-deficient dialdehyde (i.e., 60-H-PF; with 57) and the most
mi-electron-deficient dumbbell with the most m-electron-rich dialdehyde (i.e.,
67-H-PF with 65), as well as for pairs of m-electron-deficient dumbbells and
dialdehydes (i.e., 67-H-PF, with 57). Based on the same idea, the slowest clip-
ping reactions should occur for the interaction of the most m-electron-rich
dumbbell with the most T-electron-rich dialdehyde (i.e., 60-H-PF; with 65). The
Hunter-Sanders model turns out to be a good one for explaining the rates of
the dynamic reactions obtained by 'H-NMR spectroscopic studies. Another
factor that influences the rate of reaction is the number of hydrogen bond
acceptors in the nascent macrocycles. Thus, macrocycles containing either pyri-
dine or furan units bind to all of the dialkylammonium-ions more strongly
than the one derived from the isophthalaldehyde.
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Estimations of the effective association constants (K )! between the macro-
cycles and dumbbells are available for all nine systems. The K ¢ values support
the fact that [2]rotaxanes 68a,c-H-PF, 69a,c-H-PF, and 70a,c-H-PF, are more
thermodynamically stable (i.e., they have high values of K.¢) on account of the
incorporation of eight heteroatoms into their macrocycles. By contrast, low
values of K¢ are estimated for the remaining three [2]rotaxanes 68b-H-PF,
69b-H-PF, and 70b-H-PF, incorporating the isophthaloyl unit and are related
to the absence of the extra heteroatom as well as to the presence of an aryl
hydrogen atom, which may interact sterically in an unfavorable manner with
the dumbbell.

The [2]rotaxanes 69a-c-H-PF,, which incorporate the most m-electron-de-
ficient dumbbell, are the most stable thermodynamically; a feature that is
probably a consequence of a combination of enhanced [N*-H-:--X] hydrogen
bonding and significant aromatic m-m stacking interactions. Finally, K.
values for [2]rotaxanes containing pyridine or furan units are similar for each
dumbbell-shaped ion and are comparable to the strengths of binding in CD;CN
of disubstituted dibenzylammonium salts with the crown ethers DB24C8 [118,
196-198] and dipyridyl[24]crown-8 [199].

Several competition experiments were also conducted to evaluate the relative
stabilities of pairs of [2]rotaxanes formed from a choice of either two dialde-
hydes or two dumbbell-shaped components. These experiments were carried
out in CD;CN with equimolar mixtures of four chosen components in which
either (a) the four components were mixed together and then equilibrated or
(b) the competing dumbbell or dialdehyde was added to a pre-equilibrated mix-
ture of a single [2]rotaxane and the reaction was monitored until re-equilibration
occurred. The times (6-30 days) required for these systems to reach equilibrium
are generally longer than those found for the formation of a [2]rotaxane on com-
bining the three single components — namely the diamine, the dialdehyde, and the
dibenzylammonium salt. This observation suggests that the rates of macrocyclic
ring opening of the [2]rotaxanes are relatively slow when compared to the rates
of their clipping. Once again, the data showed that the [2]rotaxanes formed by
using the fluorine-containing dialkylammonium ion 60-H-PF, were the most
stable. The differences in the stabilities of the [2]rotaxanes, incorporating either
methoxy or methyl units in the dumbbell, were found to be negligible. Compar-
ing the K¢ values with the data collected from the competitive experiments, it

! K g values between a macrocycle and a dumbbell in a rotaxanes were obtained using the

. Rotaxane . L .
equation: K = —— Dumbbell. This equation is based on the assumption that,
Macrocycle

in an equimolar mixture of dialdehyde, diamine, and dumbbell, all of the diamine and
dialdehyde that is not incorporated into a [2]rotaxane is condensed into a free macrocycle
whose concentration is equal to that of the uncomplexed dumbbell minus the concentra-
tion of the free dialdehyde. The real concentration of each free macrocycle is smaller
than that, but, by making this assumption, we reduce the complexity of the system down
to a bimolecular self-assembly involving one macrocycle and one dialkylammonium ion.
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is possible to obtain the complete sequence of relative stabilities for the nine
[2]rotaxanes studied. These are portrayed graphically in Fig. 4.

The fluorine-containing [2]rotaxanes 69a-c-H-PF are found to be the most
stable compounds, whereas [2]rotaxanes derived from isophthalaldehyde 64
are the least stable. An unexpected result is the higher stability of furan-con-
taining [2]rotaxanes 68a-H-PF;, 69a-H-PF; and 70a-H-PF, compared to the
interlocked structures incorporating the pyridine ring. One might expect that
a pyridine ring, being more basic than the furan one, would form the stronger
hydrogen bonds. It is suggested, however, that the relative basicities of the
pyridine and furan rings incorporated in the macrocycles is only one of the
factors that play a part in determining the relative stabilities of the structure
and that the basicities of their imino nitrogen atoms must be considered as
well.?

