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Cyclodextrins (CDs)—a class of cyclic oligomers of
glucopyranosyl units featuring hydrophilic rims and
hydrophobic cavities—have captured the imagina-
tion of scientists for over a century. Among all natu-
rally occurring and wholly synthetic macrocycles,
CDs have established their credentials as phenome-
nal compounds that have made vital scientific and
technological impacts on a variety of disciplines,
such as the chemical, materials, environmental, bio-
logical, food, cosmetic, and medical sciences. In this
minireview, we look back upon the Stoddart group’s
56-year journey of adventure and achievements in
relation to CDs. Advances we have made in the
chemical syntheses of CD derivatives, analogues, and
enantiomers are summarized. The integration of
CDs and their derivatives as nanoscale building
blocks for the (non)covalent functionalization of
surfaces, nanotubes, and polymers, as well as in
the construction and applications of chemically mod-
ified molecules and supermolecules—for example,
CD-based second-sphere coordination complexes,
CD metal-organic frameworks, and CD-based me-
chanically interlocked molecules—are presented. Our
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exploration in CD science and technology highlights
the versatility of CDs in both fundamental and ap-
plied sciences, suggesting that there is still ample
room for future discoveries.
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the century-old, naturally occurring cyclodextrins (CDs)
Introduction have remained®2¢ the most popular class with more than
2,000 publications appearing in the scientific literature
each year.”” Despite the fact that CDs (ax and p) were first
discovered serendipitously by Villiers® early in 1891 as
unwanted byproducts from a culture medium of Bacillus
amylobacter grown on starch, it took some 80 years, up
until the 1970s, for scientists to characterize the chemical
structures, determine suitable approaches for product
purification, elucidate the enzyme’s mechanism of action,
improve and scale up the enzyme-mediated synthetic
protocol, clarify their excellent biocompatibility, and most
importantly of all, uncover their remarkable ability to form
inclusion complexes with a wide variety of substrates.
Over this period, seminal contributions, from hypotheses
to experimental demonstrations, have been made by
pioneers including Schardinger,?® Pringsheim,*® Karrer,*
Freudenberg,® French,*®* Cramer* Casu,*®* Bender,>®
Saenger,*” Breslow,*® and Szejtli,*® to mention just a few
names.
the Nobel Prize in Chemistry in 1987. Currently, the best known (Figure 1a) and studied
Although the past decades have witnessed®* rapid . B-, and y-CDs are homologous cyclo-oligosaccharides
growth in the number of wholly synthetic macrocycles, consisting, respectively, of six, seven, and eight

Macrocycles,! which are either available from natural
sources or can be obtained by unnatural product synthe-
sis, lie at the heart of research in host-guest? and supra-
molecular® chemistry. The covalently linked structures of
these macrocycles dramatically reduce their conforma-
tional flexibilities, enabling them bind guests by means of
a collection of noncovalent interactions* without incur-
ring large losses in conformational entropy. The selective
binding of guests within the cavities of macrocycles
mimics the ligand-receptor interactions found ubiqui-
tously in biological systems and allows scientists to ma-
nipulate the physical, chemical, and biological properties
of guest molecules with unprecedented precision and
selectivity. It was for the development and use of certain
types of macrocycles—which include but are not limited
to crown ethers, cryptands, cavitands, and spherands—
that Pedersen,® Lehn,® and Cram’ were jointly awarded
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Figure 1| Structural features of a-, p-, and y-CDs, which belong to the point group Cs C, and Cg respectively.
(@) Structural formulas of a-, -, and y-CDs, featuring six, seven, and eight a-1,4-linked p-glucopyranosy! units,
respectively. (b) Graphical representations of a-, -, and y-CDs showing the depths and diameters of their cavities.
(c) A side-on view of -CD as a stick representation showing that all primary and secondary OH groups are distributed
around the 1° and 2° faces, respectively. The stabilization of the relatively rigid truncated cone-shaped conformation
resulting from intramolecular hydrogen-bonding networks formed between OH groups at the 2° faces. The existence of
21 OH groups causes p-CD soluble in water. (d) A plan view of p-CD as a stick representation showing that 14 C-H bonds
from C-3 and C-5 positions are pointing inwards, causing the central cavity to be hydrophobic. The crystal structures
shown in (¢, d) have been redrawn from Cambridge Crystallographic Data Centre (CCDC) deposition number 674965,
Hydrogen atoms on C-1, C-2, C-4, and C-6 positions and solvent molecules have been omitted for the sake of clarity. C
green, H white, O red.
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glucopyranosyl units which are linked solely by -1,
4-p-glucopyranosyl bonds. The most stable conforma-
tions of CDs are relatively rigid truncated cones
(Figure 1b), which are stabilized (Figure 1c) by intramo-
lecular hydrogen-bonding networks formed between
hydroxyl (OH) groups at their secondary (2°) faces. On
account of the existence of numerous OH groups dis-
tributed around the two rims and many C-H bonds from
C-3 and C-5 positions pointing inwards, respectively,
CDs are molecules (Figure 1c,d) with both hydrophilic
exteriors and hydrophobic cavities. These structural
features of CDs endow them with unusual properties
relating to molecular recognition—courtesy of nonco-
valent interactions such as hydrophobicity,*® hydrogen
bonding,* and van der Waals** interactions—to form
water soluble inclusion complexes with small molecules
and portions of larger compounds. The ability of CDs to
host various guests is the reason for their widespread
adoption in subsequent academic research and indus-
trial applications.

In addition to their inclusion complex-forming propen-
sities, CDs have shown themselves to be able to promote
or catalyze chemical reactions on both covalently and
noncovalently bound substrates. These catalytic prop-
erties, reminiscent of the prerogative of enzymes, has
fired the imagination of many scientists to develop**4¢
enzyme mimics and analogues based on native CDs and
their derivatives. On account of their inherently stable
chiralities, which result in chiral discrimination when
binding and complexing with enantiomers, CDs have
also found broad applications in chiral recognition and
separations.*’"*® Of particular note, the use of CDs and
their derivatives as chiral selectors in high-performance
liguid chromatography (HPLC), gas chromatography,
and capillary electrophoresis has played®*" a dominant
role in enantiomeric analysis and separations. These CD-
based analytic and separation techniques form the basis
of a number of well-established practices in the modern
pharmaceutical, agrochemical, and food industries.

CDs can be mass-produced on an industrial scale of
more than 10,000 metric tons®? per year through enzy-
matic modification of one of the most abundant natural
polysaccharides, that is, amylose in starch, making them
ten-a-penny nowadays. The facile availability and excel-
lent biocompatibility®® of CDs have allowed them to be
consumed by humans as ingredients of food, cosmetics,
and drugs.?*?%* As the only class of hosts that has been
credited the “generally recognized as safe” status by the
U.S. Food and Drug Administration, CDs and their deri-
vatives are widely used as excipients in the formulation
of 130 approved drugs.®>*® Additionally, CD derivatives
can serve as (potential) active pharmaceutical ingredi-
ents, for example, in the blockbuster drug sugamma-
dex,”*® and a number of drug candidates such as
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adamgammadex,*° HPBCD,®' and UDP-003,%? to meet
some of the unmet medical needs in clinical practice.
Aside from the abovementioned applications, CDs
have also played crucial roles in numerous research
niches such as photochemistry and photophysics,®*®°
environmental chemistry,®®®” polymer chemistry,®
molecular imaging,””’? and gene delivery.”*’* Almost ev-
ery aspect of CDs, both fundamental and applied, has
been reVieWed23_27'29_39'43_48'50_56’63'67'75_”3 by us as We” as by
other groups over the past decades, and so this minire-
view focuses on the Stoddart group’s 56-year journey of
adventures in relation to CDs. This review emphasizes (1)
the design and syntheses of CD derivatives, analogues,
and enantiomers, (2) the use of CD derivatives for the
(non)covalent functionalization of surfaces, nanotubes,
and polymers, and (3) the integration of CDs and their
derivatives as nanoscale building blocks in the construc-
tion and applications of chemically modified molecules
and supermolecules—for example, CD-based second-
sphere coordination complexes, CD metal-organic fra-
meworks (CD-MOFs), and CD-based mechanically inter-
locked molecules (MIMs). We hope that this review
article—which provides a comprehensive landscape of
how rational design, serendipity, extensive collabora-
tions, as well as our long-term interest and persistence
in CD science and technology, have all contributed to the
field—will serve as an inspiration to attract and encour-
age more researchers to explore the unknown of CDs.

