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Abstract: The tetracationic cyclophane, cyclobis(paraquat-p-phenylene), also known as the little blue box, constitutes
modular receptor that has facilitated the discovery of many host-guest complexes and mechanically interlocked
molecules during the past 35 years. Its versatility in binding small n-donors in its tetracationic state, as well as forming
trisradical tricationic complexes with viologen radical cations in its doubly reduced bisradical dicationic state, renders it
valuable for the construction of various stimuli-responsive materials. Since the first reports in 1988, the little blue box
has been featured in over 500 publications in the literature. All this research activity would not have been possible
without the seminal contributions carried out by Siegfried Hiinig, who not only pioneered the syntheses of viologen-
containing cyclophanes, but also revealed their rich redox chemistry in addition to their ability to undergo intramolecular
n-dimerization. This Review describes how his pioneering research led to the design and synthesis of the little blue box,
and how this redox-active host evolved into the key component of molecular shuttles, switches, and machines. )

2 )

1. Introduction

Compartmentalization is utilized™ routinely in biology to
provide spatial confinement for molecular and
supramolecular entities, such as proteins, genetic materials,
and organelles. To sustain complex life processes, nature has
evolved strategies to produce confined environments re-
quired for specific tasks in relation to, for example, DNA
replication,” protein synthesis,” cargo transport,”! immune
response,” and enzyme catalysis.”! Synthetic chemists have
long sought to emulate!”’ nature’s capacity for constructing
nanoconfined environments at the molecular level. The
landmark discoveries of crown ethers® cryptands,”
spherands,'” carcerands,"! and hemicarcerands!'® by
Pedersen,™ Lehn,™ and Cram,” who were awarded the
Nobel Prize in Chemistry in 1987, has spurred® the
development of molecular containers. By extending the
synthetic possibilities beyond traditional macrocyclic recep-
tors, such as cyclodextrins,” calixarenes,™® cucurbiturils,!'”!
and pillararenes,” the use of cyclophanes,?! nanorings,
boxes,” cages,? and capsules®! has expanded significantly
the scope of host—guest chemistry!™ that can be performed

[*] X.-Y. Chen,* ). Fraser Stoddart
Department of Chemistry, Northwestern University
2145 Sheridan Road, Evanston, Illinois 60208 (USA)
E-mail: xc3@northwestern.edu
stoddart@northwestern.edu

H. Chen," ). Fraser Stoddart

Stoddart Institute of Molecular Science, Department of Chemistry
Zhejiang University

Hangzhou 310027 (China)

E-mail: hongliang.chen@zju.edu.cn

H. Chen," ). Fraser Stoddart

Z)U-Hangzhou Global Scientific and Technological Innovation
Center

Hangzhou 311215 (China)

J. Fraser Stoddart
School of Chemistry, University of New South Wales
Sydney, NSW 2052 (Australia)

['] These authors contributed equally to this work.

 © 2022 The Authors. Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution Non-Commercial
License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used
for commercial purposes.

Angew. Chem. Int. Ed. 2023, 62, €202211387 (2 of 35)

within nanoconfined spaces. The ability to tune cavity sizes,
geometries, and stereoelectronic environments in these
structures has led to a rich diversity of binding pockets for
molecular recognition,m] the stabilization of reactive inter-
mediates and molecules,?” and selective transformations.?

We have been inspired® by the properties and
functionality of a particular molecular receptor—namely,
cyclobis(paraquat-p-phenylene)—or CBPQT*" for short.
This tetracationic cyclophane, also known as the little blue
box, contains two 4,4'-bipyridinium (or viologen) units that
are held together in a face-to-face manner by two bridging
p-xylylene linkers, leaving a cavity in between the two
viologen units to accommodate aromatic guests. In its
tetracationic state, the electron-deficient CBPQT** binds®”
small, n-electron-rich molecules strongly as a result of
favorable donor-acceptor interactions. In contrast, the
bisradical dicationic form, CBPQT>*"), possesses® a high
affinity for viologen radical cations (V**) as a result of
strong radical-pairing interactions. These two recognition
modes of CBPQT are responsible for its broad utility in
the syntheses of mechanically interlocked molecules (MIMs)
and artificial molecular machines (AMMs).

There is, however, a scientific giantm] without whom this
35-year odyssey of exploration would most likely not have
occurred: this giant (Figure 1) was Professor Siegfried
Hiinig. As one of the most renowned organic chemists of
the latter half of the 20th century, Hiinig not only
pioneered® the syntheses of viologen-containing cyclo-
phanes, but also spearheaded™ the evolution of the rich
redox chemistry, for example, n-dimerization (pimerization),
associated with viologen-containing compounds. In celebra-
tion of his longevity, we dedicate this Review to his
remarkable achievements in chemistry, as well as to his
outstanding contributions to the chemical community. Here,
we highlight some of the milestones in our exploration of
the little blue box, and how Siegfried Hiinig’s extraordinary
contributions to this field of research had a profound
influence on our evolving understanding of the redox
properties of this tetracationic cyclophane.

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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2. The Making of the Little Blue Box: A Tribute to
Siegfried Hiinig

As one of the most highly creative and versatile chemists to
grace the latter half of the 20th century, Hiinig is perhaps
best known for developing®™ the sterically hindered tertiary
amine —namely, N,N-diisopropylethylamine, which has been
called Hiinig’s base after him. What is not generally known,
however, is that he also made a name”! for himself in the
field of organic metals and multistate redox systems in
addition to the invention™ of new methods and reagents for
organic synthesis. In fact, in contrast with the only two
publications™ that are related to the study of sterically
hindered tertiary amines, Hiinig recorded® in more than
100 publications the systematic investigation of n-electron
systems that harbor redox properties. Much of this research
activity, which centered™ on bipyridinium salts, was to have
a major influence on our own development of the redox
chemistry associated with the little blue box.

The first viologen-containing cyclophanes were
synthesized™! and characterized by Hiinig in 1983 at the
University of Wiirzburg. These tetracationic cyclophanes
contain (Figure 1) two viologen units connected in a phane-
like manner by either two o- or two m-xylylene bridges (i.e.,
0,0- and m,m-CBPQT"*") or by one o- and one m-xylylene
bridge, namely, 0,m-CBPQT"*". Since these cyclophanes are
highly strained, rendering them inaccessible synthetically by
traditional high-dilution methods, Hiinig®" devised a novel,
stepwise procedure to first of all prepare a dicationic
intermediate by reacting xylylene dibromides with an excess
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cused upon two areas: 1) the use of y-
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Figure 1. Pioneering research by Professor Siegfried Hiinig (University
of Wiirzburg) on viologen-containing cyclophanes—namely, the syn-
theses and characterization of 0,0-, 0,m-, and m,m-CBPQT*", which led
to our 35-year journey of investigating the chemistry of

cyclobis (paraquat-p-phenylene) (p,p-CBPQT**, which we refer to simply
in the Review as CBPQT*"), also known as the little blue box.

of 4,4'-bipyridine, followed by cyclization with another
linker of his choice. High dilution was achieved by carrying
out the reaction in a two-phase organic/aqueous solution.
Hiinig also employed a mixture of solvents, namely, MeOH,
H,O, and 50% aq EtNH;Cl, to purify the desired cyclo-
phane by silica gel column chromatography. Although the
original report® focuses mainly on investigating the con-
formations of these new cyclophanes in solution by '"H NMR
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Figure 2. The advent of CBPQT*". a) Solid-state and structural repre-
sentations of the formation of a donor-acceptor complex between the
methyl viologen (MV?*) dication and a BPP34C10 macrocycle (blue
inside red) and its binding constant in MeCN at room temperature.
b) Solid-state and structural representation of the formation of a
donor—acceptor complex between 1,4-dimethoxybenzene (1/4-DMB)
and a CBPQT*" cyclophane (red inside blue) and its binding constant
in MeCN at room temperature.

spectroscopy, the potential of forming inclusion complexes
within their cavities was also recognized.

In 1987, we discovered™ that crown-ether-like molec-
ular receptors, such as bis-p-phenylene[34]crown—10M!
(BPP34C10), which contains n-electron-rich hydroquinone
(HQ) units, are able to form (Figure2a) face-to-face
complexes, on account of favorable donor—acceptor inter-
actions, with methyl viologen (MV?"), a n-electron-deficient
dication. It occurred to us that it might be possible to
reverse the structural roles of the receptor and the substrate
and hence bind (Figure 2b) a n-electron-rich diphenol ether,
such as 1,4-dimethoxybenzene, inside CBPQT*" in which
two viologen units are held about 7 A apart in a face-to-face
manner by two p-xylylene linkers. We dubbed this new
receptor the little blue box*! on account of the fact that its
n-electron-deficient bipyridinium units (blue) bind®-*"! small
n-electron-rich donors (red). No sooner had we submitted
our findings in two manuscripts®*) to Angewandte Chemie,
than one (J.F.S.) of us received a letter from Professor
Hiinig. Although he was full of praise for our research, he
was at pains to point out that he had also identified“” similar
host—guest complexes, albeit with different bipyridinium-
containing cyclophanes. In the event, J.F.S. invited Professor
Hiinig to submit a communication to Angewandte Chemie so
that our two back-to-back communications on the little blue
box ended up being juxtaposed with his communication in
the same issue in 1988, which happened to be the Centenary
Year of the Journal. This coincidence involving tetracationic
cyclophanes marked our first meeting of minds with
Professor Hiinig.

Although our research program and that of Professor
Hiinig diverged along very different lines in the following
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decade, with his focusing on organic metals’*! and ours on
synthesizing MIMs,*! his research continued to provide
inspiration for many important discoveries made in our
group. It is hard to imagine how our research, as well as that
of many others, could have advanced without the founda-
tional synthetic chemistry introduced by Hiinig.

3. Synthesis and Solid-State (Super)Structure of the
Little Blue Box

Since we first reported the synthesis of the little blue box in
1988, methods for making CBPQT** have evolved continu-
ously. The synthesis commences (Figure 3) with the prepara-
tion of p-xylylene-bis(4-(4-pyridyl)pyridinium) (XBPP*"),
which is formed by treating one molar equivalent of p-
xylylene dibromide with an excess of 4,4-bipyridine,
followed by cyclization of XBPP?* with another molar
equivalent of p-xylylene dibromide to give CBPQT-4PF;
after purification and counterion exchange with NH,PF; in
H,O0. Since there is significant ring strain associated with this
rigid tetracationic cyclophane, the cyclization step typically
results in a low yield (ca. 12 %) of CBPQT-4PF, under reflux
in MeCN. In the presence of a n-electron-rich template,*
however, the yield can be improved at least threefold, as a
result of favorable donor-acceptor and [C—H--O] interac-
tions between templates, to which diethylene glycol func-
tions are appended, and the acyclic intermediate resulting
from the reaction of XBPP?' with p-xylylene dibromide.
This templation, not only directs this Sy2 reaction towards
ring closure rather than to oligomerization, but also
compensates for the strain introduced during cyclophane

MeCN /80°C 2 R o Condiens

§ 98 e Bne s

2) NH4PFg ! HyO 0 . N 2 NH,PF“#HZD N o o
98% XBPP+2PF, CBPQT-4PF,
ERVanN I
Lo] o OH o o OMe
» "\/\ h/“Me
Additive Nene @ @ J‘/ \,\’Ma
Q o] OH Q Q OMe
(AN NS TBAI
Reaction ~ MeCN DMF DMF MeCN
Conditions  80°C  25°C/ 12 kbar 25°C/ 12 kbar 80°C
Yield 12% 62% 81%

Figure 3. Synthesis of CBPQT*". Typically, the synthesis involves a two-
step procedure: 1) the reaction between para-xylylene dibromide and an
excess of 4,4"-bipyridine, which affords para-xylylenebis (4-(4-
pyridyl)pyridinium bis (hexafluorophosphate) (XBPP-2PF) in an almost
quantitative yield after counterion exchange and 2) the reaction
between XBPP-2PFg and one equivalent of para-xylylene dibromide,
which produces CBPQT-4PF; in a wide range of yields after counterion
exchange, depending on the reaction conditions—12 % without any
additive at 80°C, 62% in the presence of an HQ-derived template
under high pressure (12 kbar) at 25°C, 81% in the presence of a DN-
derived template under high pressure (12 kbar) at 25°C and 20% in
the presence of a catalytic amount of tetrabutylammonium iodide
(TBAI) at 80°C.
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formation. An excellent yield (Figure 3) of CBPQT-4PF,
can be obtained*”! by tagging the diethylene glycol chains
onto a 1,5-dioxynaphthalene (DN) unit and using this
compound as a template for the reaction under ultrahigh
pressure, namely, 12 kbar. Although these templates are
typically removed by cumbersome liquid-liquid extractions,
they can also be exchanged”! with a pH-responsive deriva-
tive of 1,5-diaminonaphthalene (DAN), which dissociates
easily from CBPQT*" following protonation of its amino
groups.