2 The solid-state structure of a reduced form of 61-H-PF, suggests that the aminophenyl
nitrogen atoms are important for hydrogen bonding with the NHj center.
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In fact, any partial positive charge that these groups receive upon hydrogen
bonding to an NHJ center is better stabilized by the furan ring than by a pyri-
dine one, by virtue of the former’s greater m-electron density. The pyridine ring
may be expected to also withdraw a significant amount of electron density
mesomerically from the phenolic ether oxygen atoms of the macrocycle. Thus,
although the furan ring, when compared with the pyridine ring, is not as
capable of accepting a hydrogen bond directly, the enhanced basicity of its
neighboring imino and phenoxy units results in a more strongly coordinating
macrocycle.’ To our knowledge, this study represents the most complete piece
of work on [2]rotaxanes that are thermodynamically equilibriating with their
starting products, based on a dynamic imine clipping. These systems are
remarkably sensitive to small changes in the constitutions of the macrocyclic
and dumbbell-shaped components, which in turn have dramatic effects on the
kinetics and thermodynamics of the assemblies.

Another important investigation on some interlocked molecular com-
pounds synthesized thermodynamically was recently reported by the Grubbs
group [200]. In this work, the well established mutual recognition exhibited by
secondary dialkylammonium (R,NHY) ions and suitably sized crown ethers is
combined, in an elegant fashion, with the versatile reversible RCM reaction. In
this manner, a terminal diolefin macrocyclic precursor 71 (Scheme 12) was
designed in an effort to mimic the significant R,NH3 ion-binding capability of
DB24C8.

Treatment of this linear oligomer 71 with the Grubbs I catalyst 4 [201] under
dilute conditions, gave the 24-membered olefinic crown ether analog 72 as a
mixture of E and Z isomers. The constitution of the macrocycle is strikingly sim-
ilar in nature to the macrocyclic skeleton of 24C8."H-NMR spectroscopic analy-
ses showed that compound 72 interacts readily with a dibenzylammonium ion
rod to form a 1:1 complex with a threaded geometry, i.e., a [2]pseudorotaxane.
Therefore, repeating the same RCM reaction of the terminal diolefin 71 in
the presence of a dumbbell-shaped template containing an ammonium ion
60-H-PF, leads to the isolation of the corresponding [2]rotaxane as a mixture
of E and Z isomers in 73% yield.

The significant templating effect of the NHj ion center can be appreciated
by comparing this reaction with the untemplated macrocyclization of 71 to
form the cyclic compound 72.In fact, while the untemplated reaction is carried
out at low concentration (5 mM) to avoid oligo/polymerization and yields only
48% of the desired macrocycle, the templated reaction can be performed at

® Inspection of molecular models (Chem3D) suggests that the bite angle of a 2,5-diimino-
furyl unit (N---O---N angle of ca. 144°) is somewhat larger than that of a corresponding
pyridyl unit (N---N---N angle of ca. 125°). This larger bite angle suggests that any NH3 unit
that hydrogen bonds to the two imino nitrogen atoms of these subunits will be positioned
about 0.4 A closer to the furan oxygen atom than to the pyridine nitrogen atom. This small
structural effect may result in more favourable electrostatic interactions and help to
explain the stability of [2]rotaxanes incorporating the furan unit.
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much higher concentrations (ca. 100 mM in this case) to give 73% of the me-
chanically interlocked system.

The inherent reversibility of this system was investigated by performing a
magic ring experiment. The second generation Grubbs II catalyst 73 was added
to a mixture containing equimolar quantities of the dumbbell 60-H-PF, and the
macrocycle 72. "H-NMR spectroscopic analysis, prior to the addition of any
catalyst, confirmed that the terminally bulky substituted secondary dialkyl-
ammonium ion 60-H-PF, cannot pass through the cavity of the 24-membered
macrocyclic ring. However, upon the addition of the Grubbs II catalyst 73 [202]
(10 mol%), the system re-equilibrates to a new thermodynamic minimum* and
results in the formation of the [2]rotaxane 74a/b. The equilibrium was achieved
after only 45 min and more than 95% of the species in solution was identified
as the desired interlocked compound.

* A thermodynamic minimum is a process driven by the creation of N*-H---O and C-H---O
hydrogen bonds.
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3.5
Disulfide-Based Systems

A common dynamic covalent bond, widespread in natural systems (i.e., stabi-
lizing protein structures), is the thiol-disulfide redox system. Extensive mech-
anistic studies on thiols and disulfides by Whitesides [203] has shown that
disulfide exchange takes place efficiently under mild conditions in the presence
of a catalytic amount of a thiol and that disulfides are stable toward many
different functional groups. Although disulfide linkages have been employed in
the synthesis of both catenanes [204] and rotaxanes® [205], this potentially
reversible covalent bond was employed for the first time to construct an inter-
locked molecule under thermodynamic control in early 2000 by the Takata
group [206-207]. A symmetrical dumbbell-shaped compound 75-H,-2PF, pos-
sessing two secondary dialkylammonium ion centers in addition to a centrally
located disulfide linkage was synthesized. In the knowledge that DB24C8 can
bind secondary dialkylammonium ions within its macroring, two equivalents
of this crown ether were added (Scheme 13) to a solution of 75-H,-2PF, in
CD;CN. No crown ether was observed to thread onto the dumbbell containing
two NHJ centers since the 3,5-di-fert-butylphenyl end groups are far too large
to pass through the cavity of the DB24C8 macrocycle, even when the solution
is heated to 100 °C. Upon addition of a catalytic amount of benzenethiol, how-
ever, the slow formation (equilibrium is reached after 30 days) of both a [2]- and
a [3]rotaxane (8 and 58%, respectively) was observed. In the event, the small
amount of catalytic thiol acts to “unlock” the disulfide bond in the dumbbell and
create two threads containing NH centers, both of which are capable of thread-
ing through a DB24C8 macrocycle. Subsequent attack of the thiol-terminated
[2]pseudorotaxane on any of the disulfides present in solution results in the
formation of either a [2]- or a [3]rotaxane, 76-H,-2PF¢ and 77-H,-2PF, respec-
tively.