8-70

Syntheses of Cyclodextrin
Derivatives, Analogues, and
Enantiomers

The scope of native CDs for diverse research and appli-
cation purposes is hampered by a number of structural
features, not least of all (1) the lack of chemically useful
functional groups, that is, only one type of functional, i.e.,
OH groups, is present; (2) the lack of monosaccharide
diversity of the cyclo-oligosaccharide skeleton, which
results in a challenge to perturbate the innate structural
features of CDs; and (3) the long-standing lack of avail-
able enantiomeric CDs, which restrains their full potential,
particularly when the stereochemistry and chirality be-
come considerations. In order to release CDs from these
structural straightjackets, considerable efforts by the
Stoddart group have been devoted to making (1) CD
derivatives with site-selective modifications; (2) CD ana-
logues containing a range of different monosaccharides;
and (3) most recently, three mirror-image CDs, or L-CDs,
as we prefer to call them. In this section, we will present,
one by one, the motivations, general considerations, and
simplified synthetic routes related to meeting the chal-
lenges posed by (1), (2), and (3).
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Figure 2 | (a) Syntheses of 30-crown-12 and 35-crown-14 polyacetals from a- and p-CDs, respectively, through a three-
step procedure. (b) Selective per-2-O-alkylation of a-, -, and y-CDs featuring a silyl group-migration (O-2 to O-3)
mechanism. (c) Syntheses of per-3,6-anhyro-a- and p-CDs (12, 13) from tosylates (10, 11), respectively, under basic
conditions. (d) Crystal structure of a 1:2 complex of 13 and K" ions. All sugar units of 13 adopt 'C, conformations. The
crystal structure shown in (d) has been redrawn from CCDC deposition number 1251319. Hydrogen atoms and solvent
molecules have been omitted for the sake of clarity. C brown, O red, K purple.

Cyclodextrin Derivatives

Selective chemical modifications on native CDs, which
result in affecting their solubilities in water and other
solvents, in addition to tuning their host-guest properties
for improved chiral recognition and enzyme mimicry,
have attracted considerable research interest by other
researchers.*”®8 While most synthetic efforts aimed at
making CD derivatives have led to the production of a
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large number of compounds preserving their native
cyclo-oligosaccharide skeletons, our first encounter with
CDs resulted (Figure 2a) in the syntheses of heterocyclic
ring compounds, that is, achiral [30]crown-12 and [35]
crown-14 polyacetals. Turning the clock back over half a
century, it was in the late 1960s—when Stoddart was
pursuing research with Dr Walter Szarek™ at Queen’s
University under the auspices of a National Research
Council of Canada Postdoctoral Fellowship—that the
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groundbreaking research by Pedersen®® related to mak-
ing of large-sized rings, that is, crown ethers, was pub-
lished in the Journal of the American Chemical Society.
Inspired by Pedersen’s seminal research, Stoddart real-
ized that a- and p-CDs can serve as ideal precursors to
access, respectively, 30- and 35-membered heterocyclic
rings 1 and 2 following a three-step procedure.™? Some
30 years later, the synthesis of heterocyclic ring 1 was
repeated by Lichtenthaler and coworkers™ in order to
produce a per-hydroxymethylated [30]crown-12 polya-
cetal (3) for the investigation of its molecular geometry
in the solid state as well as in solution.

The OH groups on the primary (1°) faces of CD tori are
more reactive than the OH groups on the 2° faces. As a
result, mono- and per-functionalization on the 1° faces of
CDs are relatively straightforward and reliable."”"?* Se-
lective functionalization on the 2° faces, which requires
the distinguishing of reactivities between the 2-OH and
3-OH groups, has, however, proved to be much more
challenging.®58¢1?* For instance, when following a previ-
ously reported™7? protocol to perform selective 2,6-O-
methylation of p-CD, the product, that is, per-2,6-di-O-
methyl-p-cyclodextrin (DM-B-CD), we obtained was
found™®™° to be less than 70% pure. The main impurity
was identified™? as an unsymmetrical overmethylated
cyclodextrin derivative (DM+1)-p-CD. These early inves-
tigations by the Stoddart group underscore the impor-
tance of synthesizing chemically modified CDs with
sufficient purity using reliable methods.

In 1995, the Stoddart group described™ a novel ap-
proach (Figure 2b) to the synthesis of some chemically
modified CDs, that is, per-2-O-alkylated derivatives. This
approach takes advantage of the migratory property of
tert-butyldimethylsilyl (TBDMS) groups as substituents
attached to the C-2 positions of a-, p-, and y-CD deriva-
tives. Specifically, per-2,6-di-O-tert-butyldimethyilsilyl
CDs (5a, 5b, and 5c¢) react with alkyl or benzyl halides
under strongly basic conditions to produce per-2-O-
alkylated-3,6-di-O-silylated derivatives (6a, 6b, 6¢, and
7), which can be subjected to desilylation to afford
regio-specifically the per-2-O-alkylated derivatives (8a,
8b, 8c, and 9). In the proposed mechanism, the site-
selective per-2-0O-alkylation is dependent on a two-step
process, in which (1) TBDMS groups of intermediates A
migrate from O-2 to O-3 positions, via the formation of
transition states B, to generate intermediates C and (2)
alkylation of the C-2 positions of the more reactive
intermediates C takes place under kinetic control. The
protocol is not only compatible with a-, p-, and y-CDs but
also gives products of high yields and purities. The
reliability and practicality of this protocol have been
showcased subsequently by others™ in the syntheses
of a library of 2-O-substituted CD derivatives for the
development of new reversal agents for the neuromus-
cular blocker rocuronium bromide.
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Selective modifications of the OH groups of CDs may
result’™ in the interconversion of b-glucopyranosyl units
from “C; to 'C, chair conformations, offering the oppor-
tunity to tune their host-guest chemistry. One example of
this kind was reported™*'®*® by the Stoddart group in 1991.
When compounds 10 and 11 are treated (Figure 2c) with
base, the oxygen atoms at C-3 positions attack—only if
the p-glucopyranosyl rings adopt 'C, conformations—the
C-6 positions where tosyl groups act as leaving groups.
All the six-membered rings (Figure 2d) in the resulting
per-3,6-anhydro-CDs (12, 13) adopt 'C, conformations.™®
On account of the fact that these CD derivatives are rich
in well-oriented oxygen atoms in their cavities, they can
act as hosts for both ammonium ions and metal cations,
as revealed™™¢ py fast atom bombardment mass spec-
trometry and X-ray crystallography (Figure 2d) carried
out on single crystals of 1:2 complexes of 13 and K.
Coincidentally, research by Gadelle and Defaye,”®” which
employed halides as the leaving groups at C-6 positions
to produce the same compounds 12 and 13, was pub-
lished, together with the research by the Stoddart group,
as back-to-back communications™®™ in Angewandte
Chemie in 1991.