Despite the high efficiency of these synthetic procedures
employing templates, they are not suitable for the large-
scale production of CBPQT-4PF, since the templates are
expensive and need to be used in excess. In fact, the most
practical procedure we employ nowadays does not require a
template, but rather relies on the use of tetrabutylammo-
nium iodide (TBAI) as an inexpensive catalyst. This
approach enhances! (Figure 3) the yield of CBPQT-4PF;
twofold compared to the noncatalyzed reaction. Under these
conditions, the Sy2 reaction between XBPP-2PF, and p-
xylylene dibromide becomes reversible at high temper-
atures, thereby conferring a self-correcting mechanism upon
the assembly of the rigid tetracationic cyclophane. TBAI
also accelerates the rate of the final ring-closing S\2
reaction, particularly under high-dilution conditions. It is
worth noting that, while CBPQT-4PF; is soluble in solvents
such as MeCN and MeNO,, CBPQT-4Cl is water soluble,
establishing the fact that CBPQT*" can be investigated in
both aqueous and non-aqueous media depending on the
nature of the counterions.

X-ray crystallography shows that CBPQT*" adopts™!
(Figure 4a) a rigid centrosymmetric rectangular box-like
geometry that is considerably strained in the solid state: its
two viologen units span a distance of 10.3 A, supported by
two p-xylylene linkers. The centroid-to-centroid distance
(Figure 4b) between the two viologen units is 6.8 A, allowing
for near-perfect co-facial [rn-n] stacking interactions be-
tween CBPQT*" and aromatic m-electron-rich guests. The
viologen units exhibit (Figure 4b) a 21° torsional angle about
their 4C—4'C bond with their long axes tilted (Figure 4c) 82°
with respect to the planes defined by the p-phenylene units
of the CBPQT*" ring. It turns out that slow evaporation of
iPr,0 into a MeCN solution of CBPQT-4PF, leads™ to two
polymorphic crystalline forms of the little blue box—one
block-like and the other needle-like-corresponding (Fig-
ure 4d and 4e) to two different superstructures.

4. CBPQT** as an m-Electron-Deficient Host
Molecule

The ability of CBPQT*" to bind small n-donors in a rather
promiscuous manner was recognized® immediately after its
introduction in 1988. The solid-state superstructures of
some representative host-guest complexes based on
CBPQT*" as the host are portrayed in Figure 5. 1,4-Dimeth-
oxybenzene (1/4-DMB) binds? (Figure 5a) CBPQT** with
a K, value of 17 M™" in MeCN. 1,5-Dimethoxynaphthalene
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Figure 4. Solid-state (super)structures of CBPQT*" from X-ray crystal-
lography carried out on single crystals. a) A perspective view of
CBPQT*". b) A plan view of CBPQT*", showing the centroid-to-centroid
distance between the two viologen units. c) A side-on view of CBPQT*",
illustrating the dihedral angle between the viologen and the phenylene
units. d) Plan view of CBPQT*" cyclophanes present in block-like
crystals, determined by X-ray crystallography, revealing the super-
structure and relative positioning of the PFs~ counterions. e) Plan view
of CBPQT*" cyclophanes present in needle-like crystals, determined by
X-ray crystallography, revealing the superstructure and relative position-
ing of the PF;~ counterions.

(1/5-DMN), which has more mn-electrons and a larger n-
surface area than 1/4-DMB, associates™ (Figure 5b) with
CBPQT*" much more strongly (K,~10° M~ in MeCN). In
both host-guest complexes, the protons on the aromatic
core of 1/4-DMB and 1/5-DMN participatel™ (Figure 5a and
5b) in [C—H--n|] interactions with the p-phenylene units of
the CBPQT*" ring, in addition to the face-to-face [m-]
stacking interactions between the host and the guests. The
[C—H--n] interactions dictate the co-conformation between
the host and the guests. Sulfur-containing conjugated
heterocycles, such as bithiophene (2T) and tetrathiafulva-
lene (TTF), are also excellent guests™ for incorporation
(Figure 5c,d) into the cavity of CBPQT'" (K,=100 and
6900 M, respectively in MeCN) as a result of their rich
supply of m-electrons. It is noteworthy that CBPQT*" can
also be incorporated™ as a guest molecule into a larger, n-
electron-rich cyclophane.

Anchoring oligoethylene glycol chains to guests results®
in substantial increases in their binding constants (K,=
2520M™' for 1/4-R,BCCBPQT*" (where R=2-(2-(2-(2-
hydroxyethoxy)ethoxy)ethoxy)ethoxy loops) with CBPQT**
in MeCN, since the polyether loops engage™ (Figure 5e) in
[C—H--O] interactions with the acidic a-protons on the
bipyridinium units of the tetracationic cyclophane. These
additional stabilizing effects are crucial when it comes to
raising the efficiency of template-assisted syntheses of
donor—acceptor catenanes. A large collection of n-electron-
rich guests derived from HQ,*? DN, 1,5-dithianaphtha-
lene (DTN),"® DAN,*>* TTF!®! bispyrrolotetrathia-

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



1/4-DMBcCBPQT*
K,=17 M- K,

1/5- DMNCCBPQT4+
~ 1,000 M-

2TcCBPQT*
K, =100 M-

TTF=CBPQT**
K, = 6,900 M-
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Figure 5. Solid-state superstructures and binding constants (in MeCN
at 25 °C) of host-guest complexes formed between CBPQT** and a) 1/
4-DMB, b) 1/5-DMN, c) 2T, d) TTF, and e) 1/4-R,B where R denotes 2-
(2-(2-(2-hydroxyethoxy)ethoxy) ethoxy) ethoxy appendages, illustrating
the attractive [C—H--mt] and [C—H--Q] interactions between the host and
the guest.

[62] [63]

fulvalene!®” (BPTTF), biphenol, benzidine,
azobenzene,®™ pentiptycene-based crown ethers,®! tripty-
cene-based cucurbiturils, amino acids "]
neurotransmitters,’® and phenyl glucopyranosides® have
all been investigated for their ability to complex with the
little blue box.™

5. Syntheses of Donor-Acceptor Mechanically
Interlocked Molecules (MIMs)

Mechanically interlocked molecules®™ (MIMs), including
catenanes,! rotaxanes,’” knots,™ links,” daisy chains,™
Borromean rings,™ and so forth, are molecules composed
of component parts that cannot be separated without break-
ing constitutive covalent or coordinative bonds. These well-
defined structures, not only possess aesthetically pleasing
architectures, but they also open the doors to emergent
properties and functions. Despite existing examples in
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nature—for example, lasso peptides”” and knotted circular
DNA"_and statistical™ as well as covalent-directed
syntheses®™ in laboratory settings, the efficient and selective
production of MIMs had remained an open challenge for
years. It was not until the introduction of metal templation
by Sauvage®! in the 1980s that MIMs becamel readily
accessible.

Our first venture into the host—guest chemistry of
CBPQT"" in 1988 left us wondering if it might be possible
to have the m-accepting tetracationic cyclophane interlock
mechanically with a n-donating crown ether, such as
BPP34C10."" The outcome from the first reaction blew our
minds: we were able to isolate®™ (Figure 6a) the first donor—
acceptor [2]catenane (C1*") in a remarkable 70% yield
simply by stirring XBPP*2PF; and p-xylylene dibromide at
room temperature in MeCN in the presence of 3 molar
equivalents of BPP34C10 as the template. The crystal
structure, which confirmed unambiguously the making of a
[2]catenane, was selected for display on the front cover of

a
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Figure 6. a) Synthesis of the first donor—acceptor [2]catenane C1**. This
high-yielding catenation is aided and abetted by [C—H--O] as well as
donor-acceptor and [C—H--7] interactions between BPP34C10 and the
acyclic intermediate resulting from reaction of XBPP*" with para-
xylylene dibromide. b) Synthesis of Olympiadane. The synthesis
involves two separate steps: 1) the reaction between bitolyl-bis (4-
pyridyl)pyridinium dications (BBPP**) and 4,4"-bis(bromomethyl)-1,1'-
biphenyl (BBB) in the presence of two equivalents of TNP57C15 as
templates to afford a [3]catenane, C2*" and 2) treatment of C2** with
two equivalents of XBPP** and para-xylylene dibromide, which cyclize
around one of the DN units in each of the two TNP57C15 rings to
afford Olympiadane. Note that XBPP**, BBPP**, C1**, C2*", and
Olympiadane are all supported by the requisite number of PFg
counterions.
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the October issue of Angewandte Chemie in 1989. The
reaction proceeds by the displacement of one bromide from
p-xylylene dibromide by XBPP*2PF;, forming (Figure 6a) a
viologen unit that is encircled by BPP34C10 before a second
ring-closing nucleophilic substitution takes place® to afford
C1*". It is clear from the crystal structure that this
templating effect arises from donor-acceptor interactions
between the viologen units and the two catechol rings in
BPP34C10, aided and abetted™ by the formation of
[C-H--O] hydrogen bonds.®! These weak bonding inter-
actions accrued during the template-directed synthesis “live
on” in the [2]catenane afterwards, as indicated by cyclic
voltammetry (CV) and '"H NMR spectroscopy.

The S\2 clipping procedure employed in the synthesis of
C1*" was later expanded to embrace the preparation of a
wide array of donor—acceptor [2]catenanes containing differ-
ent crown[l0] ethers. The performance of the clipping
reaction is impacted by a number of factors, including i) the
reactant stoichiometry, where an excess of either n-donating
or m-accepting precursors typically results in an increase of
yield, ii) the solvent—higher yields of [2]catenanes were
obtained in MeCN than in DMF, presumably because of the
higher association constants (K, values) of their correspond-
ing pseudorotaxane precursors in MeCN, iii) pressure—
ultrahigh pressures at room temperature in DMF lead to
superior reaction performance, a feature characteristic of
the Menschutkin reaction, which is associated with a
negative change in molar volume, iv) temperature —while
association constants decrease with increasing temperature,
it was found that heat can accelerate catenation and improve
yields in some cases, and v) reaction time. A wide variety of
crown ethers can be accommodated, such as those contain-
ing HQ,Pe¢3881 DN 787 DAN,® TTF ™! azobenzene,®"
anthracene,” fluorenone,® triazole,”” and their deriva-
tives, in addition to crown/cyclophane hybrids,
cryptands,” and oxacalixcrowns.”” There is no strong
correlation between the size and/or n-donating ability of
crown ether’s recognition units and the yields as a result of
templation.

Despite the detailed characterization of the first donor—
acceptor [2]catenane, the community in the early 1990s, was,
to some extent, dubious and/or indifferent about the
emergence of catenanes and rotaxanes. Such skepticism was
resolved unequivocally with the advent of higher order
catenanes,™ which could also be synthesized using tem-
plate-directed procedures. One of the most appealing
catenanes (Figure 6b) in this category was Olympiadane,” a
[S]catenane reminiscent of the logo of the Olympic move-
ment, since it consists of five mechanically interlocked rings.
The first step in its synthesis relies on the clipping of bitolyl-
bis(4-pyridyl)pyridinium (BBPP>") and 4,4'-bis(bromometh-
yl)-1,1"-biphenyl (BBB) around two trisnaphthalene-con-
taining crown ethers, TNPS7C15. The approach
capitalizes™ on the propensity of cyclobis(paraquat-4,4'-
biphenylene) (CBPQB*"), also known as the Big Blue Box,
to host two m-electron donors in the form of a ternary
complex. When the resulting [3]catenane was treated with a
large excess of XBPP-2PF, and p-xylylene dibromide,
templation around (Figure 6b) one of the two naphthalene

[94]
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recognition sites of the two TNP57C15 rings leads to the
formation of Olympiadane. The solid-state structure of
Olympiadane reveals a vast array of noncovalent bonding
interactions, including [C—H-n] edge-to-face interactions
involving aromatic rings and donor—acceptor interactions
between them, in addition to multiple [C—H--O] hydrogen
bonds. The sheer number and wealth of these favorable
interactions give rise to strong templation, enabling the
synthesis of the high-order catenane. Olympiadane was
subsequently used to make a branched [7]catenane,” whose
solid-state structure at the time took two weeks for the
collection of data, followed by six months of structural
elucidation and refinement.