Takata [207] also went on to show that increases in both temperature and
catalyst loading resulted in the equilibrium being reached more quickly in this
dynamic system. In a similar experiment, a small amount of benzenethiol was
added to a solution of the dumbbell and DB24C8 (1:2 ratio, respectively) in
CD;CN. The mixture was heated at 50 °C and the progress of the reaction was
monitored by "H-NMR spectroscopy. This time, the [2]rotaxane 76-H,-2PF, was
formed faster, and its yield gradually increased to reach a maximum value
(69%) after only 4 h. Eventually the signals in the 'H-NMR spectrum relating
to the [3]rotaxane start to appear and they increase rapidly with a concomitant
decrease in the amount of the [2]rotaxane in the mixture. Finally, the system
reached equilibrium after about 36 h (instead of 30 days) and the final yields

5 The kinetically controlled crystallization of a dynamic system appears to have been used
to advantage in a high yielding preparation of a [3]rotaxane following a reversible oxida-
tive coupling of the thiol groups of two [2]pseudorotaxane supermolecules by a so-called
molecular riveting action.
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by thiol-disulfide bond interchange

of 76-H,-2PF and 77-H,-2PF, were 29 and 65%, respectively. If the system is
cooled down to room temperature for 80 h, the reaction mixture reaches an-
other equilibrium state in which the yields of [2]- and [3]rotaxanes are 15 and
81%, respectively. Since the main driving force for rotaxane formation is the
exothermic hydrogen-bonding interaction between the secondary dialkylam-
monium group and DB24C8, the equilibrium shifts to the [3]rotaxane side on
lowering the reaction temperature. And, of course, raising the temperature
again to 50 °C returns the equilibrium to its original state. These observations
are wholly consistent with a reversible process where the yields of the rotaxanes
can be changed under thermodynamic control.

Changing the solvent polarity also drastically affects the yields of the inter-
locked species. By using a mixture of CDCIl;/CD;0D (1:1) instead of CD;CN as
solvent, the equilibrium shifts to give predominately the [2]rotaxane (37% at
50 °C). When nitromethane (CD;NO,) was used as the solvent, the highest yield
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(83%) of [3]rotaxane 77-H,-2PF, was observed, while the use of dimethylfor-
mamide (DMF) as solvent resulted in a dramatic decrease in yield (total yield
of interlocked compounds <10%). Both the experiments were carried out at
50 °C.

As expected, increasing the amount of the DB24C8 also shifts the equilibrium
of the reaction mixture. When equimolar amounts of DB24C8 and 76-H,-2PF,
were employed, the [2]rotaxane was obtained preferentially (at 50 °C). In-
creasing the DB24C8/dumbbell ratio dramatically shifts the equilibrium to the
[3]rotaxane 77-H,-2PF, [208-209].

To evaluate the effect of the thiol catalyst, the monomer 78-H-PF, and tert-
BuSH were used as initiators. The use of 78-H-PF, retarded the reaction rate and
the yield of the [2]rotaxane reached a maximum 33 h after initiation, indica-
tive of a much slower rate than that obtained with PhSH. The advantage of this
slow rate, however, is that it makes it easier to isolate the [2]rotaxanes. When
tert-BuSH was employed as an initiator, the reaction rate was much slower than
that obtained with PhSH and 78-H-PF. The system did not reach equilibrium,
even after 300 h. This result can be attributed to the low nucleophilicity of
tert-BuSH because of the steric hindrance of tert-Bu group.

In fact, the disulfide linkages can be cleaved by various nucleophiles other
than thiols [210], such as 4-nitrophenol, diethylamine, and hexamethylphos-
phoric triamide (HMPT). Diethylamine was observed to catalyze the rotaxane
synthesis, yielding 25% and 4%, of the [2]- and [3]rotaxane, respectively, at
50 °C after 67 h, but the reaction rate was as slow as that with tert-BuSH. HMPT
also catalyzed the formation of [2]- and [3]rotaxane 76-H,-2PF; and 77-H,-2PF,
(the yields were 60 and 25%, respectively, at 50 °C after 54 h). Finally, 4-nitro-
phenol did not react with 75-H,-2PF at 50 °C, even after 60 h. Thus, amines and
phosphines are potential catalysts for rotaxane synthesis utilizing the reversible
nature of disulfide linkages.