Cyclodextrin Analogues

During the last two decades before the end of the
20th century, growth in synthetic carbohydrate chemis-
try was rapid in order to meet the increasing demand of
glycobiology for homogeneous oligosaccharides and gly-
coconjugates. With a growing number of new glycosyla-
tion methods™®™° and glycan assembly strategies'®
available, carbohydrate chemists were able to access
many complex oligosaccharides and polysaccharides
employing de novo synthesis. In particular, the synthe-
ses™™2 of some unnatural cyclo-oligosaccharides from
saccharides other than p-glucopyranose opened up the
possibility of building new cyclo-oligosaccharide skele-
tons that could potentially exhibit their own distinctive
host-guest chemistry. Encouraged by the successful syn-
theses of b-manno- and L-rhamno-oligosaccharides
reported, respectively, by Ogawa and coworkers'**™* and
Nishizawa and coworkers,“®™® the Stoddart group
attempted and completed™"'*9"° the syntheses (Figure 3)
of a series of CD analogues composed of alternating
D- and L-sugars.

In contrast to the common stepwise syntheses of linear
precursors followed by cycloglycosylation strategy often
used™* 88! in the preparation of cyclo-oligosaccharides,
the Stoddart group’s synthetic routes towards a number
of CD analogues (20-24, 26, 27, and 29) relied™ on
polycondensation-cyclization or cyclo-oligomerization
strategy. Our group employed™ a disaccharide 19,
which bears a trityloxy group as the glycosyl acce-
ptor function in the p-rhamnopyranosyl residue and a
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Figure 3| (a) Syntheses of achiral cyclic hexa- to tetradecasaccharides 20-24 employing a polycondensation-
cyclization strategy in which disaccharide 19 serves as the monomer. (b) Syntheses of cyclo-oligosaccharides 26,
27, and 29 from disaccharide monomers 25 and 28, respectively. While both cyclohexasaccharides 26 and cyclo-
octasaccharide 27 are chiral, cyclo-octasaccharide 29 is achiral.

1,2-O-cyanoethylidene group™? as the glycosyl donor
function in the L-rhamnopyranosyl residue, as the mono-
mer (Figure 3a). Disaccharide 19 was obtained through a
condensation reaction between a p-rhamnosyl bromide
14 and a L-rhamnosyl acceptor 15 bearing a 1,2-O-meth-
oxycarbonylethylidene group as a latent™™° |eaving
group, followed by a three-step protecting group manip-
ulation. The crucial polycondensation of monomer 19 in
dilute solution proceeded smoothly and gave a series of
homologous compounds, which were subject to global
protection to produce five CD analogues, that is, cyclic
hexa- to tetradecasaccharides 20-24 with alternating p-
and L-rhamnopyranosyl residues.

It is worth noting that the products, composed only of
even numbers of sugar residues, were obtained for the
simple reason that a disaccharide was chosen as the
monomer. The same synthetic strategy (Figure 3b) as
that described for the syntheses of compounds 20-24,
was employed®’™° for the construction of another two
CD analogues, one pair (26/27) consisting of alternating
p-mannopyranosyl and L-rhamnopyranosyl residues, the
other (29) consisting of alternating b- and L-mannopyr-
anosyl residues. In sharp contrast to the polycondensa-
tion of monomer 19, which gave cyclic oligomers of up to
a 14-mer, relatively smaller rings were obtained as the
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main products (26/27/29) in the polycondensations
wherein disaccharide 25 or 28 was employed as the
monomer.

For a number of these synthetic b/L cyclo-oligosac-
charides, for example, 21, 22, 27, and 29, single crystals
suitable for X-ray crystallographic analysis were
obtained, and their solid-state structures were solved. In
all cases, the crystallographic analyses revealed that
these new CD analogues adopt cylindrical conformations
(Figure 4a,c,e)—a distinctive feature when compared
with those truncated cone-shaped conformations of nat-
ural CDs. The secondary OH groups are located at both
rims, and as a result, these CD analogues are absent of
the so-called 1° and 2° faces. In addition, when compared
with large-ring CDs, for example, §-CD with nine p-glu-
copyranosyl units and e-CD with 10 b-glucopyranosyl
units, whose conformations are much distorted,” cyclo-
decasaccharide 22 can maintain its cylindrical conforma-
tion in the solid state (Figure 4c,d). The packing of these
cylindrical molecules in the crystal lattices of 21, 22, and
27 forms infinite stacks, creating'®'*°'*¢ nanotube-like
arrangements (Figure 4b,d,f), reminiscent of the supra-
molecular nanotubes formed by cyclic peptides com-
posed of alternating b/L amino acids reported by
Ghadiri et al.’™’
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Figure 4| Plan views of (a) cyclooctasaccharide 21
and (c) cyclodecasaccharide 22 with alternating p- and
L-rhamnopyranosy! residues, as well as (e) cyclo-octasac-
charide 27 with alternating bp-mannopyranosyl and
L-rhamnopyranosy! residues as stick representations
showing their cylindrical conformations. Side-on views
of discrete stacks of (b) 21, (d) 22, and (f) 27 as stick
representations showing nanotube-like superstructures.
The crystal structures shown in (a/b), (¢/d), and (e/f)
have been redrawn from CCDTBDC deposition humbers
1221815, 100130, and 1265649, respectively. Hydrogen
atoms and solvent molecules have been omitted for the
sake of clarity. C brown, O red.

Cyclodextrin Enantiomers

One of the most striking features of naturally occurring
CDs, that is, b-CDs, compared to other types of canonical
supramolecular hosts,' is that they are compounds with
inherently stable chiralities. Indeed, it is this feature that
forms the basis of numerous applications in areas such as
chiral recognition, separation science, chemical reac-
tions/catalysis, and in the creation of chiral materials.
Clearly, the fact that mirror-image versions of b-CDs were
previously unavailable has limited the realization of their
full potential. More importantly, since p-CDs have found
countless applications in biological systems that are
composed of overwhelmingly homochiral biomolecules,
the availability of mirror-image CDs, that is, L.-CDs, would
provide scientists with a unique opportunity to investi-
gate™ ™ their roles at the interface with biology, for
example, in drug delivery systems or as active pharma-
ceutical ingredients.

In order to address this fundamental research niche,
the Stoddart group recently achieved™®? the synthesis
for the first time of the three L-CDs—namely, a-, p-, and
y-L.-CDs, which contain (Figure 5) six, seven, and eight
L-glucopyranosyl units, respectively. In contrast to most
synthetic cyclooliosaccharides™ linked mainly by 1,2-
trans glycosidic bonds, the production of the L-CDs
DOI: 10.31635/ccschem.025.202505711
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requires the construction of multiple contiguous 1,2-cis
glycosidic linkages, which constitutes a long-standing
challenge in carbohydrate chemistry.'®®

In order to meet this challenge head on, two specifically
designed monosaccharide building blocks, that is, 30 and
31, both of which bear benzoyl (Bz) groups at their C-6
positions, were employed. The construction of a-L-gluco-
pyranosidic linkages takes advantage (Figure 5a) of the
remote anchimeric assistance™®® of these Bz groups,
aided and abetted by a p-face shielding effect provided
by Et,0. The condensation of 30 and 31in the presence of
p-TolSOTSf, which was generated in situ from p-TolSCI
and AgOTf in Et,0, produced (Figure 5a) a disaccharide
donor 32 with complete a-selectivity. Removal of the
TBDMS groups on 32 gave a disaccharide acceptor 33,
which was employed in a donor preactivation-based,
three component one-pot glycosylation,®®"”® resulting in
a linear hexasaccharide 34 without the need to isolate the
intermediate linear tetrasaccharide. Further elongation of
the glycan chain through coupling reactions with one and
two monosaccharide acceptors 31, generated linear
hepta- and octasaccharides 35 and 36, respectively. Re-
moval of the TBDMS groups on 34, 35, and 36, followed
by cyclizations, gave the fully protected derivatives of
a-, -, and y-L.-CDs—namely, 40, 41, and 42. Global depro-
tection produced (Figure 5b) the three L-CDs on half-
gram scales in no more than eight steps from simple
and readily available monosaccharide building blocks
30 and 31.