The synthesis of donor-acceptor catenanes and rotax-
anes is, in many cases, kinetically controlled, namely, bond
formation is irreversible, which can take a variety of forms
in addition to catenation by Sy2 substitution. For example,
in a conceptual extension of the original donor-acceptor
catenane synthesis, we have demonstrated!™ (Figure 7a)
the possibility of assembling a degenerate [2]rotaxane,
namely, R1**, by employing a similar clipping procedure,
but with two bulky silyl stoppers attached to the two ends of
a polyether chain instead of them being present in a crown
ether. Other bulky substituents, such as 4-tritylphenyl™!
and porphyrin,"™ can also serve as the stoppers. The
viologen wunit resulting from the reaction between
XBPP-2PF; and p-xylylene dibromide is recognized (Fig-
ure 7a) by the two HQ units on the polyether dumbbell,
culminating in mechanical bond formation following cycliza-
tion to clip on the CBPQT*" ring. Rotaxanes can also be
produced in the presence of a single donor unit, such as
HQ,['™! DN, TTF,!%! BPTTF,'™! monopyrrolotetrathia-
fulvalene,’ (MPTTF) and anthracene.'"™ The reaction
yields are sensitive to various structural parameters, such as
the nature of the donor unit, linker length, and stopper
constitution, as well as reaction conditions. Clipping is not
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Figure 7. Kinetically controlled syntheses of donor—acceptor MIMs.

a) Synthesis of a [2]rotaxane R1*" by an Sy2 clipping approach.

b) Synthesis of a [2]catenane C3** by an Eglinton-Glaser-Hay coupling
approach. c) Synthesis of a [2]rotaxane R2*" by a stoppering approach.
d) Synthesis of a [2]catenane C4*" and a [2]rotaxane R3** using “click”
chemistry. Note that R1**, R2**, R3**, C3**, and C4** are all supported
by the requisite number of PF¢~ counterions.
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limited to Sy2 reactions. With CBPQT*" as the host and an
alkyne-tethered, DN-containing polyether as the guest,
catenation!'™ (Figure 7b) or rotaxanation” can also occur
in a highly efficient manner by either an intra- or
intermolecular Eglinton—Glaser—Hay coupling between the
two terminal alkyne groups. It is worth noting that DANM!Y
and TTF!"? are both acceptable donors for the construction
of [2]catenanes from alkyne-containing precursors.

An alternative, kinetically controlled approach to the
construction of rotaxanes is “stoppering”. One example
involves™ (Figure 7c) the silylation of a pseudorotaxane’s
terminal hydroxy functions with triisopropylsilyl groups in
the presence of 2,6-lutidine. In this case, the CBPQT*" ring
forms a host-guest complex with n-donors such as HQ,P*
DN, benzidine, %! biphenol,* or an oligothiophene!¥!
before suitable stoppers are installed.

Perhaps one of the most transformative and ubiquitous
tools for forging mechanical bonds is the copper-catalyzed
azide-alkyne cycloaddition™ (CuAAC). The CuAAC re-
action was first utilized!"”* " in the construction of donor-
acceptor rotaxanes and catenanes in 2006 at a time that
coincided with the assembly of MIMs facilitated by
transition-metal'!”’ and active-metal"® templates. The semi-
nal synthesis of the [2]rotaxane R3*", featuring the use of a
DN recognition unit flanked by two azide-terminated tri-
ethylene glycol chains, was accomplished™® in 82 % yield in
DMF by conjugation with propargylated tetraphenylme-
thane stoppers in the presence of CuSO, and ascorbic acid.
When one of the two azide groups was replaced with a
terminal alkyne group, cyclization occurred!” under the
same conditions to afford the [2]catenane C4*' in 41%
yield. The beauty of click chemistry lies in its robustness and
ease of operation in linking two molecular entities—namely,
an azide and an alkyne—together without affecting other
functional groups on substrates, making it extremely
versatile!" in the preparation of CBPQT*'-containing
molecular switches and machines, as well as MIMs having
more complicated topologies and sophisticated architec-
tures.

In contrast to kinetic control, where there is no going
back upon completion of a reaction, thermodynamic
control! is all about the reversibility of bond formation
during MIM syntheses. In these cases, the interconversion
among all reactive species will eventually result in the
generation of the most thermodynamically stable products.
One of the most elegant examples in this category is the
synthesis of rotaxanes by slippage, for example, the
CBPQT*" ring can slip"! over (Figure 8a) the aza-
[18]crown-6 (A18C6) stopper at 50°C in MeCN to form
R4*". Because of the thermodynamic sink resulting from
favorable donor-acceptor interactions between CBPQT**
and the HQ recognition unit, no deslipping occurred even at
80°C in MeCN. When the A18C6 stoppers complex with
Na* or K* ions, however, the kinetic barrier becomes!'?!
insurmountable for slippage by the CBPQT'' ring as a
result of increased steric and electrostatic repulsion by the
stoppers. The fact that no chemical bond is broken or
formed during slippage highlights the nuanced difference
between a rotaxane (a Kkinetically stable molecule) and a
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Figure 8. Thermodynamically controlled syntheses of donor—acceptor
MIMs. a) Synthesis of a [2]rotaxane R4*" by slippage. b) Synthesis of a
[2]catenane C5*" that relies on dynamic imine chemistry. c) Synthesis
of a [2]catenane C6** that relies on olefin metathesis. d) Synthesis of a
[2]catenane C7*" by an iodide-mediated dynamic Sy2 substitution.
Note that R4**, C5", C6**, and C7*" are all supported by the requisite
number of PF¢~ counterions.

pseudorotaxane (a kinetically labile host-guest complex), a
topic that has led'® to considerable discussion with no
consensus being reached so far by the chemical community.
We take the view that the pseudorotaxane versus rotaxane
discussion is dependent on the environment (e.g. solvent,
temperature, etc.). Other stoppers, such as MPTTF,['** p-p-
glucopyranose,'”™ and  2-methoxy-1,3-benzamide-based
oligomer!"™! have also been found to allow slippage of the
CBPQT"" ring.

Dynamic covalent chemistry™! (DCC) is another power-
house that drives the assembly of MIMs under thermody-
namic control. The idea is that by virtue of reversible
chemical reactions, mechanically interlocked species can be
selected for and amplified under appropriate conditions on
account of favorable interactions with templates or other
additives according to their free energies of binding. Liu/"*”
has invented (Figure 8b) a clipping procedure, based on the
reversible imine condensation between two diamines and
two different dialdehydes appended to phenylene and
naphthalene cores, for the self-assembly of C5'" in the
presence of CBPQT'". The [2]catenane is formed in an
almost quantitative (>90%) yield in MeCN with almost
complete (97 %) selectivity for the translational isomer in
which the phenylene unit occupies the cavity of the
CBPQT*" ring. Also relying on imine chemistry but with a
cryptand as the donor macrobicycle, Yan and Zhou!"®! have
demonstrated the synthesis of a [2]catenane with multi-
annulated mechanical bonds by clipping. By harnessing the
strong association of the CBPQT*" ring with HQ and DN
moieties, rotaxanes can also be produced from dumbbells
stoppered with dynamic imine bonds,'?! photoisomerizable
azobenzene units,™ or ammonium crown ether host-guest
complexes.!!

Olefin metathesis,™ now ubiquitous in the world of
organic synthesis, constitutes another powerful method for
the construction of MIMs. In the presence of a Grubbs
catalyst, ring-closing metathesis (RCM) can convert two
terminal olefins into a loop with extrusion of ethylene.
Huang!"™® has taken advantage of this process to close
(Figure 8c) an olefin-modified m-phenylene[32]crown-8
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(MP32C8) around one of the viologen units in the
CBPQT*" ring to prepare the macrocyclic [2]catenane C6*".

The discovery of new catalysts has contributed signifi-
cantly to the growing importance of DCC and its creative
use in thermodynamically controlled MIM syntheses. Since
CBPQT*" is highly strained and its methylene units can be
resubjected to substitution chemistry, it was reasoned that a
suitably mild nucleophile might transiently open the box and
act as a leaving group, thereby rendering the Sy2 chemistry
dynamic. TBAI was identified™! as a suitable catalyst
(Figure 8d) for Sy2-mediated equilibrations to give donor—
acceptor [2]catenanes directly as if by magic from their
constituent rings. Remarkably, the two rings are topologi-
cally linked in a traceless manner to form™ selectively [2]-
and [3]catenanes in high yields, reminiscent of an act of
minimally invasive molecular surgery. In addition to DCC in
solution, CBPQT** can also be catenated™ onto a gold
surface through dynamic gold-thiolate bonds.

A diverse family of topologically distinct donor—acceptor
MIMs comprised of CBPQT*" has been made (Figure 9) by
employing either kinetic or thermodynamic approaches,
including a) rotacatenanes,’™ with the illustrated example
consisting!™®*! of a fused pillar[5]arene/naphtho[36]crown-10
macrobicyclic core and an imidazolium-based dumbbell, b)
[3]pseudocatenanes or handcuff catenanes,™ comprising -
donating macrocyclic polyethers fused to a central TTF
core, c) side-chain poly[2]catenanes,'*” with the illustrated
example consisting of polyurethane as the backbone, d)
bis[2]catenanes, comprising two CBPQT*" rings fused to a
flexible linker!™! or a central phenylene unit,** e) a cyclic
bis[2]catenane, with two catenanes connected together by a
covalent linker,'™! f) a side-chain poly[2]rotaxane with
polyacrylate as the backbone,™! g) tripodal [4]rotaxanes,
reminiscent of G1 dendrimers,"'*'*! h) branched catenanes
possessing a combination of linear and radial links,””'*! i) a
[3]catenane, which comprises a fused triple-torus polyether
catenated by two CBPQT** rings,['*” j) a pseudo[1]catenane,
where the interlocked polyether macrocycle is fused to a
phenylene unit in CBPQT**, k) [1]rotaxanes,*! in which
the rods that thread through CBPQT*" are fused to the
encircling rings, 1) a molecular figure-of-eight, in which the
rod is anchored to opposite ends of an encircling ring,™"
and m) oligorotaxanes!™ in which CBPQT*" rings thread
onto polyether-bridged DN oligomers, causing the thread to
fold into an extended stack of alternating n-donors and n-
acceptors. Many other donor-acceptor MIMs, such as
pretzelanes,™ polyrotaxanes,’ and poly[2]catenanes!>"
are not discussed in this Review owing to space limitations.

6. CBPQT***) as a Radical Host: A Homage to
Siegfried Hiinig

Our exploration of the little blue box brought our chemistry,
for the second time, hand-in-hand with Siegfried Hiinig’s in
2010. Some 22 years after the introduction of CBPQT*" as a
multipurpose m-donor receptor, we were brought face-to-
face with yet another cornerstone of Hiinig chemistry—that
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Figure 9. A selection of MIMs synthesized by donor-acceptor templa-
tion. a) A catenarotoxane. b) A [3]pseudorotaxane or handcuff cate-
nane. c) A side-chain poly[2]catenane. d) A bis[2]catenane. ) A cyclic
bis[2]catenane. f) A side-chain poly[2]rotaxane. g) A tripodal
[4]rotaxane. h) A branched [6]catenane. i) A [3]catenane. j) A pseudo-
[]catenane. k) A [1]rotaxane. ) A molecular figure-of-eight. m) An
oligorotaxane. All these MIMs are positively charged and supported by
the requisite number of PF¢~ counterions.

is, what he called intramolecular pimerization of viologen
radical cations (V*7). It had been known for a long time that
the methyl viologen dication (MV>") can undergo single-
electron reduction to form the corresponding radical cation
(MV**). In fact, the term “viologen” takes its name from the
violet color of this radical species in solution, a phenomenon
observed by Michaelis™> back in the 1930s. It was not until
1964, however, that Kosower!™ established that the violet
color does not originate from MV** —as it is colored blue by
itself —but rather from its n-dimer, (MV*"),, which is
observable in concentrated aqueous solutions. This phenom-
enon, which is now known as n-dimerization,™ or multi-
centered pancake bonding™**! on account of the spin-pairing
of n-electrons, has been identified in a wide variety of
conjugated organic m-radicals, such as V**[*¢31 apd
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tetrathiafulvalene" (TTF*") radical cations, naphthalene
diimidel®" (NDI*), tetracyanoquinodimethane!'”
(TCNQ*") and 2,5-dimethyl-N, N'-dicyanoquinonediimine!"®’!
(DCNQI*) radical anions, as well as in neutral phenalenyl
radicals."® Nevertheless, homodimeric associations between
these n-radicals were generally considered to be very weak
in solution, leaving them, for most of the time, to be treated
as chemical curiosities.

Hiinig’s longstanding interest in the redox chemistry of
bipyridinium dications prompted him to delve into the
phenomena of n-dimerization. Following his pioneering
research® on the synthesis of viologen-containing cyclo-
phanes, he discovered" that radical-pairing interactions
between two V** units can be enhanced significantly when
they are connected by a suitably chosen rigid linker. For
example, when two viologen units are linked (Figure 10a) by
an o-xylylene bridge (3.0 A), they experience!'”! unusually
strong radical-pairing interactions upon being reduced to
their corresponding radical cations. A similar phenomenon
was observed'®! (Figure 10b) when the two V*' units are
part of an o-xylylene-based doubly bridged cyclophane,
namely, 0,0-CBPQT**", which exists exclusively as a n-
dimer. When the linker is changed to m-xylylene, which
spans a longer distance (5.0 A) between its methylene
carbon atoms, however, only weak attractive interactions
are detected between the two V** units. These results not
only demonstrated the possibility of having strong radical-
pairing interactions between V°*° in an intramolecular
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Figure 10. a) Seminal studies by Professor Siegfried Hiinig on the
intramolecular wt-dimerization of a pair of viologen radical cations
connected by an ortho-xylylene bridge under reducing conditions.

b) Schematic representation of the strong intramolecular mt-dimeriza-
tion between the two viologen units in the 0,0-CBPQT** ") diradical
dication under reducing conditions. c) Schematic representation of the
strong association between a MV** radical cation and a CBPQT**"
diradical dication in MeCN at 25 °C and the solid-state superstructure
of [MVCCBPQTJ* ™. d) Cyclic voltammograms (MeCN, 0.1 M TBAPF,,
200 mVs™) ofCBPQT“, V177, and an equimolar mixture of CBPQT*"
and V17", e) UV/Vis/NIR spectra of CBPQT**"), V1¢*) and an
equimolar mixture of CBPQT***) and V1t
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setting, but also established, for the first time, the optimal
pairing distance required for their effective n-dimerization.