3.6
Summary

To the best of our knowledge, four dynamic interlocked architectures have been
examined to date (Fig. 5). A dynamic [2]catenane, in which each ring contains
one or more reversibly formed covalent bonds (I), can be utilized for the
self-assembly of homocircuit [2]catenanes, as demonstrated by Leigh [161].
However, as shown by the Sanders group [149], it is possible to assemble a
dynamic [2]catenane (II) that is comprised of one static ring and one reversibly
formed ring, thereby affording a heterocircuit [2]catenane. It has been shown
that both structures III and IV can be utilized successfully in the self-assem-
bly of dynamic [2]rotaxanes [164, 178, 185, 200, 208-209]. The reversibly
formed component can be located in either the dumbbell (III) or the ring (IV)
components, thus allowing for threading-followed-by-stoppering and clipping
approaches, respectively. It should be noted that structure V, in which both
components of the [2]rotaxane contain reversibly formed linkages, is largely
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Fig. 5 Selected examples of dynamic [2]catenanes (I and II) and dynamic [2]rotaxanes
(III-V). The thin lines represent dynamic covalent bonds

redundant as the only advantage of each component in an interlocked assem-
bly having dynamic covalent bonds arises in cases where a homocircuit [2]cate-
nane is desired. A [2]rotaxane comprised of a dynamic ring, as well as of a
dynamic dumbbell, requires a certain orthogonality in the choice of the reversible
reactions chosen for each component, i.e., the formation of the ring should not
interfere with the formation of the dumbbell and vice versa.

In summary, the use of thermodynamically controlled approaches for the
synthesis of wholly organic interlocked molecules is slowly growing in popu-
larity. The use of olefin metathesis, imine formation/exchange and disulfide
exchange as the reversible covalent step - in addition to the exploitation of
different molecular recognition motifs - demonstrates the generality of ther-
modynamically controlled approaches for the synthesis of mechanically inter-
locked molecules.

4
Multivalency and Interlocked Molecules

The preparation of increasingly complex and functional mechanically inter-
locked molecules using template-directed methods will depend to a great extent
on our understanding of the concept of multivalency [211-215]. The coordi-



Templated Synthesis of Interlocked Molecules 237

nated binding of multiple ligands on one chemical entity to multiple receptors
on another is typically defined as a multivalent interaction and it can be much
stronger than the sum of the corresponding monovalent interactions
[216-225]. The relative ease of increasing binding affinities by multiplying the
number of existing interactions [226-229], rather than addressing the more
complicated task of evolving a new and stronger interaction could be an
efficient way forward in the design of more effective receptors, drug delivery
agents, inhibitors, and catalysts [230-235]. In an effort (i) to enhance nonco-
valent associations of molecules in unnatural settings, and (ii) to be able to
build mechanically interlocked molecules beyond rotaxanes and catenanes,
the complexation of multi-ligand with multi-receptor compounds and the con-
struction of multivalent two-component mechanically interlocked bundles
[236-240] have been investigated.

The formation of a triply threaded, two-component supramolecular bundle
[79080-H,]-3PF, (Scheme 14) has been demonstrated [241-242], wherein each
arm of a trifurcated trication 80-H;-3PF (in which three dibenzylammonium
ions are linked 1,3,5 to a central benzenoid core) is threaded through each
macroring of a tritopic receptor 79, in which three benzo[24]crown-8 macror-
ings are fused onto a triphenylene core. Spectroscopic, photophysical and elec-
trochemical experiments corroborated the formation of a very stable 1:1 adduct
(K,>10” mol L! in CH,Cl,) with the averaged Csy symmetry in solution. The
supramolecular bundle [79580-H;]-3PF; is both kinetically and thermody-
namically stable, lending itself to studies in which template-directed methods
could be probed in the syntheses of multivalent interlocked molecules.

[1,3]-Dipolar cycloaddition reactions have been used to pursue the post-
assembly covalent modification of a multivalent supramolecular assembly,
wherein one molecular structure interpenetrates another molecular structure®
[243] to yield a mechanically interlocked molecular compound. The triply
threaded superbundle 83-H;-3PF; (Scheme 15) containing the tritopic crown
ether 79 and the trifurcated trisammonium trication 81-H;-3PF¢ which carries
azidomethyl functions on the para positions of its three benzyl groups, was
initially assembled [244] in CH,Cl,/MeCN (3:2) in 40% yield. Interestingly,
neither the singly nor the doubly threaded mechanically interlocked compounds
were detected or isolated” [245]. The complete mechanical entanglement was

¢ [1,3]-Dipolar cycloadditions have already been used successfully in the template-directed
synthesis of [2]-rotaxanes, using a threading-followed-by-stoppering approach, see [17].
Furthermore, a range of virtually instantaneous reactions, i.e., click chemistry, may be
utilized in the place of the cycloaddition.