An X-ray crystallographic investigation of a p-b- and
B-L-CD cocrystal revealed that the two enantiomers self-
sort into layered assemblies in which two adjacent layers
are composed of the same enantiomers (Figure 6a). The
stacking of both enantiomers along the c-axis in an
alternating poLL manner results (Figure 6b,c) in nano-
tube-like arrangements. This crystallographic packing of
enantiomeric CDs raises the question: what would the
effect be if racemic CDs, instead of b-CD by itself, were
used in applications such as drug formulations? As
expected, L-CDs are much more biostable than their
natural counterparts, as revealed” in a recent in vitro
investigation, suggesting that they might have a unique
role to play in biochemistry and biomedicine. In vivo
experiments continue to be carried out, however, in
order to shed light on the absorption, distribution, me-
tabolism, excretion, and toxicity profiles of these wholly
synthetic L-CDs.

(Non)covalent Functionalization of
Surfaces, Nanotubes, and Polymers
Selectively modified CDs are attractive nanoscale build-

ing blocks that can be incorporated onto surfaces, nano-
tubes, and polymers resulting from either covalent or
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Figure 5 | (a) Syntheses of disaccharides 32 and 33 from monosaccharide building blocks 30 and 31 employing a
highly diastereoselective a-L-glucopyranosy! glycosylation followed by the removal of TBDMS groups. (b) Syntheses of
a-, -, and y-.-CDs from building blocks 31, 32, and 33 featuring one-pot glycosylations, protecting group manipula-

tions, cyclizations, and global deprotections.

noncovalent bonding interactions (NCIs) in order to
achieve tailored properties and functions. In this context,
the Stoddart group has employed”>"° (1) thiolated p-CD  of Miami,

DOI: 10.31635/ccschem.025.202505711
Citation: CCS Chem. 2025, 7,1935-1971
Link to VoR: https://doi.org/10.31635/ccschem.025.202505711

o]

(T-p-CD) for the covalent functionalization of gold sur-
faces in collaboration with Angel Kaifer at the University

(2) pyrene-modified p-CD (P-p-CD) for the
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Figure 6 | Solid-state superstructures of the p-p- and p-.-CD cocrystal as stick representations viewed along (a) the
a-axis and (b) the c-axis. (c) A side-on view of a discrete stack of p-p- and -.-CDs as a stick representation showing an
alternating poLL packing pattern. Adapted with permission from ref 161. Copyright 2024 Springer Nature.

noncovalent modification of single-walled carbon nano-
tubes (SWNTs) in collaboration with George Grlner
at the University of California, Los Angeles (UCLA), and
(3) deoxycholic acid-modified p-CD (D-p-CD) for the
reversible noncovalent modification of an azobenzene-
branched poly(acrylic acid) (ABP) copolymer.

Covalent Functionalization

of Surfaces

Chemisorption of organosulfur compounds on gold sur-
faces is a well-known phenomenon™®™® that leads to the

(@) OH
a 1. PPhy /1,
o 2. (HoN),C=S / DMF
HOO
%) 3.KOH
B-CD

SH
@
HO —
=~ HO =
o) ;]5
7 SH SH
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v v v Defects
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Figure 7 | (a) Synthesis of T-p-CD from p-CD. (b) Schematic representation of the chemisorption of T--CD onto a gold
surface employing a maximum of seven thiolate-gold covalent bonds per receptor molecule, achieving an estimated

surface coverage in the range 64%-75%.
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formation of self-assembled monolayers exhibiting highly
organized molecular structures. In order to introduce
well-defined binding sites to monolayers so as to
investigate the interfacial binding properties of the result-
ing monolayer assemblies, T-p-CD—a p-CD derivative
(Figure 7a) in which all primary OH groups are substituted
with thiol groups—was prepared”® from B-CD. T-p-CD
chemisorbs strongly onto gold surfaces, employing a
maximum of seven thiolate-gold bonds per receptor
molecule, achieving (Figure 7b) an estimated surface
coverage in the range 64%-75%. Although this covalent
functionalization results in imperfect monolayers in which
a significant portion of the gold surface remains uncov-
ered, these defects can be eradicated by treating the
monolayers with a combination of ferrocene and penta-
nethiol.”® Ferrocene, which is an excellent guest for p-CD,
occupies the monolayer binding sites, thereby guiding
pentanethiol to occupy and seal the defective areas of the
monolayer. Gold electrodes modified by this approach
demonstrated robust binding properties when exposed
to aqueous solutions containing low concentrations
(<60 uM) of ferrocene: voltammetric responses indicate™®
the expected reversible oxidation of CD-bound ferro-
cene. The dynamic nature of interfacial ferrocene com-
plexation was confirmed”® by competition experiments
employing m-toluic acid (mTA), wherein the voltam-
metric signals of the CD-bound ferrocene gradually di-
minished with increasing concentrations of mTA.

Noncovalent Functionalization of
Nanotubes

SWNTs are recognized™® for their biocompatibility, ap-
propriate size, and heightened sensitivity to minor elec-
trical changes, demonstrating significant potential for the
electronic detection of biological entities and simple gas-
es. Despite these advantages, the insolubility of SWNTs in
most organic solvents and the challenges associated with
handling these complex carbon nanostructures signifi-
cantly hinder their practical applications. Consequently,
there is a substantial demand for low-cost, industrially
viable methods to modify the structures and properties of
SWNTs so as to extend their usability.®® Among various
strategies, noncovalent functionalization of SWNTs con-
tributes significantly to preserving their intrinsic proper-
ties while markedly enhancing their solubility.””®

In order to incorporate CDs into the noncovalent func-
tionalization of SWNTs, P-p-CD—a p-CD derivative in
which a pyrene functionality is attached to its 1° face—
was synthesized and coated onto SWNTs as a result of
[n---x] interactions.”” The resulting P-B-CD-SWNT hybrids
were employed (Figure 8a,b) in the fabrication of SWNT/
field-effect transistor (FET) devices, which can function
as chemical sensors capable of detecting nonfluorescent
organic molecules selectively in agueous environments
DOI: 10.31635/ccschem.025.202505711
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by means of p-CD-mediated molecular recognition. This
noncovalent functionalization of SWNTs with P-p-CD
enhances their interactions with organic molecules,
resulting in detectable changes in the electrical properties
of SWNT/FET devices.