We did not realize just how important this seminal
research by Siegfried Hiinig was until, in 2010, former
postdoctoral fellow Ali Trabolsi™* investigated what now
seems to be an obvious question in radical recognition,
namely, can we design a radical cyclophane, in which the
two opposing, parallel V** units are positioned apart at a
distance that would allow strong association with a MV**
radical cation based on radical-pairing interactions? The
answer turned out to be the little blue box! When reduced
to its diradical dicationic state, CBPQT**" binds (Fig-
ure 10c) MV*" strongly at room temperature in MeCN
(K,=7.9%x10*M™), a result that was discovered®™ during a
CV experiment performed below 0 V! Formation of the
trisradical tricationic complex, namely, [MVCCBPQT]***),
is rapid®! (k,,=2.1x10°s7") at room temperature, and it
dissociates completely into its individual host-guest compo-
nents upon oxidation, on account of strong Coulombic
repulsions between fully oxidized CBPQT** and MV>". The
ability of a this host-guest system to switch®” between
strongly associative and strongly repulsive states on redox
stimulation offers a facile way to control molecular motion,
as well as to drive chemical systems out-of-equilibrium.
Indeed, this historic discovery in our exploration of the little
blue box has fueled an extensive investigation and utilization
of the trisradical recognition motif in the elaboration of
MIMsP? and AMMs.'*® Tt is worth noting that the binding
constants of the trisradical tricationic complexes can be
finely tuned over a wide range —from 8x10” to 1.8x10° M
in MeCN —either by changing!'® the N,N’-substituents on
the guest V** radical cations, or by swapping!'™ the p-
xylylene linker in CBPQT**™ for different linkers, such as
m-xylylene, 2,5-thiophenedimethylene and 2,6-
pyridinedimethylene.

The solid-state  superstructure  (Figure 10c)  of
[MVCCBPQTP“? revealed'”"! a radical-pairing distance
(3.2 A) between MV** and the two V** units in CBPQT**"
that is shorter than the typical [n-m] stacking distance
(3.4 A) observed in complexes of CBPQT*" with n-electron
rich guests. To accommodate this shorter pairing distance in
radical recognition, the V** centroid-to-centroid distance in
CBPQT>*" decreases from 6.92 to 6.43 A upon guest
incorporation, reminiscent of the induced-fit model'™ in
enzymatic catalysis. The MV** guest is oriented centrosym-
metrically within the CBPQT**" cavity with its long axis
tilted at 76° with respect to the mean plane of the cyclo-
phane. Unlike fully oxidized CBPQT**, the V** units are
associated with a nearly 0° torsional angle about their 4,4’
C—C bond. Intermolecular cofacial radical stacking between
the V** units on CBPQT**" is also observed in the
extended superstructure, which spans a distance of 3.2 A,
characteristic of radical-pairing interactions. Upon attaching
two methoxy groups onto the p-xylylene linker of
CBPQT>*", however, the resulting trisradical tricationic
host-guest complex packs'”” in a discrete manner rather
than as a continuous radical stack. Such a unique arrange-
ment in the solid state provides opportunities for the design
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of organic magnetic materials based on this paramagnetic
host—guest complex.

Evidence of n-dimerization between CBPQT***) and
V** guests in solution can also be observed by cyclic
voltammetry as well as by UV/Vis/NIR spectroscopy, a
technique that was originally popularized by Hiinig. Com-
pared to the reoxidation peaks of the individual solutions of
V1** (=0.31V) and CBPQT**" (—0.24 V), the reoxidation
peak of an equimolar amount of V1*" and CBPQT**" is
shifted®" (Figure 10d) to more positive potential (—0.19 V)
as a result of the stability of the inclusion complex. The
solution of an equimolar amount of V1°* and CBPQT**™
also exhibits®"! (Figure 10e) a NIR absorption band at
around 1075 nm that is absent in the spectrum of either
V1°* or CBPQT**"), on account of the strong charge-
transfer interaction between the host and the guest in
[VICCBPQTJ*.

The observation that V** guests can be encapsulated
with high affinity in CBPQT**") as a result of strong radical-
pairing interactions has stimulated (Figure 11) the develop-
ment of a variety of viologen-based host-guest systems
based on the principle of size-matched radical recognition.
For example, by altering the centroid-to-centroid distance
between the two V** units of a bisradical dicationic cyclo-
phane, cyclobis(paraquat-m-phenylene) diradical dication
(mCBPQT?*") and CBPQT***) can be recognized"’ (Fig-
ure 11a,b) by CBPQB**" and cyclobis(paraquat-4,4'-
ethynebiphenylene) diradical dication (CBPQE**")), respec-
tively. More recently, binding of a pair of MV*" radical
cations has also been achieved"” (Figure 11c) using a size-
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Figure 11. Size-matched radical recognition. a) The strong association
between CBPQB**™ and a molecule of mCBPQT**™ in MeCN at room
temperature, forming a ring-in-ring tetrakisradical tetracationic complex
[mMCBPQTCCBPQBJ** ", b) The strong association between CBPQE**™
and a molecule of CBPQT***) in MeCN at room temperature, forming
a ring-in-ring tetrakisradical tetracationic complex [CBPQTC-
CBPQE]**"). c) The strong association between CBPQN***) and two
molecules of MV*" in MeCN at room temperature, forming a
tetrakisradical tetracationic complex [(MV),CCBPQN]**". Note that
CBPQB** "), mCBPQT?* "), CBPQE*" "), CBPQT*"), CBPQN**), and
MV** are all supported by the requisite number of PF¢~ counterions.
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matched radical host, namely, the cyclobis(paraquat-2,6-
naphthalene) diradical dication (CBPQN**"). In all of these
cases, the binding distance between each V** unit in the
solid-state superstructures of the inclusion complexes is
within 3.05-3.25 A, a range that is critical to achieve strong
radical-pairing interactions between hosts and guests in
solution.

Depending on the reducing potentials of the chemical
reductants, CBPQT** can be reduced either to its diradical
dicationic state (in the presence of zinc or copper dust) or to
its neutral state!'” (in the presence of 4 molar equivalents of
CoCp,) —namely, CBPQT’, also known as the red box. The
reduction potentials for these two processes are —0.33 and
—0.75V, respectively, in MeCN versus a SCE reference.
CBPQT’ exhibits very different host-guest chemistry com-
pared with its radical and fully oxidized analogues. Not only
can it encapsulate!'™ (Figure 12a) n-electron deficient
guests, such as 1,4-dicyanobenzene, it can also bind!"""!
(Figure 12b) MV*" in an unusual 2:1 host/guest stoichi-
ometry.

7. Syntheses of Radical MIMs

The ability of CBPQT*** to bind the MV** radical cation
with high affinity immediately spawned a whole new
generation of MIMs in which trisradical tricationic recog-
nition motifs were employed as templates. One of the first
examples was the template-directed synthesis of
[2]rotaxanes!'™ by a click-chemistry-based stoppering ap-
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proach. CBPQT*" and an azide-terminated V** derivative
were first of all reduced (Figure 13a) to their corresponding
(bis)radical (di)cations by either i) photoinduced charge
transfer from the excited state of a Ru(bpy),’" sensitizer
under visible-light irradiation in the presence of triethanol-
amine as a sacrificial electron donor, or ii) by reduction with
zinc dust. Upon formation of the trisradical tricationic
complex as a result of host-guest radical-pairing interac-
tions, the azides react with the stopper precursor, di-tert-
butylacetylene-dicarboxylate, to afford (Figure 13a), after
oxidation in air, a series of hexacationic [2]rotaxanes
R5)°" in yields of up to 31%. Because of strong
Coulombic repulsion between the V>* units on CBPQT**
and the axles, the rings are forced"” (Figure 13a) to encircle
the oligomethylene chains adjacent to the V>* cores of the
dumbbells. The rotaxanes with shorter dumbbells were
found!'™ to persist longer in their radical states upon
exposure to air as a result of increased charge repulsion
between fully oxidized V?>' units constrained by the
mechanical bonds, raising the kinetic barriers to oxidation of
the radical cations while enhancing their thermodynamic
stability on account of spin-pairing interactions.

What will happen if the viologen guest in the trisradical
tricationic complex is appended with two xylylene bromide
groups, which can engage in Sy2 substitution with another
molecule of 4,4-bipyridine? This bold idea led™” (Fig-
ure 13b) to the remarkable synthesis of a mechanically and
electrostatically constrained homo[2]catenane C8%'. Its
preparation, which is incredibly simple, involves mixing the
bis(a-bromoxylyl)bipyridinium precursor with 4.,4'-bipyri-
dine and zinc dust in MeCN under an inert atmosphere. The
key intermediate in this reaction is a tetracationic trisradical
inclusion complex, which is converted into the homo-
[2]catenane C8‘*™ after a final ring-closing nucleophilic
substitution and in situ reduction. The tetrakisradical tetra-
cationic homo[2]catenane can only be oxidized (Figure 13b)
to its monoradical heptacationic state, C8*7*, which exists in
equilibrium with the bisradical hexacation C8*°" upon
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Figure 13. a) Synthesis of a [2]rotaxane R5(n)*" by radical templation
and a click stoppering approach. b) Synthesis of a homo[2]catenane
C8%" by radical templation and Sy2 cyclization. The formation of C8%"
proceeds through intermediate redox states—namely, C8** "), C82¢*,
and C8°"". All the MIMs are positively charged and supported by the
requisite number of PF¢~ counterions.
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Figure 14. a) Schematic representation of the stoppering and cycliza-
tion approaches to the syntheses of rotaxanes and catenanes using
radical templation. b) Graphical representation of an air-stable mono-
radical [2]catenane C9*"* synthesized by radical templation.

c) Graphical representation of an air-stable bisradical [2]catenane
C10%*°" synthesized by radical templation. d) Graphical representation
of a radial [5]catenane C11*** synthesized by radical templation.

e) Graphical representation of a [2]rotaxane R6°" synthesized by radical
templation and a “click” stoppering approach. f) Graphical representa-
tion of a [2]catenane C12°" synthesized by radical templation and olefin
metathesis. All the MIMs are positively charged and supported by the
requisite number of PF¢~ counterions.

exposure to air. In fact, the full oxidation state of the
homo[2]catenane is so energetically demanding that it can
only be accessed™! (Figure 13b) by oxidation with a strong
oxidant, such as tris(4-bromophenyl)aminium hexachloro-
antimonate (TBPA*®"). These results showcased the unusual
stability of this radical homo[2]catenane as a result of
mechanical bonding as well as the otherwise unfavorable
interactions between its viologen units in its fully oxidized
state. It is noteworthy that the homo[2]catenane can pass!'™”!
through a total of six accessible redox states (C8*+ —C8*"
—C8°" C8**" C8** —C8") during a voltametric scan,
thereby harboring an enormous capacity for storing elec-
trons within a volume of only one cubic nanometer.
Stoppering and cyclization represent!'®”! (Figure 14a) two
general strategies for the synthesis of MIMs using the radical
templation approach. The use of CBPQT or one of its close
analogues as the macrocycle has led to a number of radical
[2]catenanes possessing remarkable stability and unusual
electrochemical properties. For example, C9", which
contains (Figure 14b) a 2,7-diazapyrenium unit and exists as
a stable, persistent monoradical in air, possesses!'™ seven
redox states, 0, 1+, 2+, 4+, 6+, 7+, and 8+. C10***",
which consists of two m-xylylene linkers as the bridging
units in the two mechanically interlocked cyclophanes,
exists!"™ (Figure 14c) exclusively as a radical dimer under
ambient conditions. This bisradical [2]catenane enjoys even
higher stability compared with that of C87* as a result of
the closer distance between viologen units enforced by the
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m-xylylene linkers. Consequently, these viologen units
experience even stronger Coulombic repulsions once fully
oxidized, as indicated by the significantly more positive
potentials of the first two reduction peaks for C10%*¢*
compared with those for C8*'".