7In the strict self-assembly of a triply threaded two-component superbundle, starting
from a tritopic receptor in which three benzo[24]crown-8 macrorings are fused onto a
triphenylene core and a trifurcated trication wherein three bipyridinium units are linked
1,3,5 to a central benzenoid core, it transpires that the rapid formation of a doubly threaded
two-component complex is followed by an extremely slow conversion over a week at 253 K
in CD;COCD; to reach equilibrium of this kinetically controlled product into a thermo-
dynamically controlled one - namely, a triply threaded two-component superbundle.
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vindicated in experiments where the bundle 83-H;-3PF,was fully deprotonated
using a strong base tert-BuOK. Although the deprotonation did loosen the in-
terlocked molecular structure, a result of replacing relatively strong [N*-H---O]
hydrogen bonds by much weaker [N-H:--O] ones, the two matching compo-
nents stayed mechanically interlocked, as confirmed by 'H-NMR and fluores-
cence spectroscopies.
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Scheme 15 Template-directed synthesis of the mechanically interlocked bundle 83-H;-3PF;
using kinetically controlled, [1,3]-dipolar cycloadditions to trap the superbundle formed in
CH,Cl,/MeCN (3:2) at 40 °C between the tritopic triscrown ether 79 and the trifurcated
trisammonium salt 81-H;-3PF,

Incorporating the architectural features of the previously designed mechan-
ically interlocked bundle, a two-component molecule 86-H;-9PF, that behaves
like a nanometer-scale elevator was synthesized (Scheme 16) efficiently on
account of the template-direction, coupled with the multivalency effect [246].
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Scheme 16 Trifurcated guest salt 84-H;-6PF4 and the tritopic host 79 (each 6.6 mM) in a
CHCl3/MeCN solution (3.0 mL, 2:1) form a 1:1 adduct (superbundle) that is converted, at
elevated temperature (75 °C), to the mechanically interlocked elevator 86-H;-9PF, in a reac-
tion with 3,5-di-tert-butylbenzylbromide 85 (200 mM), followed by the counterion-exchange
(NH,PF,/MeOH/H,0)

87-Hy9PF;
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The trifurcated trisammonum hexacation 84-H;-6PF, and the tritopic crown
ether 79 forms, in CH;CN/CHCI; solution, an extremely stable 1:1 supramole-
cular bundle. The trifurcated trisammonium hexacation [79584-H;]-6PF, con-
taining three terminal pyridyl groups, each threading through one of the three
macrocyclic rings associated with the triscrown ether 79, was reacted with
bulky 3,5-di-tert-butylbenzyl bromide 85, affording [247] the mechanically
interlocked species 86-H;-9PF in 33% yield. 'H-NMR, absorption and fluores-
cence spectroscopies, in addition to electrochemistry measurements, indicated
that 86-H;-9PF, has averaged C;, symmetry with the platform’s three crown
ether loops encircling the three NHJ centers (Scheme 16). Acid/base treatment
of the 86-H;-9PF, drives the crown ether platform between the NH} and BIPY?*
recognition sites, a mechanical motion that resembles the operation of a nano-
scale elevator.

The advent of dynamic covalent chemistry has opened up attractive alter-
native routes to mechanically interlocked molecules, vide supra. It has already
been shown that reversible RCM and RORCM reactions, mediated by Grubbs
catalysts, can be used in the thermodynamically controlled synthesis of cate-
nanes and rotaxanes [149, 157, 161-162, 200, 248-249]. If multivalent sites
between two or more components could be created spontaneously in situ by
dynamic covalent chemistry [134], it seems reasonable that the multivalency
effect, which is primarily a thermodynamic phenomenon, could assist in the
formation of elaborate multiply threaded interlocked molecules [250].

When the triphenylene hexa-olefin 88 (Scheme 17) was subjected to the RCM
reaction with and without the monovalent bis-3,5-dimethoxydibenzylammo-
nium ion template and using Grubbs I catalyst 4, neither the desired crown ether
analog nor [4]rotaxane, respectively, was observed. When an equimolar mixture
of the triphenylene hexa-olefin 88 and trifurcated trisammonium trication
89-H;-3PF, was subjected to an RCM reaction using Grubbs I catalyst 4, the
exclusive product was the mechanically interlocked molecular “bundle”
90-H;-3PF, containing C=C double bonds with both E and Z configurations and
with averaged quasi-C;, symmetry, as confirmed by 'H-NMR spectroscopy.

The almost quantitative production of 90-H;-3PF is presumably the result
of the build-up of cooperative binding interactions, which result from the three
productive RCM reactions assisted by the statistical and cluster effects associ-
ated with the multivalency that characterizes the thermodynamically stable
product. The assembly of the mechanically interlocked 90-H;-3PF, was also
attempted (Scheme 17) using already preformed components 89-H;-3PF, and
91. The two components do not form a supramolecular bundle in solution.
However, RORCM reactions do take place upon addition of Grubbs II catalyst
73,leading to the opening and closing of 91. The equilibration process led to the
exclusive formation of the mechanically interlocked compound 90-H;-3PF,
as evidenced by 'H-NMR spectroscopy and mass spectrometry. The dynamic
interplay between molecular recognition and the reversible formation of co-
valent and mechanical bonds, using suitable catalysts, in combination with
template-directing effects can apparently be used in the efficient production of
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Scheme 17 Efficient preparation of the mechanically interlocked “bundle” 90-H;-3PF4 as a
mixture of isomers containing C=C double bonds with both (E) and (Z) configurations can
be achieved through either RCM reaction, starting from an equimolar mixture (CH,Cl, at
40 °C) of the trifurcated trisammonium salt 89-H;-3PF and hexa-olefin 88 using the func-
tional-group tolerant Grubbs I catalyst 4 or RORCM reaction starting from an equimolar
mixture (CH,Cl, at 25 °C) of the trifurcated trisammonium salt 89-H;-3PF; and tris-crown
91 using the Grubbs II catalyst 73
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intriguing and functional molecular assemblies, and also hopefully of high
molecular weight polymers with appealing materials properties. As the need for
elaborate functional systems grows, the concept of multivalency is likely to play
a significant role in the areas of supramolecular, medicinal, and materials
chemistry.