As a proof-of-concept investigation,”” we selected
(Figure 8a) five organic compounds—namely, 1-adaman-
tanol (1-ADA), 2-adamantanol (2-ADA), 1-adamantane-
carboxylic acid (1-ACA), sodium cholate (SC), and
sodium deoxycholate (SD)—as test substrates. These
substrates are known to bind p-CD to form inclusion
complexes with different binding affinities, while they
are not expected to interact directly with the SWNTs.
The electrical conductance of the device exhibited high

177

(a)

(b)

Figure 8 | (a) Structural formulas of P-p-CD and the five
guests—namely, 1-ADA, 2-ADA, 1-ACA, SC, and SD.
(b) Schematic representation of the P-p-CD-decorated
SWNT/FET device showing how P-B-CD-decorated
SWNT hybrids interact with guests when they are being
sensed in the FET device. (c) Structural formula of the
ADA-Ru complex. (d) Schematic representation of the
P-p-CD-decorated SWNT/FET device showing how P-p-
CD-decorated SWNTs interact with ADA-Ru complexes
when they are being sensed in the FET device. (b and d)
Adapted with permission from ref 176. Copyright 2009
American Chemical Society.
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sensitivity to these guest molecules, varying significantly
with changes in their surface adsorption. The shifts in
transistor characteristics correlated directly with the
complex formation constants (Ks) between P-$-CD and
these guests, enabling both selective and quantitative
detection of organic molecules in agueous solutions. The
Ks values for the complexation of P-p-CD with these
guest molecules follow the sequence: 1-ADA > 2-ADA >
1-ACA > SD > SC, with the highest one of 44,200 +
2000 M™ for 1-ADA and the lowest one of 4370 =+
2004 M~ for SC.

When exposed to substrate molecules, which can be
encapsulated within the cavities of p-CD with moderate
Ks values and do not have appreciable interactions with
the SWNTs, the transistor characteristics of the SWNT/
FET devices shift toward negative gate voltages. These
voltage shifts are strongly dependent on the Kg values
between these guests and P-B-CD and follow a linear
relationship. It is hypothesized that the changes in tran-
sistor characteristics, specifically conductivity (G), result
from alterations in carrier concentration (n) on account
of a charge-transfer process from P-$-CD to the SWNTs
or from changes in carrier mobility (p) caused by poten-
tial scattering and SWNT deformation. As G is defined by
the formula G = npe, where e is the electron charge,
transistor measurements of the transfer characteristics
in the SWNT/FET devices effectively discern between
changes in carrier concentration and variations in carrier
mobility. The experimental data demonstrates that the
electrical conductance of the P-p-CD-decorated SWNTs
is responsive to specific organic molecules and varies
markedly with alterations in their surface adsorption. This
platform holds substantial promise for practical applica-
tions in environmental monitoring, medical diagnostics,
and gene-chip technologies.™

Additionally, we have utilized (Figure 8c,d) the P-3-CD-
decorated SWNT/FET device as a tunable photosensor'”®
in agueous solutions to detect a luminescent ruthenium
complex, that is ADA-Ru. In this SWNT/FET device, the
P-p-CD, which was coated onto the SWNT surfaces,
functions as a sensing host, while the ADA-Ru acts
as a sensing guest. The host-guest interactions between
P-p-CD and ADA-Ru result in the formation of an inclusion
complex, in which the adamantyl moiety of ADA-Ru
inserts into the cavity of P-B-CD, facilitating a charge-
transfer process between the ADA-Ru and the P--CD-
SWNT hybrid to occur in agueous solutions. Experimental
findings revealed significant changes in electrical conduc-
tance of the device in response to light. Upon exposure to
light with an intensity (/) of 40 W m™ and excitation
wavelength (Aey) of 280 nm, the transfer curve of the
SWNT/FET device shifts toward a negative gate voltage
by approximately 1.6 V, and its sheet resistance increases
rapidly, indicating a charge-transfer process from P--CD
to the SWNTs upon illumination. Conversely, in the pres-
ence of the ADA-Ru complex, the transfer curve shifts
DOI: 10.31635/ccschem.025.202505711
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toward a positive gate voltage by about 1.9 V, and the
sheet resistance decreases gradually under illumination
(/=40 W m™2 Aoy = 490 nm), suggesting a charge-transfer
process from the P-p-CD-SWNT hybrid to the ADA-Ru
complex. This photoresponsive charge-transfer process
is fully recoverable upon removal of the light source,
showcasing the device’s potential for applications in tun-
able light detection and advanced photovoltaic devices
such as artificial eyes and photovoltaic devices.

Noncovalent Functionalization of
Polymers

Drawing on prior researc showing that in agueous
solutions, p-CD displays a strong binding affinity for
trans-azobenzene units and virtually no affinity for
cis-azobenzene units, it has been suggested that
B-CD/azobenzene inclusion complexes have the capaci-
ty to form light-responsive supramolecular hydrogels. In
order to explore this possibility,”® D-p-CD and an ABP
copolymer (Figure 9a) were synthesized. The interaction
dynamics between D-p-CD and the trans/cis configura-
tions of azobenzene units in the ABP copolymer were
examined thoroughly using UV/Vis spectroscopy, circu-
lar dichroism, and 'H rotating-frame Overhauser en-
hancement spectroscopy so as to shed light on the
mechanism which drives a light-responsive reversible
gelation process. The results confirmed that the trans-
azobenzene units are bound strongly within the cavities
of D-B-CD whereas the cis-azobenzene units do not bind
at all. The formation of supramolecular inclusion com-
plexes between D-p-CD and the trans-azobenzene units
leads to a hydrogel. Upon exposure to UV light at 355 nm,
the hydrogel transitions efficiently to the sol phase on
account of the photochemical conversion of trans-azo-
benzene units to their cis configurations, causing the
dissociation of the resulting cis-azobenzene units from
D-p-CD. This transition can be reversed (Figure 9b),
restoring the original hydrogel structure, by exposure
to visible light at 450 nm. The swelling ratio (8.7 + 0.7)
for fresh hydrogel samples remain stable throughout
multiple gel-to-sol and sol-to-gel transition cycles, indi-
cating the excellent reversibility of the gelation process.

h185—187

Cyclodextrin-Based Second-Sphere
Coordination Complexes

The role of macrocyclic ligands in the formation of
coordination complexes can generally be divided into
two categories—one is as first-sphere ligands that link
directly to metal centers and the other is as second-
sphere ligands that bind to the first-sphere ligands of
coordination complexes through NCIs."®" Beginning in
the early 1980s, the Stoddart group, in collaboration with
Howard Colguhoun at the ICI Corporate Laboratory,
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Figure 9 | (a) Schematic representations of the structural formulas for D-p-CD and the ABP copolymer. (b) Reversable
supramolecular inclusion between D-p-CD and azobenzene units in the ABP copolymer triggered by UV/Vis light,
allowing the sol-to-gel and gel-to-sol phase-transition cycles.

investigated™?™® into the nature of second-sphere
coordination complexes formed from transition metal
complexes and macrocyclic crown ethers. Following
these initial investigations, the Stoddart group has
reported’®’2°* a number of second-sphere coordination
complexes wherein CDs and their derivatives act as
second-sphere ligands for organometallic compounds
in agueous media.