The CuAAC reaction turns out to be a particularly
robust tool for the synthesis of radical MIMs since 1) it is
compatible with V** radical cations and 2) the reaction can
be carried out in the presence of copper dust, which serves
as both a reducing reagent for converting V>* into V** and
the catalyst for the cycloaddition upon its in situ oxidation
to Cu™. This symbiotic use of copper circumvents the need
for additional sacrificial electron donors as well as photo-
sensitizers to reduce V2*. Apart from making (Figure 14¢)
[2]catenanes and [2]rotaxanes,’® for example, R6°*, we
have demonstrated™ (Figure 14d) the possibility of using
this procedure for the construction of a radial [S]catenane,
C11***, which supports up to 24+ positive charges inside its
nanometer-size cavity.

So far, the vast majority of radical MIMs, featuring the
intermediacy of a trisradical tricationic recognition motif,
have been synthesized under kinetic control—for example,
through irreversible Sy2 substitution or click chemistry. A
rare example of making radical MIMs under thermodynamic
control relies on olefin metathesis. By careful tuning of
reaction conditions, it was found that a RCM can proceed*’!
(Figure 14f) in the presence of a trisradical tricationic
complex and close a V*'-containing, alkene-terminated
oligoethylene glycol chain into a loop, thereby furnishing a
[2]catenane C12°". The possibility of using DCC to prepare
radical MIMs constitutes a research area waiting to be
explored.

8. The Mechanostereochemistry of Donor—Acceptor
MIMs

One of the most compelling properties of MIMs is the
relative motion experienced by their component parts.
Whereas conventional molecules experience stretching,
bending, and rotation associated with their covalent bonds,
MIMs are also subject™™ to the relative motion made
possible through mechanical bonding, giving rise to co-
conformational changes.'"® Graphical representations of the
donor-acceptor [2]catenane C1'%, as well as [2]rotaxane
R1**, have been employed in Figure 15 to illustrate the
different kinds of co-conformational changes in [2]catenanes
and [2]rotaxanes. In C1**, the BPP34C10 and CBPQT*"
rings can undergo (Figure 15a) a process we have described
as “rocking”. This motion™®! is by far the fastest (2x10°s™!
at RT) compared with all the other relative mechanical
motions experienced by the rings in C1**. Circumrotation!®!
of the BPP34C10 ring, for example, through the CBPQT**
ring (Figure 15b) is much slower (30s™' at RT), since it
involves rupture of all the noncovalent bonding interactions
between the two rings. Pirouetting,™ which refers to the
rotation of the BPP34C10 ring with respect to the CBPQT**
ring, involves only partial rupture of the noncovalent
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Figure 15. Graphical representations of the relative movements of the
component parts of CBPQT-containing, degenerate MIMs. a) Rocking.
b) Circumrotating. c) Pirouetting movements in the donor—acceptor
[2]catenane C1*". d) Translational movement in the donor—acceptor
[2]rotaxane R1*".

bonding interactions between the two rings, taking place
(Figure 15¢) at a faster rate (1800s™' at RT). It is worth
noting that the [2]catenane C1** exists!™ in the solid state
in two enantiomeric co-conformations that undergo rapid
racemization in solution. The two enantiomeric co-confor-
mations can be distinguished by 'H NMR spectroscopy in
the presence of chiral reagents at low temperatures. In
rotaxanes, there is another motion called translation,'"!
which describes the movement of rings along the axles that
they encircle. In R1**, the translation of the CBPQT*" ring
between the two HQ recognition sites occurs 2000 s at RT.
The rates of these motions in MIMs can be determined by
variable-temperature '"H NMR spectroscopy with the assis-
tance of dynamic 'H NMR line-shape simulations. An

Eyring plot (In (;) Vs lT) can be used to obtain the AH™ and

AS™ values, as well as the energy barrier AG;™ for the
relative motion between the CBPQT'" ring and the dumb-
bell.

The term molecular shuttle was introduced™®! in 1991 to
describe the shuttling of a CBPQT*" ring back and forth
between two identical HQ recognition sites in the degener-
ate donor—acceptor [2]rotaxane R1*". It was soon envisioned
that if the n-donor recognition sites in a [2]rotaxane are
different, their translational isomers will become nondegen-
erate and thus associated with different free energies of
binding with the CBPQT*' ring. With sufficiently low
activation barriers to reach equilibrium, the populations of
these isomers are dictated!" by their energy difference,
AG°, between the ground state (GSCC) and metastable state
(MSCC) co-conformations. The translational isomerism of
these donor-acceptor MIMs was investigated and
summarized'*? in a 67-part “Molecular Meccano” collection
of publications in various journals throughout the 1990s and
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early 2000s. In short, many structural parameters can
influence the kinetics and thermodynamics associated with
the translational isomerism in MIMs, such as i) the nature of
the recognition units and linkers, ii) the ring sizes, (iii) their
topology/architecture, and iv)the constitutions® of the
MIMs. These movements constitute the basis for the
operation of molecular switches and machines.

9. Molecular Switches

Precise control over molecular motions!" is of fundamental
and practical importance in physics, chemistry, and biology.
In particular, the design of molecular systems in which
switching can be accomplished™ under the influence of an
external signal constitutes a major advance towards the
realization of molecular electronics. MIMs that incorporate
two or more different recognition units are excellent
prototypes!"™ for the design of molecular switches. With an
ever-increasing number of methods for the making of
mechanical bonds, as well as the many molecular recognition
motifs available, a number of recognition sites can be
incorporated judiciously into MIMs so that their preferential
associations with CBPQT*" rings can be altered in response
to external stimuli. In an effort to realize this concept, we
first of all embarked!"”” on the idea of an acid/base switch
based on the protonation/deprotonation of a benzidine unit.
When one of the HQ units in the molecular shuttle is
replaced by a benzidine unit and the other by a biphenol
unit, it was found (Figure 16a) that the CBPQT*" ring
spends 84 % of its time on the benzidine unit and 16 % on
the biphenol unit at equilibrium at RT in MeCN. Upon the
addition of acid, the nitrogen atoms on the benzidine unit
become protonated, inducing, as a result of Columbic
repulsion, the CBPQT*" ring to migrate to the neutral
biphenol unit. The switch reverts to its original state upon
addition of base. Switching can also be triggered by single-
electron oxidation of the benzidine unit to its radical
cationic state, which also generates a repulsive Coulombic
force that obliges the CBPQT*" ring to encircle the
alternative biphenol unit. It follows that this donor—acceptor
[2]rotaxane R7'" is switchable by both redox and pH
stimuli. In addition to shuttling, the threading and dethread-
ing of a CBPQT*" ring-containing pseudorotaxane has also
been subjected!'™ to acid/base control.

Acid/base switches can also appear®™ in the form of
donor-acceptor [2]catenanes. The [2]catenane C13*" exists
(Figure 16b) in two co-conformational isomers in a 78:22
ratio in favor of the CBPQT'" ring encircling the DAN
recognition site. When the amino groups on DAN are
protonated, the CBPQT** ring encapsulates!'” the HQ unit
exclusively as a result of Coulombic repulsion between
DANH,*" and the CBPQT"" ring.

Solvents, temperature, pressure, and even counterions
all play important roles in determining the ratios of transla-
tional isomers in donor-acceptor MIMs. For example, in the
presence of more polar solvents, such as Me,SO, the
CBPQT** ring prefers!'” (Figure 16¢) to bind the DN unit
in the [2]catenane C14'", whereas in the presence of less
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Figure 16. The influence of pH, solvents, temperature, pressure,
counterions, and mechanical force on the operation of donor—acceptor
molecular switches. a) The preferential association of the CBPQT**
cyclophane with the benzidine and the biphenol units in [2]rotaxane
R7*" under basic and acidic conditions, respectively. b) The preferential
association of the CBPQT*" cyclophane with the DAN and HQ units in
[2]catenane C13** under basic and acidic conditions, respectively.

c) The preferential association of the CBPQT*" cyclophane with the DN
and HQ units in [2]catenane C14*" in Me,SO and Me,CO, respectively.
d) The preferential association of the CBPQT** cyclophane with the
DN and DTN units in [2]catenane C15** at 243 K and 303 K,
respectively. e) The preferential association of the CBPQT** cyclophane
with the HQ and MPTTF units in [2]rotaxane R8** under low and high
pressure during synthesis, respectively. f) The preferential association
of the CBPQT** cyclophane with the BPTTF and DN units in
[2]rotaxane R9*" in the presence of PF,~ and TRISPHAT™ as the
counteranion, respectively. g) The mechanical forces associated with
pulling the CBPQT** cyclophane in the bistable [2]rotaxane R10** into
energetically unfavorable geometries under reducing and oxidizing
conditions, respectively.

polar solvents, such as Me,CO, it is biased towards
encircling the HQ unit. A possible explanation for this
observation is the fact that the larger n-surface of the DN
unit can more effectively insulate the exterior surface of
CBPQT** from unfavorable cation-solvent interactions in
less polar solvents. Similar phenomena were observed?
when changing the solvent from H,O to CHCl; with a
[2]catenane that incorporates DN and DTN as the two
competing recognition sites.

A number of donor-acceptor [2]catenanes***!! and
[2]rotaxanes®!! have been found to exhibit different pop-
ulations of translational isomers at low and high temper-
atures. For example, C15'" exists as a mixture of two co-
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conformations in a 55:45 ratio, favoring (Figure 16d) the
complexation of the DN unit by CBPQT*" at 303 K. Upon
lowering the temperature to 243 K, however, the ratio of the
two conformations is reversed® (40:60), with DTN prefer-
entially occupying the cavity of CBPQT*".

Jeppesen has reported a rare example of a donor—
acceptor [2]rotaxane R8'" in which the distribution of the
two translational isomers can be influenced (Figure 16¢) by
pressure. Contrary to most other bistable rotaxenes based
on HQ and TTF-derived recognition sites, the CBPQT*",
ring prefers to reside on the HQ unit rather than on the
more-electron-rich MPTTF unit following mechanical bond
formation at ambient pressure. Under high pressure during
the synthesis, however, a higher, ratio of the CBPQT*", ring
is found to be associated with the MPTTF unit. It is
noteworthy that these two co-conformations are not inter-
convertible as a result of the steric barrier imposed by the
SEt group on the MPTTF unit.

The counterions associated with CBPQT** have been
shown™! (Figure 16f) to influence the co-conformational
isomerism of the bistable [2]rotaxane R9'*. Whereas the
DN and BPTTF recognition sites are almost equally
populated in the two translational isomers of R9*" in the
presence of PF¢~ as the counterion, the equilibrium is
heavily biased (>95%) towards the co-conformation in
which CBPQT*" encircles the BPTTF unit when Lacour’s
TRISPHAT™ anion is employed.

The advent of atomic force microscopy (AFM) has
enabled®™ chemists to measure the forces associated with
the positioning of the CBPQT'' ring in energetically
unfavorable co-conformations on a bistable donor—acceptor
[2]rotaxane. The rotaxane R10*" consists of (Figure 16g) an
SiO,-immobilized dumbbell that contains DN and TTF
recognition sites, threaded by a CBPQT*" ring decorated
with a dithiolane tether that can be anchored to a gold-
coated AFM cantilever. Whereas an average of 66 pN of
force is required to separate the ring and the dumbbell in
the presence of a neutral TTF recognition site, an average of
145 pN is needed to dissociate the ring when TTF is oxidized
to its dication, indicating that the Coulombic repulsion
between CBPQT*" and TTF*" can generate up to 79 pN of
force. Similar experiments have also been performed™”! on
CBPQT-containing oligorotaxane foldamers.

Given the ability of the little blue box to switch between
multiple recognition sites in different redox states, it is not
hard to imagine that the majority of molecular switches
based on CBPQT'" motion are controlled by redox
chemistry. For illustration purposes, the recognition sites
and the CBPQT*" ring in these switches are represented
schematically. Depending on their mode of motion, these
switches can be classified (Figure 17) into three categories:
a) translation, b) circumrotation, and c) expansion/contrac-
tion.

One of the earliest examples of molecular switches based
on donor-acceptor and radical-pairing-induced molecular
recognition was made (Figure 17a) by appending a Ru"
photosensitizer (shaded in yellow) to a [2]rotaxane that
contains a DN (shaded in red) and a V>* (shaded in blue)
unit, threaded by a CBPQT*" ring. Notably, the propensity
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of CBPQT** to accept™” electrons from different photo-
sensitizers has been well studied. In its fully oxidized state,
the CBPQT*" ring resides primarily on the DN unit as a
result of favorable donor-acceptor interactions. Upon
photoirradiation, however, the Ru" stopper can undergo
photoinduced electron transfer and reduce the V> compo-
nents both on the dumbbell and on the cyclophane to their
radical cationic states, following a catalytic cycle that
employs triethanolamine as the sacrificial electron donor.
The resulting CBPQT**" ring no longer possesses high
affinity for the DN unit and thus moves to the V** unit,
where it participates in strong radical-pairing interactions.
Exposing the [2]rotaxane to air oxidizes the radicals and
returns the rotaxane to its ground state. A number of other
CBPQT**-containing photoswitches,'**>**! including a
[2]catenane bearing the same recognition sites and a photo-
sensitizing Ru" complex,”™ have also been reported in the
literature.