5
Templating the Future of Technology

Template-directed synthesis allows for the precise control over the mutual
location of the components in mechanically interlocked molecules. This high
degree of organization lays the foundations for the production of molecular
machinery [251-259]. In particular, with the addition of more than one tem-
plating unit, a property of higher order emerges - motion [78,260]. Specifically,
when two different templates are utilized [261-265], mechanically operating
switchable molecules can be realized, wherein it is now their movements that can
be controlled by an external chemical [266-268], electrochemical [269-271], or
photochemical [272-275] stimulus. The stimulants are utilized to turn off and
on the recognition motifs, namely the very templates that were employed in the
compound’s preparation. Additional criteria — organization and integration
onto surfaces and ultimately into multi-scale devices [251-252,276-278] - have
been recognized and are presently being addressed in order to give molecular
machines their rightful place in a technological world. As a first step, some of
the molecular machines outlined in this review are being tethered to a variety
of surfaces. In one significant instance, bistable [2]catenanes and [2]rotaxanes
have been used to template the emergence of binary molecular memory.

5.1
Molecular Switching

Building on the early successes, a truly bistable [2]catenane 17b*" was prepared
[91, 262] that displays (Fig. 6) an “all-or-nothing” preference for one of the
translational isomers until stimulated, whereupon the preference switches from
the ground state to an excited translational state or even to the other transla-
tional isomer, a metastable one. In this example, the TTF unit of the aromatic
cyclic polyether component is preferentially bound within the CBPQT** cyclo-
phane’s cavity with the DNP ring system on the outside. Solution phase studies
reveal that upon two-electron oxidation of the TTF unit, the now-charged
aromatic cyclic polyether circumrotates as a result of charge repulsion, thus
relocating the DNP ring system inside the cavity of the CBPQT** cyclophane.
This design is exemplary for controlling molecular motion because (a) one of
the recognition units can be easily switched - in this case the redox active TTF
unit - and (b) both of the recognition units can be selected to have vastly
different binding affinities for the mechanically mobile cyclophane.
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17b** 17b%+

Fig. 6 Electrochemically stimulated circumrotational motion in the bistable [2]catenane
17b** allows two distinct redox states to be reversibly accessed

A bistable light-driven switch [110] in the form of a [2]rotaxane 32 has been
designed so that the hydrogen-bond accepting ability of a photoactive naph-
thalimide (Fig. 7) is “turned on” by a photochemical reaction with a secondary
electron donor. In the electronic ground state, the benzylic amide macrocycle is
located preferentially at the succinamide site (MeCN, 329 K). Electrochemical re-
duction drives the translocation of the macrocycle to encircle the now-reduced
naphthalimide unit. Consequently, the reduced form of the rotaxane can be con-
sidered a viable candidate for photo-induced electron transfer. In particular, the
photo-excited (355 nm) naphthalimide unit of 32 accepts an electron from the

355 nm
1, AN
o) Q H 1
0 \

Fig.7 Linear motions in the photoactive [2]rotaxane 32 can be driven by light in the pres-
ence of the secondary electron donor 1,4-diazabicyclo[2.2.2]octane (D)
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triplet transfer agent 1,4-diazabicyclo[2.2.2]octane (D), generating the reduced
state and thus turning on the unit’s attraction for the macrocycle. In this man-
ner, photo-induced translational motion is not only achieved but is also time-
resolved to occur in ~1 ps, with subsequent relaxation over a much longer
(~100 ps) time-scale. The utilization of a secondary reagent has been employed
in other instances [272], highlighting the fact that totally intramolecular pho-
todriven motion is an ongoing challenge.

The design of the component parts of a machine is becoming increasingly
dictated by the desired functional outcome. Unidirectional motion [279-280]
has been demonstrated [105] recently by utilizing (Fig. 8) a switchable hydro-
gen-bonded [3]catenane 92, which is a by-product in the synthesis of the
[2]catenane 30. In this instance, the second macrocycle acts as a blocking group
that directs the movement of the other macrocycle. This example underscores
the level of complexity that has been achieved and will continue to be demanded
in the design of molecular machinery based on interlocked molecules.