In 1985, the Stoddart group discovered® that a 1:1
crystalline adduct can be formed from a-CD and a cat-
ionic transition metal complex, that is, [Rh(cod)(NHz)5]
[PFs] (cod = 1,5-cyclooctadiene). Although [Rh(cod)
(NHz),1[PFs] undergoes slow hydrolysis of its ammine
ligands in an a-CD-containing agueous solution, good-
quality single crystals of the 1:1 adduct, that is, [Rh(cod)
(NH3),*a-CD], have been obtained and characterized
(Figure 10a-c) by X-ray crystallography. In the solid state,
the cod ligand inserts partially into the a-CD cavity, and
the complex tilts to allow the two ammine ligands to form
N-H---O hydrogen bonds ([N---O] = 3.24, 3.25, 3.3,
3.46 A) with four secondary OH groups from two of the
six a-D-glucopyranosyl units in the receptor. While the
adduct does exist in D,O, as revealed by 'H nuclear
magnetic resonance (NMR) spectroscopy, it decom-
poses slowly over time as ammonia is released from the
first coordination sphere. Substituting the two ammine
ligands with a bidentate en ligand (en = H,NCH>CH,NH,)
yielded a rhodium complex that is stable in a-CD-contain-
ing aqueous solutions. A binding constant (K3) between
a-CD and [Rh(cod)(en)][PFs] was determined to be
520 + 80 mol™ kg from a quantitative '"H NMR spectro-
scopic analysis of the concentration dependence of
[Rh(cod)(en)*a-CD][PFg] in D5O.
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In addition, a neutral antitumor drug carboplatin, that
is, diammine-1,1-cyclobutanedicarboxylatoplatinum(ll)
[Pt(NHz3)>(CBDCA) (CBDCA = cyclobutane-1,|-dicarbox-
ylato)], was found™ to be able to form a 1:1 adduct
with a-CD in water with a standard free energy change

Figure 10 | Side-on views of the 1. second-sphere
adducts (@) [Rh(cod)(NHz)>°a-CD] and (d) [Pt(NH3)>
(CBDCA)*a-CD] shown as stick representations. Plain
views of (b) [Rh(cod)(NH3)>*a-CD] and (e) [Pt(NHz)>
(CBDCA)*a-CD] shown as stick representations. Plan
views of (c) [Rh(cod)(NH3z),°a-CD] and () [Pt(NHz)>
(CBDCA)*a-CD] shown as stick representations with the
corresponding semitransparent space-filling representa-
tions superimposed upon them. The crystal structures
shown in (a/b/c) and (d/e/f) have been redrawn from
CCDC deposition numbers 1136980 and 1138168, respec-
tively. Hydrogen atoms and solvent molecules have been
omitted for the sake of clarity. C green or brown, O red, N
blue, Rh cyan, Pt grey.
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Figure 11| (a) Stick and space-filling representation of a 1.2 second-sphere adduct formed from KAuBr4 and a-CD.
(b) Stick and space-filling representation of the one-dimensional nanostructure extending along the c-axis, featuring a
continuous channel formed by a-CD tori occupied by alternating [K(OH>)g]® and [AuBr4] ions. (c) Stick and space-
filling representation of the HAuBr,*DBC C 2-CD quaternary complex. (d) Stick and space-filling representation of
the one-dimensional nanostructure extending along the c-axis in which the p-CD tori form a continuous channel
occupied by alternating DBC and [AuBr,]- anions. (a, b) Adapted with permission from ref 206. Copyright 2013
Springer Nature. (c, d). Adapted with permission from ref 208. Copyright 2023 Springer Nature.

(-AG®) ranging from 10.4 to 13.0 kJ mol™ at 22-25 °C, as
revealed by microcalorimetry and '"H NMR spectroscopy.
Slow cooling (from 80 °C to room temperature) of an a-
CD-containing aqueous solution saturated with respect
to the platinum complex resulted™® in single crystals
suitable for X-ray diffraction (XRD) analysis. The solid-
state structure of [Pt(NH3)>(CBDCA)*a-CD] reveals
(Figure 10d-f) that the adduct is stabilized by the pene-
tration of the cyclobutane ring of carboplatin into the
a-CD cavity, resulting in the two ammine ligands to form
N-H---O hydrogen bonds ([N.--O] = 2.94, 3.14 A) with
secondary OH groups on neighboring a-p-glucopyrano-
sidic units of a-CD. The formation of second-sphere
coordination complexes between a-CD and carboplatin
has prompted others®*** to develop microencapsulated
carboplatin-hydroxypropyl a-CD complexes that were
shown to be effective against experimental brain tumors.

While the use of CDs as second-sphere ligands to bind
to first-sphere coordination complexes was investigat-
ed™®’2% intensively by the Stoddart group at the Univer-
sity of Sheffield in the 1980s, our research in this direction
did not get its second wind until the early 2010s. The
revisiting®®® of CD-based second-sphere coordination
started with an accidental result obtained by Zhichang
Liu during an attempt to make a CD-MOF from y-CD and
KAUBTr4. Instead of producing an extended framework,
y-CD and [K(OH2)g]l[AuBr4] cocrystalline into a bamboo-
like one-dimensional superstructure. More surprisingly,
upon mixing an agueous solution of KAuBr4 with an
aqueous solution of a-CD, a shiny pale brown precipitate
forms spontaneously. X-ray crystallographic analysis of
DOI: 10.31635/ccschem.025.202505711
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single crystals, which were grown from a dilute aqueous
solution of KAuBr, and a-CD by the slow vapor diffusion
method, revealed?®® a 1:2 second-sphere adduct between
KAuBr4 and a-CD (Figure 11a), structuring into a one-
dimensional polymeric {[K(OH5)sl[AuBr4]c (a-CD)5}
superstructure (Figure 11b). In this superstructure, the
first-sphere ligands—H,O and AuBr, —are encapsulated
by the a-CD tori, which pack alternately in head-to-head
and tail-to-tail arrangements to form one-dimensional
channels. The octahedral [K(OH1)e]" is sandwiched be-
tween the 2° faces of two «a-CD tori, resulting in an
unusual encapsulation in which hydrophilic fully hydrat-
ed K' ions are buried inside in the hydrophobic CD
channels by means of second-sphere coordination. In
contrast, the hydrophobic AuBr,~ anion, exhibiting
square-planar coordination, is encapsulated between the
1° faces of two a-CD tori, each primarily occupied by a
AuBr,~ ligand. The hydrophobic effect, augmented by
[C-H---Br-Au] hydrogen bonding interactions between
the AuBr,~ anion and the H-5 and H-6 atoms on the 1°
faces of the a-CD tori, drives the second-sphere coordi-
nation of a-CD with AuBr,~ ion. Additionally, within the
one-dimensional a-CD channel, the alignment of two
first-sphere coordination complexes with alternating
positive and negative charges contributes to the stabili-
zation of the overall superstructure as a result of attrac-
tive electrostatic interactions.

The coprecipitation process involving «-CD and
KAUBr,4 is featured by its high selectivity. No precipita-
tion (Figure 12a) was formed when o-CD was replaced by
either pB- or y-CD, as these larger CDs are unable to
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Figure 12 | (a) Selective coprecipitation from a-CD and KAuBr, The brown precipitate formed spontaneously
when adding an aqueous solution of KAuBr, into an a-CD-containing aqueous solution. (b) Stick and space-filling
representations of the solid-state superstructures of a-CD*KAuBr, p-CD*KAuBr, y-CD*KAuBr, a-CD*KAuCl,
B-CD*KAuCl, and y-CD*KAuCl, The main reason for the coprecipitation between a-CD and KAuBr4 is that they
form a one-dimensional polymeric {[K(OH5)gl[AuBr,J cC (a-CD),}, superstructure. Adapted with permission from

ref 206. Copyright 2013 Springer Nature.

encapsulate the [K(OH,)g]* counterion complex, nor do
they promote the formation of a low-solubility super-
structure with KAuBr4. They do, however, facilitate the
formation of more soluble complexes (Figure 12b). Simi-
larly, the use of KAuCl4 with a, p, or y-CD does not result in
coprecipitation (Figure 12a), although more soluble com-
plexes (Figure 12b) are once again obtained. The selec-
tive precipitation of KAuBr, with a-CD remains effective
even in the presence of other coordination complexes,
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such as PtX,2~ and PdX42~ (where X = ClI/Br), highlighting
the specificity of this a-CD-mediated coprecipitation
method. The efficiency of gold recovery is notably influ-
enced by the counterions associated with AuBr,~, with
the K* ion yielding the highest precipitation rate, approx-
imately 80%. In contrast, using Na*, Rb*, and Cs* results®®’
in significantly lower recovery rates of 0%, 41%, and 61%,
respectively. In the crystal structures of these latter com-
plexes, the hydrated counterions are absent, with the
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alkali metal ions instead being coordinated by the oxy-
gen atoms of the glucopyranosyl residues of a-CD. Tem-
perature also plays a crucial role in the recovery vyield, as
lower temperatures reduce the solubility of the adducts,
thereby enhancing the efficiency of gold recovery. For
instance, the gold recovery yield increased to 94% when
the coprecipitation was performed at O °C.