Li®" found that redox-driven movement of CBPQT**
can also occur (Figure 17b) in the presence of DN and NDI
(shaded in blue) recognition sites in the [2]rotaxane R12*".
The idea is predicated on the fact that CBPQT**™ possesses
a strong binding affinity (K,=1.2x10°M™) for NDI*~ that
correlates with both radical-pairing interactions and Cou-
lombic attraction between the two radicals with opposite
charges. Upon reduction with zinc dust, the CBPQT**") ring
departs from the m-electron-rich DN unit for the highly
attractive NDI*™ unit, while exposing the solution to air
reverses the switch because of the negligible affinity
between NDI and fully oxidized CBPQT*'. A similar
bistable [2]catenane switched by hetero-radical pairing
interactions has also been reported™! by the same research-
ers.

The incorporation of more than two orthogonal recog-
nition sites in a [2]rotaxane leads to a multistable switching
system, as exemplified®" (Figure 17c) by the movement of
CBPQT*" to one of three different recognition sites in the
[2]rotaxane R13°". The recognition sites include a DN
(shaded in red), a V>* (shaded in blue), and a TTF (shaded
in green) unit that are linked together by oligoethylene
glycol loops using click chemistry. Under ambient condi-
tions, CBPQT*" spends most of its time on the TTF site
rather than on the DN site. Oxidation of the TTF unit to its
dicationic form, however, repels the CBPQT'" ring and
causes it to pass over V?' and reach the DN site, which
becomes the most n-electron-rich recognition component in
the system. When both the CBPQT*" ring and the V*7 site
on the dumbbell are reduced to their (di)radical (di)cationic
forms, the ring migrates to the V** site, forming a strong
trisradical tricationic species. It is worth noting that switch-
ing between three different recognition sites can also be
achieved®? by controlling the three redox states of the little
blue box, namely, CBPQT**, CBPQT***", and CBPQT". In
this case, a different set of recognition sites—namely, a
triazole ring for CBPQT**, a V** site for CBPQT***) under
reducing conditions, and a tetrafluorobenzene site for
CBPQT’—must be used for the tristable molecular switch to
operate under redox control. Although several other redox-
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Figure 17. Graphical representations of redox-active molecular switches that express translocating, circumrotating, and expanding/contracting

motions. a) Translocation induced by the preferential binding of CBPQT** and CBPQT**™

), respectively, by the DN and V** units in the [2]rotaxane

R11%" under oxidizing and reducing conditions, respectively. b) Translocation induced by the preferential binding of CBPQT** and CBPQT**™),
respectively, by the DN and NDI*" in the [2]rotaxane R12*" under oxidizing and reducing conditions, respectively. c) Translocation induced by the
preferential binding of CBPQT** and CBPQT?*", by the TTF, the DN, and the V** units in the [2]rotaxane R13°" under neutral, oxidizing, and
reducing conditions, respectively; d) Rotation induced by the preferential binding of CBPQT*" and CBPQT** "), respectively, by the TTF, the DN,

and the V** units in the [2]catenane C16°" under neutral, oxidizing, and reducing conditions, respectively. e) Rotation induced by the preferential
binding of CBPQT*" and CBPQT**™ by the TTF and DN units, respectively, in the [2]catenane C17** under neutral and oxidizing conditions,
respectively. f) Expansion/contraction induced by the preferential binding of CBPQT** and CBPQT** "), respectively, by the triazole and V** units in
[c3]daisy chain R14"" under oxidizing and reducing conditions, respectively. g) Expansion/contraction induced by the preferential binding of
CBPQT** and CBPQT**"), respectively, by the DN and V** units in the [c2]daisy chain R15"" under oxidizing and reducing conditions, respectively.
h) Contraction induced by the preferential binding of CBPQT** and CBPQT?* ", respectively, by the V* units in the [3]rotaxane R16'®", forming a

radical stack under reducing conditions.

switchable [2]rotaxanes have also been reported,**! they are
not discussed in this Review.

Whereas a multistable [2]rotaxane can undergo switch-
ing as a result of CBPQT** movement along its dumbbell, a
multistable [2]catenane can experience switching by circum-
rotational motions between different recognition sites. This
idea has been realized™" (Figure 17d) by incorporating DN,
V?*, and TTF units into a [2]catenane, namely, C16°", which
operates in a very similar manner to R13°". Importantly,
because of the high specificity of the interactions between
recognition sites and CBPQT in different redox states, the
relative positions of the two rings can be controlled precisely
by modifying the redox potentials. A similar situation
applies when it comes to the circumrotational motions in a
bistable [2]catenane with two recognition sites. For example,
C17*", which contains TTF and DN recognition sites, exists
(Figure 17¢e) predominantly as the co-conformation in which
the CBPQT'" ring encircles the TTF site under normal
conditions. After oxidation of TTF to its dicationic form,
charge repulsion between TTF*' and CBPQT*" triggers
circumrotational motion within the [2]catenane and encircle-
ment of the tetracationic cyclophane around the DN site. A
number of other redox-switchable catenanes, featuring the
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use of the little blue box, have also been reported®"">2" jn
the literature.

An unorthodox type of motion that can arise from
switching in higher-order MIMs is expansion and contrac-
tion. A recent example revealed™ (Figure 17f) the contrac-
tion and expansion of a cyclic trimer of a [2]rotaxane,
R14"*", promoted by redox chemistry. This molecular switch
draws on the well-established association between
mCBPQT**" rings and V** recognition sites in their radical
cationic states. Under reducing conditions, the [c3]daisy
chain contracts as a result of radical-pairing interactions,
adopting a tris-armed star-shaped co-conformation, whereas
upon oxidation, the [c3]daisy chain expands with the
mCBPQT*" rings obliged to remain distant from the fully
oxidized V** units, encircling the triazole rings.

Closely related to this research is a [c2]daisy chain
R15"" that also exhibits®®'® (Figure 17g) similar contractions
and expansions in response to redox stimuli. This molecular
switch depends on the ability of CBPQT*" to recognize the
DN unit in its oxidized state and the V*' unit under
reducing conditions. When R15"" is reduced electrochemi-
cally to its hexaradical hexacationic state, the molecule
expands (Figure 16f) to permit both of its CBPQT*** rings
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to encircle the corresponding V** units on the dumbbells. It
is noteworthy that contraction and expansion have also been
explored=?" in [c1]daisy chains and molecular lassos.

A highly unconventional type of contraction and ex-
pansion was observed®® (Figure 17h) in the redox-mediated
switching of the oligorotaxane R16"". The construction of
the molecular accordion, which consists of two CBPQT**
rings and a p-xylylene-bridged pentaviologen axle, was
made possible by their effective templation in their singly
reduced states on account of radical-pairing interactions.
The oligorotaxane unfolds into an elongated chain in its
fully oxidized state as a result of Coulombic repulsions
between V' units, while its two CBPQT*" rings encircle the
hexamethylene linkers at the termini. Under reducing
conditions, however, the V** units fold and form a n-radical
stack that is intercalated by the two CBPQT**®) rings to
establish favorable radical-pairing interactions. Folding can
also be observed™? in a TTF-containing oligopseudorotax-
ane, in which threading of two CBPQT*' rings can be
controlled by redox chemistry.

Although molecular switches constitute a robust and
versatile platform for realizing stimuli-responsive mechan-
ical movements on the nanoscale, there is no net direction-
ality with respect to their motions following a full cycle of
operation. One important reason—as Astumian®’! has
pointed out—is the lack of kinetic asymmetry in these
systems, preventing their translation into molecular motors
and machines. In the next section, we show how it is possible
to overcome these constraints by designing chemical build-
ing blocks, acting as kinetic barriers, to promote the
unidirectional transportation of the little blue box.

10. Molecular Machines

From the use of biomolecular pumps and motors in living
systems to the development of engines during the past few
centuries, machines are ubiquitous in our everyday lives.
Chemists continue to be inspired®! by the possibility of
harvesting energy/work from switchable molecules to create
nanomachines in the microscopic and nanoscopic worlds.
Despite the daunting challenges associated with designing
such intricate (supra)molecular systems, tremendous prog-
ress has been made™ in recent years in the design and
syntheses of AMMs. The advent of these AMMs has
enabled"™ an unprecedented level of control over the
unidirectional motions and transport of molecules thanks to
the development of kinetically controlled, away-from-equili-
brium chemistry.

A key element in the design of AMMs is the introduc-
tion of kinetic asymmetry,® which endows molecular
motions with directionality. A number of elegant ap-
proaches have emerged!'® in recent years as a consequence
of the incorporation of information and energy ratchets as
the symmetry-breaking elements in AMMSs. Our continued
focus on the relative motions between components of MIMs
motivated us to come up with an array of chemical building
blocks that serve as kinetic barriers to promote the unidirec-
tional motion of CBPQT*" rings along dumbbells and
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around loops. In 2013, a prototype pump was devised?®”

(Figure 18a) to allow, for the first time, the threading and
de-threading of a CBPQT*" ring unidirectionally on and off
a pseudo-dumbbell, D1*. This prototype pump consists of a
n-electron-rich DN recognition site flanked by a neutral 2-
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Figure 18. Graphical representations and, in some cases, the related
structural formulas associated with the design and operation of: a) a
prototype molecular pump D17, which contains a wt-electron-rich DN
recognition unit flanked by a neutral 2-isopropylphenyl (IPP) group,
serving as a steric barrier, and a cationic 3,5-dimethylpyridinium (3,5-
DMPy™) group, acting as a Coulombic barrier. Under oxidizing
conditions, the CBPQT*" cyclophane threads onto the DN unit of D1+
over the IPP terminus, whereas upon reduction, the CBPQT?*™
cyclophane departs from D1" by passing over the 3,5-DMPy™ group,
thus establishing unidirectional motion. b) A one-stroke molecular
pump D2**, which contains a 3,5-DMPy* Coulombic barrier, a viologen
(V**) recognition site, and a long collecting chain terminated by a 2,6-
diisopropylphenyl stopper. Under reducing conditions, the CBPQT2*™
cyclophane passes over the 3,5-DMPy ™ group and thread onto the V**
unit of D2°* as a result of radical-pairing interactions, whereas upon
oxidation, the CBPQT*" cyclophane is forced onto the collecting chain
as a result of strong Coulombic repulsions with the V>* unit and the
3,5-DMPy* group. c) A first-generation (Mark 1) molecular pump D3*",
which contains an isopropylphenylene (IPP) steric barrier between its
viologen recognition site and its collecting chain. The IPP steric barrier
prevents the CBPQT cyclophanes on the collecting chain from returning
to the V*™ recognition site under reducing conditions, making it
possible to pump more than one ring using redox chemistry. d) A
second-generation (Mark Il) molecular pump D4**, in which the 3,5-
DMPy* group in D3’ is replaced by a 2,6-dimethylpyridinium (2,6-
DMPy™) anchor and a shorter link (one methylene group) between the
V2* and IPP units is used. The Mark Il pump features faster operation
and increased unidirectionality when compared with D3°*.
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isopropylphenyl (IPP) group, serving as a steric barrier, and
a cationic 3,5-dimethylpyridinium (3,5-DMPy™") group, act-
ing as a Coulombic barrier. The strong Coulombic repulsion
between the CBPQT*'' ring and the 3,5-DMPy"* group
creates a kinetic barrier (22.9 kcalmol ™) to threading that is
much larger than that (16.9 kcalmol™') imposed by the IPP
group. Consequently, the CBPQT*" ring threads almost
exclusively from the IPP terminus onto the DN unit of D17,
Reduction of CBPQT*" to its diradical dicationic state is
accompanied by a significant loss of its affinity for the DN
recognition site as well as its electrostatic repulsion with the
3,5-DMPy" group. At the same time, the energy barrier for
the radical cyclophane to slip over the IPP terminus is
increased because of its smaller cavity compared with that of
CBPQT*', making this pathway even more energetically
demanding (by 2.9 kcalmol ™" according to DFT calculations)
than that involving the 3,5-DMPy" terminus. Thus, the
CBPQT**" ring prefers to leave D1* by passing over the
3,5-DMPy™* group. Importantly, the prototype pump estab-
lishes a feasible energy ratchet mechanism for the unidirec-
tional transport of CBPQT*" rings. The sequence of a steric
barrier, a binding site, and a Coulombic barrier constitutes
what we term™* a pumping cassette.