Analogous bistable catenates and metallated rotaxanes, which can be elec-
trochemically activated, have been developed that are based on the translocation
of transition metal ions. In particular, Sauvage [281] has made effective use of
the differences in coordination requirements between Cu(I) and Cu(II) redox
centers. The former prefers a four-coordinate arrangement, whereas the latter
likes a five-coordinate environment. For example, an electrochemically active
copper [2]catenate 93" involves [282] one macrocycle that incorporates both a
bidentate and tridentate polypyridyl ligand into its ring. In the presence of

(CHy)s

ez
(CHz)4 Mg%)
K@'\ N—SE
0 N H

Fig.8 Unidirectional circumrotational motion has been demonstrated from a [3]catenane
92 with four recognition units in which one of the two smaller rings acts as a blocking group
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cu(ll) ion

Cu(l) ion

Fig.9 Circumrotational motion in a metallated copper [2]catenate 93%** can be driven elec-
trochemically in order to accommodate the 5- and 4-coordinate bonding preferences of
Cu(II) and Cu(I), respectively

Cu(I), the two bidentate sites from the interlocked macrocycles are coordinated
to the copper center. Oxidation to the Cu(II) state causes circumrotation and sit-
uates the tridentate ligand within the coordination sphere in order to accom-
modate the five-coordinate bonding requirement of the Cu center. This process
(Fig.9) can be stimulated electrochemically by beginning in the Cu(II) state.In
addition to the circumrotational motions, the macrocycles can also be made to
spin around the axles of rotaxanes [76,265] and similarly, linear motion can be
activated in rotaxanes [264].

5.2
Surface Switching

The linear motions of the moving components in a large number of controllable
molecular machines distributed randomly in the solution state can be expressed
coherently in a mechanical context by organizing them at interfaces [273,
282-283], either as Langmuir-Blodgett (LB) films [284-288] or as self-assem-
bled monolayers (SAMs). Before any multi-scale and integrated devices based
on molecular machines become viable for real technological applications, the
conditions required to ensure that mechanical switching persists when the mol-
ecules are mounted onto solid supports are currently being investigated.
Molecular design motifs based on intramolecular disulfide bonding have
been incorporated into a series of rotaxanes [289] and catenates [282] in order
to facilitate their self-assembly onto gold surfaces. However, in both cases, the
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Fig.10 The interlocked macrocycle of a surface-bound bistable [2]rotaxane 94 displays elec-
trochemically driven linear motions between two recognition sites. The binding of the
macrocycle to the weaker donor, 1,5-dioxynaphthalene, in the metastable state is sufficiently
strong to forestall the reformation of the ground state, following electrochemical reset



248 F. Aricé et al.

molecular movements were found to be highly hindered or quenched in com-
parison to the solution-phase behavior. For example, the circumrotation of
the [2]catenate 93" operates in solution following electrochemical stimulation
according to the hysteresis observed in the CV. However, when either the Cu(II)
or Cu(I) form of the [2]catenate SAM were examined electrochemically, negli-
gible hysteresis in the CV was observed.

A switchable [2]rotaxane, based on viologen recognition units, has been
attached [278] to 6 nm TiO, nanoparticles by a rigid tripodal stopper with phos-
phonate tethers. In this instance, switching within the hetero[2]rotaxane is
achieved by chemical or electrochemical reduction. Analysis of the CV reveals
a complex sequence of mechanical movements that differ from the solution dy-
namics. This result illustrates how the dynamics of surface-bound species may
not always behave exactly as those observed in solution. Consequently, the study
of molecular machines in the context of surface-bound species is important in
order to understand just how to optimize their molecular structure in order to
elicit controllable molecular functions.

Taking advantage of the modularity of template-directed synthesis of me-
chanically interlocked molecules, a [2]rotaxane 94** was prepared with a disul-
fide tether attached to one of its two stoppers so that it can form a SAM on gold
electrodes. These rotaxanes display redox-controlled motions (Fig. 10) of the
CBPQT** cyclophane from the TTF unit to the DNP ring system. In an illumi-
nating study using cyclic voltammetry (CV), fast redox switching at variable
temperatures allowed the translational isomer with the CBPQT** cyclophane
stationed at the DNP ring system to be identified and time-resolved. This trans-
lational isomer persists for a short period of time (~s) even although the TTF
unit has returned to its neutral and therefore more attractive redox state. This
metastable state was found [283] to relax to the ground state in about 1 s at room
temperature over a barrier of 18 kcal mol~'. Such DNP-based metastability had
been observed in other systems [282] but had never been fully investigated. The
presence of the metastable state, together with the barrier to motion, is consis-
tent with the supramolecular history of these compounds from the perspective
of the molecule’s properties.

5.3
Molecular Electronics

Electrical crossbar devices (Fig. 11) built around the catenane 17b**, the am-
phiphilic bistable rotaxane 95%", and others have been investigated [92-94,
290-291] for their ability to display binary switching. The general method for
constructing such devices relies upon depositing a LB monolayer of closely
packed molecular switches onto a highly doped polysilicon (p-Si) electrode. A
top electrode of Ti, followed by Al, is subsequently vapor-deposited on top of
the monolayer.