In order to develop a laboratory-scale gold recovery
process, an expedient coprecipitation method was test-
ed on two types of gold-bearing scrap alloys, composed
of 58 wt % gold and 42 wt % other metals, including Zn,
Cu, and Ag. Initially, the alloys were dissolved in a mixture
of concentrated HBr and HNOz and then neutralized with
agueous KOH. The addition of a-CD to these neutralized
solutions resulted in immediate coprecipitation, even in
the presence of competing metal ions such as Zn*" and
Cu?*. The precipitated adduct, encapsulating the recov-
ered gold, was isolated by filtration and subsequently
reduced using sodium metabisulfite (Na>S,05), vielding
metallic gold. The gold recovery from the two scrap
samples achieved®®® yields of 89% with a purity of 97%
and 92% with a purity of 95%, respectively. For scaling to
industrial levels, KAuBr,4 can be synthesized in situ using
either a solution of KBr, Br,, and H,O, or KBr, Oz, and
H50.,.

In an effort to advance the molecular recognition pro-
cess between a-CD and KAuBr, into a viable gold-recov-
ery technology, a startup company, Cycladex, was
established in 2014. This company was launched to com-
mercialize this innovative process that is not only eco-
nomically viable but also environmentally friendly. The
Cycladex method provides numerous advantages over
the traditional cyanide-based gold recovery methods,
such as significantly faster leaching times and improved
gold recovery efficiencies. Additionally, this method
markedly reduces the environmental footprint associat-
ed with gold extraction, lowers operational costs, and
diminishes capital expenditures, establishing it as a
superior and sustainable alternative in the gold extrac-
tion industry.

Although the marriage of a-CD with KAuBr, provides
a more environmentally friendly alternative compared
to the traditional cyanide process, several limitations
remain to overcome: (1) A high gold concentration
([KAUBr,4] > 6 mM) in the leaching solution is required.
(2) Additional potassium ions are necessary. (3) High
acidity in the leaching solution inhibits the formation of
coprecipitates. (4) Gold recovery efficiency drops below
80% at room temperature. (5) The cost of a-CD remains
relatively high. Therefore, the development of more effi-
cient and cost-effective gold separation technologies
that are practical for industrial applications is both sig-
nificant and necessary.

In this context, the Stoddart group disclosed recently
an additive-induced gold separation paradigm?® based
(Figure Tlc,d) on the precise control of the reciprocal
DOI: 10.31635/ccschem.025.202505711

Citation: CCS Chem. 2025, 7,1935-1971
Link to VoR: https://doi.org/10.31635/ccschem.025.202505711

transformation of second-sphere coordination adducts
formed between p-CD and [AuBr4]™ anions. Mechanistic
investigations revealed that the additives promote rapid
assembly of p-CD and [AuBr4]™ anions by driving the
anions from the inner cavity to the 1° faces of two -CD
tori, while the additives occupy the space between the 2°
faces, forming infinite one-dimensional supramolecular
polymers that precipitate from agueous solutions as
cocrystals. A broad range of common organic solvents
can serve as additives, with those having higher boiling
points yielding superior gold-recovery efficiencies. No-
tably, a gold-recovery efficiency of 99.8% was achieved
when dibutyl carbitol (DBC) was used as the additive.
This rapid cocrystallization process is highly selective for
[AuBr4] anions, with no precipitate observed in the
presence of metal cations or structurally similar anions,
such as [PdBr4]* and [PtBr,]*". A laboratory-scale gold-
recovery protocol has also been established,?°® achieving
94% gold recovery directly from a leaching solution of
gold-bearing scrap with gold concentrations as low as
9.3 ppm. Compared to our previously established proto-
col using a-CD, the additive-induced polymerization with
B-CD offers several advantages: (1) Gold recovery can be
achieved at low concentrations (9.3 ppm) with enhanced
efficiencies (>94%). (2) The process eliminates the need
for additional potassium ions. (3) Coprecipitation can be
directly carried out in acidic leaching solutions, eliminat-
ing the need for neutralization. (4) Additionally, B-CD is
less costly than o-CD.

In the traditional cyanide process for gold extraction, a
critical step involves the extraction of Au(CN),™ ions from
activated carbon into an agueous medium under rigor-
ous conditions,?°??" including elevated temperatures
(95-140 °C), high pressures (70-400 kbar), and concen-
trated cyanide and hydroxide solutions. There is a
burgeoning demand for the development of novel tech-
nologies that facilitate this process under much less
severe conditions. In response, we demonstrated?” that
the second-sphere coordination between a-CD and KAu
(CN), can facilitate (Figure 13a) the gold stripping pro-
cess from activated carbon. Single-crystal XRD analysis
revealed that aqueous solutions of a-CD and KAuU(CN)»
give I:1and 2:1 adducts when a slow evaporation protocol
and a slow diffusion of EtOH vapor are employed, re-
spectively. In both instances, the stabilization of the
adducts in the solid state is facilitated through numerous
[C-H---x] and [C-H---anion] interactions, where the cya-
nide ligands in the primary coordination sphere interact
with the a-CD in the secondary sphere. Moreover, the K*
counterions serve to bridge the a-CD tori within the
crystal structure by forming coordinative [K*.--O] bonds
with glucopyranosyl residues (Figure 13b).

In agueous environments, the formation of a 1:1 adduct
between KAU(CN), and a-CD was substantiated through
'H NMR titration and isothermal titration calorimetry. The
binding affinity for this complex was quantified to be
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Figure 13 | (a) Graphical illustration of gold stripping
from the surface of activated carbon into aqueous solu-
tion employing a-CD. (b) Stick and space-filling repre-
sentation of the crystal packing between KAu(CN), and
a-CD, showing the relative positions of K cations and
Au(CN)>~ anions with respect to a-CD tori. Adapted with
permission from ref 212. Copyright 2021 American Chem-
ical Society.

approximately 10 M~ The formation of this adduct is
primarily enthalpy-driven, effectively compensating for a
slight entropic penalty. Notably, the interaction between
KAU(CN), and a-CD exhibits high selectivity. The use of
B-CD or y-CD resulted in lower binding affinities, approx-
imately 102 and 10' M7, respectively. Although KAg(CN),
also forms a 1:1 adduct with a-CD in agueous solution, its
binding affinity is notably lower by an order of magnitude
compared to that of KAu(CN),. This characteristic of
second-sphere coordination offers a novel application
for the efficient stripping of gold from activated carbon
at ambient temperatures, specifically targeting Au(CN)>~
in the presence of Ag(CN),". Such specificity renders the
carbon-in-pulp process?°2" highly effective, particularly
for the extraction of gold from ores with substantial silver
content.