The next question was: how can we pump CBPQT**
rings onto a collecting chain rather than into bulk solution?
In other words, how can we transform the input redox
energy from chemical reagents or electricity into a stored
potential energy rather than meaningless thermal release?
We realized that significant work had to be done to
compensate for the entropy loss following the recruitment of
a CBPQT*" ring from bulk solution onto a collecting chain.
Unfortunately, the binding between CBPQT*" and the DN
unit is too weak*!! (K,=768 M~" in MeCN) to allow such a
process to proceed with high efficiency. Radical-pairing
between CBPQT?*" and V**, on the other hand,
represents®™! a much more potent system for pumping
CBPQT*' because i) their binding, namely, CBPQT**" to
V**, is much stronger (K,>10*M™" in MeCN) under
reducing conditions and ii) the system can switch between a
strongly associative and a strongly repulsive state simply by
redox stimulation, thus creating!"®”’ a large energy difference
(AAG >21 kcalmol ™) between the reduced and oxidized
states, a situation which offers more potential for useful
work to be done.

Building on this concept, a one-stroke molecular pump,
D2°%, was synthesized®® by connecting a 3,5-DMPy*
Coulombic barrier and a long collecting chain, terminated
by a 2,6-diisopropylphenyl stopper, to a viologen recognition
site. Under reducing conditions, the attraction between the
CBPQT**" ring and the V** recognition site creates (Fig-
ure 18b) a deep thermodynamic well for the ring to pass
over the low kinetic barrier imposed by 3,5-DMPy* and
encircle the dumbbell. Upon oxidation, the repulsion
between the resulting CBPQT'" ring and the V>* unit forces
the ring to thread onto the collecting chain, even though
there are few attractive interactions between them. On the
other hand, the DMPy™ presents (Figure 18b) such a high
kinetic barrier that de-threading of the CBPQT*" ring from
the dumbbell is completely forbidden. The net result is that
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work has been done in pumping the CBPQT*" ring into a
high-energy [2]rotaxane.

One major limitation of this molecular pump, however,
is that it is unable to operate in a repetitive manner, simply
because the CBPQT*" ring on the collecting chain will move
backwards and occupy the V** recognition site as soon as it
is reduced to its diradical dicationic state, thus inhibiting the
collection of a second ring from bulk solution. Clearly, a
second kinetic barrier is required to prevent the CBPQT**™
ring on the collecting chain from being drawn back into the
thermodynamic sink induced by the V** unit. A neat
solution to this problem is the introduction of an isopropyl-
phenylene (IPP) steric barrier between the V2* unit and the
collecting chain. This structural modification formed®* the
basis (Figure 18c) for the synthesis of a first-generation
(Mark I) artificial molecular pump (AMP). Following a full
cycle of reduction by zinc dust and oxidation by NOPF;, a
CBPQT*" ring is pumped onto the pumping cassette and
resides in between the V> and IPP units. In this state, the
steric barrier provided by the IPP unit is lower than the
Coulombic barriers posed by the V> and 3,5-DMPy ™ units.
With sufficient thermal energy (i.e. heating), the ring slips
over the IPP unit and becomes kinetically trapped on the
collecting chain. No de-slipping of the first ring back to the
pumping cassette is observed when the system is reduced to
allow uptake of a second ring. By taking two CBPQT**
rings from bulk solution towards a higher local concentra-
tion, this molecular pump drives the chemical system as a
whole out-of-equilibrium.

On the back of this investigation, we designed®” a
second-generation molecular pump (Mark II) in which the
original 3,5-DMPy™ unit is replaced (Figure 18c) by a 2,6-
dimethylpyridinium (2,6-DMPy™) unit and the bismethylene
chain between the V?* and IPP units is shortened to only
one methylene group. With a higher kinetic barrier forged
by the new 2,6-DMPy* unit and faster kinetics for the
CBPQT*" ring to traverse the IPP unit, the Mark II pump
enjoys more rapid operation and greater unidirectionality
than the Mark I pump.

The successful implementation of the Mark II pump has
stimulated the development of a wide variety of AMPs by
taking advantage of its pumping cassette. For example, by
attaching (Figure 19a) a pumping cassette to both ends of an
oligomethylene chain containing two quaternary ammonium
centers, it becomes possible to pump™! two CBPQT*" rings
simultaneously onto the collecting chain in a single redox
cycle under electrochemical control. When two individual
AMPs are linked together in a head-to-tail fashion, pumping
of a CBPQT*' ring from bulk solution takes place®’
(Figure 19b) in a consecutive manner, by forming a
[2]rotaxane in one redox cycle, before releasing the ring
back into bulk solution following a second redox cycle.
Pumping can be controlled, not only by electricity, but also
by light. When a photocleavable stopper is used®” instead
of the 2,6-diisopropylphenyl stopper in the original Mark II
pump, the CBPQT*" ring that has been pumped onto the
collecting chain using electricity can be released (Figure 19c¢)
back into bulk solution upon light irradiation. Recently, by
placing a pyrene fluorophore at the center of a collecting
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Figure 19. Applications of Mark Il molecular pumps in the design and
synthesis of: a) A dual molecular pump D5, which can pump two
CBPQT*" cyclophanes simultaneously onto its collecting chain in a
single redox cycle under electrochemical control. b) A molecular dual
pump, D6°F, which links two pumping cassettes in a head-to-tail
fashion so that pumping of a CBPQT*" cyclophane can take place in a
consecutive manner and involves the intermediacy of a [2]rotaxane
which has been isolated and characterized. c) A light- and electricity-
responsive pump D7**, which can recruit a CBPQT*" cyclophane onto
a collecting chain using electricity and release it into bulk solution
upon light irradiation. d) A polyrotaxane synthesizer, D8, which can
collect up to 10 CBPQT** cyclophanes onto its PEG chain depending
on the number of redox cycles performed.

chain with two pumping cassettes at both ends, it has been
demonstrated®! that the fluorescence of the dumbbell is
quenched upon sequestering two CBPQT*" rings as a result
of their mechanical-bond-enforced proximity to the fluoro-
phore.

As a testament to the robustness and durability of the
Mark II pump undergoing multiple redox cycles, a poly-
rotaxane synthesizer has been constructed®” by grafting
pumping cassettes onto both ends of a polyethylene glycol
(PEG) chain to afford a dumbbell. Many of the previous
methods for the syntheses of polyrotaxanes suffer from a
lack of control of the number of threaded rings. The use of
molecular pumps and pumping cassettes allows delivery of
an exact number of threaded rings according to the number
of redox cycles performed on the dumbbell. When the
synthesizer is operated either chemically or electrochemi-
cally, the CBPQT*" rings are transported (Figure 19d) onto
the PEG chain in pairs from the two pumping cassettes,
affording polyrotaxanes with two, four, six, eight, or ten
rings, depending on the number (one, two, three, four, or
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five) of redox cycles performed. A recent synthesis®™ of
daisy-chain polymers has also benefited from the use of
molecular pumps. The key design principle in this case is a
self-complementary monomer that comprises the original
one-stroke molecular pump (D3*') and a covalently
attached CBPQT*" ring. Up to 11 degrees of polymerization
can be obtained for the daisy-chain polymers following
reduction and rapid oxidation. These two examples demon-
strate the potential of AMPs in the fabrication of mechan-
ically interlocked polymers with appealing structures and
functions.

11. Molecular Electronics and Porous Materials

Billions of years of evolution have honed nature’s extraordi-
nary capability, not only for carrying out life-sustaining
nanoscopic work inside cells, but also in performing macro-
scopic work (e.g., muscles) by scaling up the mechanical
motions of biomolecular machines. With a plethora of
molecular switches and AMMs available, the stage is set for
us, as well as others, to integrate[234] them into molecular
electronics and porous materials that can be put to practical
use. The fruitful marriage between MIMs and molecular
electronics, in particular, has led® to a burgeoning of
molecular devices and integrated circuits that include photo-
switches and detectors, artificial molecular muscles, molec-
ular mechanical biosensors, electrochromic devices, single-
molecule transistors, random-access memories, and config-
urable logic circuits.

Considerable progress has been made!'™ in our own
research by manipulating the self-organization and electro-
chemical operation of CBPQT**-containing, bistable MIMs
as a means of storing and processing information, as well as
expressing motions on a macroscopic level in molecular
devices. Our foray into this area was initiated by a fruitful
collaboration at UCLA with Jim Heath, starting in 1999
with the production®® (Figure 20e) of Langmuir—Blodgett
(LB) monolayers of bistable [2]catenanes and [2]rotaxanes
and the assembly of them onto crossbar architectures
involving two-dimensional tiled arrays of molecular switch
tunnel junctions (MSTJs). Although a bistable [2]catenane
was chosen™"! initially as the switching component, it soon
became evident that it is much easier to introduce®
amphiphilicity, a prerequisite for the use of the LB
technique™ in the fabrication of MSTJ crossbars, into
bistable [2]rotaxanes. The idea was based on the
observation®! that CBPQT*" prefers (Figure 20a) to en-
circle the TTF unit over the DN unit by a factor of 9:1 in
the amphiphilic [2]rotaxane R17*" under ambient conditions
(GSCC), whereas upon electrochemical oxidation, the ring
moves to encircle the DN unit as a result of its strong
repulsion by the TTF*" dication. The MSCC, which turns
out to be more conducting than the GSCC, can be accessed
by applying a +2.0 V pulse before returning to near-zero
bias. Application of a —2.0 V potential reduces the TTF**
dication to its neutral state (MSCC) and restores the GSCC.
With the majority (if not all) of molecules synchronized in a
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Figure 20. Molecular electronic devices based on bistable MIMs. a) Structural formulas of the two translational isomers of an amphiphilic bistable
[2]rotaxane in its ground state co-conformation (GSCC) and metastable state co-conformation (MSCC) and their equilibrium in MeCN at room
temperature (left). Schematic representation (right) of the bistable potential energy surface with potential energy wells corresponding to the GSCC
and MSCC (AG®=1.6 kcalmol™'/AG* =16 kcal mol™'). b) Eyring plots and free energy barrier (AG*) in solution, on a self-assembled monolayer, in
a polymer gel of high viscosity, and in a molecular switch tunnel junction (MST]) device. c) Schematic illustrations showing the relaxation of
bistable rotaxanes from their MSCC states (not illustrated) back to their GSCC states in different physical environments. The bistable rotaxanes can
be housed in solution, on self-assembled monolayers formed on a flat Au surface, or on metal nanoparticles, in polymer matrices, and finally in
monolayers in MST]s. d) Schematic representation of the light-driven actuation of redox-bistable [2]rotaxanes in graphitic monolayer devices. e) A
MIM-based dynamic random-access memory circuit. Top left, high-resolution scanning electron microscope image of the nanowire crossbar circuit.
Bottom left, different states of a bistable [2]catenane (top) or a bistable [2]rotaxane (bottom). The GSCC is less conducting than the MSCC. Right,
schematic illustration of the integration of MST]s into a crossbar device. f) The switching operation of this memory device. Top, the pulse sequence

used to operate the memory device. Bottom, storing ASCII characters to form the acronym CIT for California Institute of Technology, using binary
numbers.
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particular state in each MSTJ, they can be addressed
uniquely and separately in the crossbar architecture.

It transpires that amphiphilic [2]rotaxanes can also be
introduced (Figure 20c) into highly viscous polymer electro-
lyte gels,*! into liquid crystals,” as monolayers on gold
surfaces,””! or on metal nanoparticles,” as well as being
assembled®™ in their hundreds or thousands in MSTJs
between two wires (electrodes). Switching is universal in
these materials. The activation barrier (AG™) is raised
(Figure 20b) dramatically when the molecules are brought
from solution (16 kcalmol™') and introduced into soft
materials all the way up to 21 kcalmol™' in MSTJs. Temper-
ature also has a profound influence (Figure 20b) on switch-
ing in MST]Js, indicating that their operation involves the
relative motions of components in bistable MIMs, namely,
switching is a molecularly based phenomenon.

Half a decade of unremitting research on optimizing the
amphiphilic bistable [2]rotaxanes, from 2002 to 2007,
produced integrated circuits based on crossbar-containing
monolayers of increasing complexity, starting with a 4x4
crossbar architecture,””! followed by an 8x8 one,**! and
ultimately leading to a 400x400 one®®” with wires
(electrodes) of only 16 nm in width. With around 100
bistable [2]rotaxane molecules trapped in each MSTJ of the
400x400 crossbar architecture, the 160000 junctions con-
stitute (Figure 20e) a 160-kbit memory device patterned at a
density of 10" bits per square centimeter. This device is
operated by applying different bias voltages (Figure 20f),
writing with a +1.5 V pulse, reading at a bias of around 0 V,
and erasing with a —1.5 V pulse. A device, based on bistable
[2]rotaxane LB films using platinum instead of polysilicon as
the bottom electrode, was developed™®®! at Hewlett-Packard
(HP). Switching, however, was physically based and led to
the comment® that the HP devices would work even if
their MSTJs were coated with butter!