The molecular devices display switching between high and low conductance
states. Each device is interrogated and characterized by applying a “write” volt-
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age, V and recording the “read” current, I. The ON state is accessed at +2 V,
which is equivalent to net oxidizing conditions, whereas the OFF state is trig-
gered at -2 V, or net reducing conditions. These data reveal that, in addition
to the reversible voltage-gated switching of the device ON and OFF more than
30 times, the ON state is metastable, displaying a temperature-dependant re-
setting of the device back to the OFF state.

A molecule-based nano-electromechanical switching mechanism has been
proposed to account for the device’s observed experimental behavior. The OFF
state corresponds to the translational isomer, with the cyclophane encircling
the MPTTF unit. In the device, application of a +2 V bias generates an oxidized
form of the MPTTF unit in the rotaxane. Just as observed in solution, the
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Fig.11 The amphiphilic bistable [2]rotaxane 95" has been integrated into a crossbar device
between two electrodes as a Langmuir-Blodgett monolayer. The ON and OFF states of the
device are accessed at +2 V and -2 V, respectively, and are assigned to two different transla-
tional isomers, the metastable and the ground states, respectively
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resulting charge-charge repulsive force drives a linear movement of the cyclo-
phane along the dumbbell component to a position encircling the DNP ring
system. When the bias is lowered to +0.1 V, for the purpose of reading the
device, the charge on the MPTTF unit is neutralized and yet the cyclophane
remains around the DNP ring system on account of the mutually attractive
noncovalent interactions. This new metastable translational isomer is respon-
sible for the high-conductance ON state. This metastable state of the device,and
by inference the molecule, is observed to decay to the OFF state in a manner that
is qualitatively similar [283] to the movements of the tetracationic cyclophane
in rotaxanes that are self-assembled (vide supra) onto a gold electrode. There-
fore, the decay rate is concomitant with the thermally activated linear movement
of the cyclophane back along the dumbbell to the MPTTF unit. Alternatively,
applying a reverse bias of -2 V causes the electrochemical reduction of the tetra-
cationic cyclophane, allowing the facile reformation of the most stable transla-
tional isomer.

The proposed switching mechanism, while based on the molecule’s known
mechanical movements in solution, is supported experimentally by the com-
parison to control devices. In particular, devices utilizing the dumbbell-only
compounds and non-redox active molecules, such as eicosanoic acid (Fig. 11),
do not display any switching behavior.

5.4
Summary

The tenet for the molecular sciences that structure follows function is equally
apparent for mechanically interlocked molecules where their potential to be
harnessed as molecular machines is becoming increasingly attractive both aca-
demically and technologically. Beyond synthesis, the template and its recogni-
tion partner(s) serve many other purposes. Selection of strong binding tem-
plates allows for sub-nanometer control over the mutual location of the
interlocked components. Switchable templates open the door to controllable
motion. Topological design allows for different types of motions, including uni-
directional rotations. Integration of mechanically interlocked molecules into
larger self-organized assemblies can be easily attained, although the mechan-
ical movements become more challenging to identify. Consequently, struc-
ture-function analyses are required in order to elicit understanding, as much
as they are essential to optimize the molecules’ function for a desired techno-
logical application. Where an example is apparent in molecular electronics,
there are likely more, as yet unexplored, areas of research and development
for these classes of molecules that utilize purely the mechanical machinery
paradigm to herald a new technology at the boundary between soft and hard
matter.
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6
Conclusions and Perspectives

Mechanically interlocked molecules, such as catenanes and rotaxanes, can
be synthesized at high efficiency by utilizing organic or inorganic templates un-
der kinetic control. The efficiency of these templated syntheses relies upon a
supramolecular approach that utilizes a combination of cooperative noncova-
lent bonding interactions (such as metal-ligand interactions, - stacking and
hydrogen bonding) to form a weakly bonded intermediate complex, leading
to the irreversible formation of interlocked molecules on the formation of a
strong chemical (covalent) bond.

The use of thermodynamically controlled approaches for the synthesis of
wholly organic interlocked molecules is slowly growing in popularity. The use
of olefin metathesis, imine formation/exchange, or disulfide exchange as the
reversible covalent step - in addition to the exploitation of different molecu-
lar recognition motifs - demonstrates the generality of thermodynamically
controlled approaches for the synthesis of interlocked molecules.

The dynamic interplay between molecular recognition and the reversible for-
mation of covalent and mechanical bonds, using catalysts where appropriate, in
combination with template-directed effects, can be used in the efficient pro-
duction of intriguing and functional molecular assemblies and high molecular
weight polymers with appealing materials properties. As the need for elaborate
functional systems grows, the concepts of multivalency and cooperativity
are likely to play significant roles in the areas of supramolecular, medicinal, and
materials chemistry.

Beyond synthesis, the template and its recognition partner(s) serve many
other purposes, such as control over the mutual location of the interlocked
components. Switchable templates lead to controllable motion, and topological
design affords the opportunity for different types of motions, including unidi-
rectional rotations. The integration of mechanically interlocked molecules into
larger self-organized assemblies, as revealed by structure function analyses,
is beginning to show some technological promise in areas such as molecular
electronics.
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