When mounted onto a gold nanodisc array, the host—
guest complex between CBPQT*" and MPTTF serves as a
voltage-activated molecular logic gate based on resonant
surface-enhanced Raman scattering output.™" It is also
possible to actuate molecular devices under photoirradiation
by incorporating photosensitive components into bistable
MIMs.PU Besides serving as logic gates, an array of bistable
MIMs can also telescope their molecular motions into forces
on a macroscopic scale. By immobilizing trillions of redox-
switchable bistable [3]rotaxane (molecular muscles) on the
surface of a thin-gold-coated microcantilever, it was
shown® that the cantilever bends up and down under
redox control. Bistable [2]rotaxanes can also be mounted
onto electrodes®™ and mesoporous nanoparticles,”*! where
they serve as nanovalves for the controlled release of cargos,
for example, drugs.

One major limitation that crippled the further develop-
ment of molecular electronics based on bistable MIMs is
their lifetime: they last at most for hundreds of cycles before
failure sets in, probably because of degradation of the
MIMs. The susceptibility of these devices to structural
damage prompted us to turn our attention to investigating
more robust platforms in the guise of metal-organic
frameworks™®! (MOFs), porous materials that are known to
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be highly robust on account of their structural rigidity that is
reinforced by linkages between metal nodes and organic
struts. Coupling the rigidity and periodicity of MOFs with
the addressability and mobility of molecular switches and
machines holds promise™®! for preparing new materials that
are simultaneously both robust and dynamic. In 2009, we
(J.F.S.), in collaboration with Omar Yaghi, introduced®”
the concept of “docking” in MOFs by incorporating
BPP34C10, capable of binding MV*" in solution, within the
organic struts of MOF-1001. Remarkably, the receptor
function of BPP34C10 is preserved in the rigid pore of the
MOF, transferring a well-known“!! molecular recognition
process from solution to a surface. The success of this
experiment, which brought the concept of robust dynamics
to fruition, has led®® (Figure 21a) to the preparation of a
copper-based MOF, MOF-1011, in which a dicarboxylic-
acid-containing BPP34C10 ring in a strut is mechanically
interlocked with a CBPQT*' ring to give a [2]catenane
(C18*"). The solid-state structure of MOF-1011 reveals that
the 2D network is replete with ordered catenanes—one per
copper unit, eight per unit cell, and 81 per 100 nm* of
surface—throughout the crystal. Subsequent extension of
the dicarboxylic acid strut resulted®” in MOFs with twofold
interpenetrated 3D matrices or gridlike 2D sheets. Unfortu-
nately, the relative movements of the rings in these
[2]catenanes are arrested completely as a result of their
highly ordered and densely packed environments. It seems
that [r-n] stacking interactions between the donor-acceptor
[2]catenanes play an important role, in addition to the
formation of metal-ligand joints, in the internal organization
of the networks during their assembly.”! In a conceptually
similar manner, docking of CBPQT'' has also been
achieved™'! in a metal-organic cage.

In a collaboration involving Wasielewski, Snurr, Hupp,
and Farha at Northwestern University (NU), we
immobilized®? a trisradical tricationic [2]rotaxane (Fig-
ure 21b) post-synthetically in the porous channels of the
zirconium-based MOF NU-1000 by solvent-assisted ligand
incorporation (SALI). A semirotaxane, R18*®"), which is
formed firstly in solution on account of radical-pairing
interactions between the CBPQT?**" ring and the V©®-
containing dumbbell, binds to coordination sites in the MOF
through the carboxylic acid group. Once fixed as side chains
within the pores, the [2]rotaxane becomes kinetically
trapped, with the MOF serving as the second stopper. By
employing a similar post-synthetic functionalization proce-
dure, a bistable [2]catenane was also anchored® inside the
pores of NU-1000. The reversible redox-switching ability of
the bistable [2]catenane is retained in the MOF, thus
enabling robust dynamics within a porous material.

AMPs, while highly unidirectional with respect to their
motion within a single molecule, operate in solution where
they are randomly oriented, causing zero net movement of a
population of these machines. By integrating AMPs within
highly ordered MOFs, however, they can be organized
periodically and precisely in 3D space, allowing®*! their
otherwise incoherent motions to be rectified. We, in
collaboration with Farha at Northwestern University and
Astumian at the University of Maine, have happened
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Figure 21. Integration of molecular switches and pumps in metal—
organic frameworks (MOFs). a) Schematic diagram of the incorpora-
tion of the donor/-acceptor [2]catenane C18*" into the struts of a
copper-based MOF, forming MOF-1011. b) Schematic diagram of the
immobilization of a trisradical tricationic [2]rotaxane in the porous
channels of a zirconium-based MOF following post-synthetic modifica-
tion. ¢) Schematic diagram showing the grafting of Mark Il molecular
pumps onto the surface of a zirconium-based 2D MOF and their
application in recruiting CBPQT*" rings from solution and concentrat-
ing them on the surfaces of the MOF.

upon? (Figure 21c) a new type of adsorption phenomenon,
namely, mechanisorption, by tethering an AMP, D9*", onto
the surface of a zirconium-based 2D MOF. The pump
contains a Mark II-type pumping cassette, a PEG collecting
chain, and a carboxylic acid end group that can be attached
to zirconium clusters through post-synthetic modification of
the MOF. By carrying out repetitive redox chemical steps,
the pumps are able to recruit CBPQT*" rings from bulk
solution and concentrate them on surfaces, thus creating a
large chemical potential commensurate with storing energy
in a non-equilibrium state. The rings can be released back
into solution upon dissociation of the pumps from the MOF
in the presence of acid. By driving chemical systems away
from equilibrium, mechanisorption offers a transformative
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faces.

12. Catalysis

Nanoconfinement®®! is a unifying strategy adopted by
enzymes to accumulate substrates and to stabilize transition
states or reaction intermediates in segregated nano-environ-
ments during catalysis. Although tremendous success has
been achieved®® in the construction of nanoconfined
catalysts for promoting challenging chemical reactions, it
was not until recently that we became equipped with the
ability to leverage CBPQT*" and its MIMs as a platform for
catalysis.

One example lies™” in the area of photocatalysis (Fig-
ure 22a). It is well-known that a n-electron-rich molecule,
such as a DN derivative, can experience®® charge transfer
(CT) interactions with the n-electron-deficient viologen
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Figure 22. a) Schematic representation of the visible-light-induced elec-
tron-transfer process in the donor-acceptor [2]catenane C1** in the
catalytic generation of H, gas in the presence of platinum nanoparticles
as co-catalysts and EDTP as a sacrificial reductant. b) Schematic
representation of the visible-light-induced electron-transfer process in
C1** in the catalytic oxidation of organic sulfides in the presence of O,.
c) Schematic representation of the mechanism for an electron-
catalyzed molecular recognition process. The direct (gray dashed
arrow) formation of a [D9CCBPQT] 3" trisradical complex from
CBPQT*" and D9 * is kinetically forbidden. The catalytic (black
solid arrows) complexation comprises four steps, including one
initiating step and three propagating steps. Step 1—the injection of an
electron. Step 2—a single-electron reduction of either one of the V*~
units in CBPQT?™ or the V* unit in D97 "), Step 3—the rapid
formation of a [D9CCBPQT]**** bisradical complex, favored by a
decrease in the Coulombic repulsion between the host and guest
molecules. Step 4—the oxidation of the [D9CCBPQT]****) bisradical
complex to the trisradical complex, while releasing an electron to close
the catalytic cycle. Steps 1/2/3/4 are portrayed inside grey full moons.
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units of a CBPQT*" ring when nanoconfined in its cavity.
Such complexation narrows the HOMO-LUMO energy gap
between the two components, causing their absorption band
to become red-shifted into the visible region of the
spectrum. Photoexcitation with visible light should, in
principle, induce! single-electron transfer within the com-
plex and generate highly reactive radical ion-pairs, com-
posed of a V*" and a DN°®", that can participate in
subsequent reactions. Nevertheless, the association between
DN derivatives and CBPQT*" is generally weak in solution,
particularly at low concentrations, rendering them unable to
undergo efficient visible-light harvesting. By forcing the DN
unit to be nanoconfined in the cavity of CBPQT'" in a
[2]catenane, however, stoichiometric CT complexation can
be achieved as a result of mechanical bonding. We, in
collaboration with Stupp, have shown™" how it is possible
to use the photoinduced electron transfer (PET) ability of a
well-known [2]catenane, C1**, to promote 1) the catalytic
generation (Figure 22a) of H, gas in the presence of
platinum nanoparticles as a co-catalyst and tetrakis(meth-
ylenephosphonic acid) (EDTP) as a sacrificial electron
donor and 2) the catalytic aerobic oxidation (Figure 22b) of
L-methionine. This research highlights the ability of mechan-
ical-bonding-induced nanoconfinement to reinforce CT
interactions and enable otherwise challenging PET processes
in photocatalysis. It is worth noting that CBPQT** has also
been used™” as a catalytic electron-transfer mediator for
the reduction of benzoquinone on account of its propensity
for forming inclusion complexes with aromatic substrates.
Another example exploits®"! the catalytic ability of an
unconventional, while important, type of entity in organic
chemistry, namely the electron. Although the possibility of
using an electron to catalyze covalent bond formation is
well-known,” its ability to catalyze molecular recognition
and supramolecular assembly had remained elusive. By
using a one-stroke molecular pump, D10°*", with 2,6-DMPy "
as the Coulombic barrier, it was found®" that molecular
recognition between CBPQT**" and the V** unit on the
dumbbell, which is kinetically forbidden under ambient
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conditions, is accelerated (Figure 22c) substantially upon the
addition of catalytic amounts of a chemical electron source.
The transient reduction (Figure 22c, step 2) of one of the
viologen units on CBPQT**" or on the dumbbell by the
electron leads to the rapid formation (Figure 22c, step 3) of
a [D10CCBPQT]***" bisradical tricationic complex, on
account of decreased Coulombic repulsion between the host
and guest molecules. This complex can be oxidized sub-
sequently to the trisradical tetracationic complex,
[D10CCBPQT] ™", releasing (Figure 22c, step 4) an elec-
tron that can participate in the next molecular recognition
process. There are high hopes that this highly collaborative
research”?" between Astumian, Goddard, Wasielewski, and
ourselves will aid and abet the design of other molecular
recognition and supramolecular assembly processes that can
be catalyzed by entities as simple as the electron.

13. Conclusions

From the design of a multipurpose viologen-containing
cyclophane to its applications in the synthesis of mechan-
ically interlocked molecules, artificial molecular machines,
molecular electronics, and porous materials, we, as well as
others, have come a long way in utilizing the little blue box
in a wide variety of fields in chemistry and materials science.
A number of major advances are summarized chronologi-
cally in Figure 23. In retrospect, the year 2010 marks the
renaissance of this 35-year-long scientific journey, starting in
1988. When Ali Trabolsi"™® opened® the door on the
radical chemistry of the little blue box, he gave it a new
lease of life from which it has so far not looked back. While
the fully oxidized form of the little blue box has resulted in
numerous donor-acceptor catenanes and rotaxanes, molec-
ular shuttles and switches, as well as molecular electronics, it
is its radical cationic form that has unlocked the operation
of many artificial molecular machines, which has been a
central topic of our research during the past decade. With an
increasingly deep understanding of the recognition between

@ 3} o0& :? e ?
' @ }}-4}4}-0‘: ---—i %‘% :
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Figure 23. A chronological summary of the major advances associated with the little blue box.

Angew. Chem. Int. Ed. 2023, 62, €202211387 (23 of 35)

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



GDCh
=

cyclobis(paraquat-p-phenylene) and viologen radical cati-
ons, our repertoire in using the radical chemistry of little
blue box has also been expanded into areas other than host—
guest chemistry, such as non-equilibrium chemistry, catal-
ysis, and functional materials. The modularity of the little
blue box has also inspired the design®? of other extended
pyridinium cyclophanes and the discovery!™!'™ of new
host-guest chemistry involving viologen radical cations.
Many of these accomplishments in research are the culmina-
tion of extensive collaborations with scientific experts all
around the world. Going forward, we believe that the
uncovering of new phenomena and principles in science
using the little blue box will require unfettered imagination,
relentless efforts, and above all, intimate collaborations with
members of the scientific community.

There are no firsts in science. We are indebted to
Professor Siegfried Hiinig, who forged the path to the
modern frontier of viologen chemistry on which we tread
today. Particularly, we recognize the fundamental break-
throughs he made in the synthesis of viologen-containing
cyclophanes, as well as the redox and n-dimerization
(pimerization) chemistry associated with viologen-contain-
ing compounds. Hiinig was a very kind, generous and
supportive person who cared deeply about the well-being of
people around him. In fact, after our first report of
cyclobis(paraquat-p-phenylene) in 1988, one (J.F.S.) of the
authors in this Review became a close friend of Siegfried
Hiinig and had the privilege to be hosted, along with his
wife, in style in Wiirzburg by the entire Hiinig family on the
occasion of his 80th birthday in 2001. Hiinig’s legacy will live
on in the generations of scientists he trained and all those
who have benefited from his research and mentorship. It is
truly a great pleasure, as well as honor, to be able to
dedicate this Review to a legendary figure in the field of
organic chemistry.
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