Cyclodextrin Metal-Organic
Frameworks

Metal-organic frameworks (MOFs), a term introduced by
Yaghi et al.®® in 1995, represent a broad category of
porous, crystalline materials consisting of organic struts
and metal-containing inorganic clusters—or SBUs, struc-
tural bonding units. While the past three decades have
DOI: 10.31635/ccschem.025.202505711
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witnessed? explosive growth in the preparation, char-
acterization, and applications of MOFs, the vast majority
of MOFs reported in the literature are composed of
organic struts derived from nonrenewable petrochemical
feedstocks and transition metals, giving rise to inevitable
toxicological concerns when it comes to biological and
medical applications.?™ In recent years, there are contin-
uous efforts in preparing biocompatible MOFs, ideally
from naturally occurring biomolecules and nontoxic met-
al ions. &7

In 2010, Ronald Smaldone in the Stoddart group at
Northwestern University (NU) serendipitously discov-
ered?®?” the formation of a new class of biocompatible
MOFs—namely CD-MOFs—while exploring the possibili-
ty of forming a 2:1 host-guest complex from two dipo-
tassium azobenzene-4,4'-dicarboxylate and one y-CD
as the first step in an attempt to prepare Borromean
rings with three different rings. Upon diffusing MeOH
vapor into an agqueous solution of the two precursors
over approximately five days, orange, cubic single crys-
tals (Figure 14a) were obtained. As revealed by XRD
analysis, the 2:1 complex was not formed. Instead, only
the y-CD tori, coordinated with K* ions, crystallized in
the form of millimeter-sized cubes, while the counter-
ions, azobenzene-4,4’-dicarboxylate, were disordered.
Onrealizing the critical role of the alkali metal ions in the
formation of this extended framework, Smaldone estab-
lished that, by employing this slow vapor diffusion
protocol, CD-MOF-1 can be synthesized using one
equivalent of y-CD and eight equivalents of KOH.

Single-crystal XRD analysis revealed that CD-MOF-1
crystallizes in a cubic cell of space group /432. Each unit
cell (3.1 nm edge) is made of six y-CD tori (Figure 14b)
held together through coordination of K* ions to primary
OH groups and the endocyclic oxygen atoms on the 1°
faces (Figure 14c) of alternating p-glucopyranosyl units
on the y-CD tori, which results in the formation of a
spherical pore (Figure 14d) with inner diameter of 1.7 nm.
The packing of (y-CD)g cubes, which are connected
through coordination of K* ions to the C-2 and C-3 OH
groups on the outwardly directed 2° faces (Figure 14c) of
the other four alternating p-glucopyranosyl units, leads
to an infinite body-centered cube interconnected with
channels (Figure 14e) formed from tail-to-tail y-CD pairs
aligned in all three dimensions.

CD-MOF-1, which is made from y-CD and KOH,
constitutes the first example?°< of highly crystalline
CD-MOF to be obtained. Applying the same vapor dif-
fusion method as that employed in the preparation of
CD-MOF-1, isostructural CD-MOF-2 and CD-MOF-3 can
be prepared, respectively, simply by switching the
source of metal ions from KOH to RbOH and CsOH.?"?
In addition, edible**> CD-MOFs were prepared on a large
scale by vapor diffusion of 190-proof grain alcohol into
an aqueous solution containing distilled water, food-
grade y-CD, and a food preservative, namely potassium
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Figure 14 | (a) Attempts to form a 2:1 complex in aqueous mixture between dipotassium azobenzene-4,4’'-dicarbox-
ylate and y-CD resulting in the formation of cubic crystals of an extended framework, i.e., CD-MOF-I1. (b) Ball-and-stick
representation of the solid-state structure of the cubic (y-CD)g representing the unit cell (3.1 nm edge) of CD-MOF-1.
(c) A configurational representation of the structure of the maltosyl repeating unit in y-CD, showing the alternating
coordination of K* ions to the 1° and 2° faces of a y-CD. (d) The cuboidal orientation of the six y-CD tori showing the
1.7 nm sized spherical pore at the center of each (y-CD)s repeating motif. (e) Space-filling representation of the
extended solid-state structure, illustrating the body-centered cubic packing arrangement of the (y-CD)g repeating
motifs. (b, d, e Adapted with permission from ref 218. Copyright 2010 John Wiley and Sons.

benzoate. Following our initial work on synthesizing
CD-MOFs, a wide range of CD-MOF analogues and other
types of carbohydrate-based extended frameworks—
employing various combinations of cyclo-oligosacchar-
ides and metal salts—have been made and character-
ized?*>?* py the Stoddart group as well as by other
research groups.

Over the years, CD-MOFs have emerged as an attrac-
tive class of green, extended framework materials owing
to their low cost, facile availability, robust crystallinity,
permanent porosity, stable homochirality, and excellent
biocompatibility. On account of their ability to host a
variety of guest molecules, including gases, (bio)active
molecules, drugs, nanoclusters, and nanoparticles, CD-
MOFs have found a wide range of applications in CO,
adsorption,?#>244¢ syntheses of metal-based nanoparti-
cles and gel particles,?*% sensing,?®2*° information
storage,® separations,?®2%% trapping of reactive inter-
mediates,®* catalyst supports,®® circularly polarized
luminescent materials,?**%*” nanoreactors,®%%*° protein
encapsulation,?*® and drug delivery.?®"2%% |n the remain-
ing part of this section, we will confine our discussion to
some of our most recent advances in employing CD-
MOFs to (1) create circularly polarized luminescent
materials and (2) promote selective chemical transfor-
mations. For other content in relation to CD-MOFs, either
synthetic or applied, we refer readers to some recently
published review articles.100101264-267
DOI: 10.31635/ccschem.025.202505711
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CD-MOF-Based Circularly Polarized
Luminescent Materials

While the existence of ordered chiral environments with-
in CD-MOFs renders them ideal hosts to encapsulate
organic dyes for light-emitting applications, investiga-
tions in this direction have not been carried out until
recently.?®5%7 |n 2022, the Stoddart group employed®’
three achiral polycyclic aromatic fluorophores—namely,
1-pyrenecarboxylic acid, 9-anthracenecarboxylic acid,
and perylene-3,9-dicarboxylic acid—in the construction
of three fluorophore-loaded CD-MOFs by cocrystalliza-
tion of these fluorophores with y-CD in the presence of
KOH. Although significant quantities of fluorophores
were included in these CD-MOFs as revealed by 'H NMR
spectroscopic analyses of digested samples, single-
crystal XRD did not reveal the presence of any guests
in the anthracene- and perylene-containing CD-MOFs,
suggesting that the fluorophores in both CD-MOFs are
disordered extensively. Nonetheless, in a pyrene-loaded
y-CD-containing hybrid framework (CD-HF), that is,
PyC™ c CD-HF, the crystal structure assumed a new tri-
gonal space group (P3,21) instead of the common cubic
1432 space group found in the case of the other two
fluorophore-loaded CD-MOF-1.

The solid-state superstructure of PyC cCD-HF
revealed®’ that each (y-CD), tunnel hosts two n-stacked
PyC™ guests, with an average distance of approximately
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Figure 15 | (a) Graphical illustrations of r-stacked PyC-
anionic dimers encapsulated by (y-CD), tunnels showing
(b) an average distance of ca. 4 A between the two
aromatic planes, which subtend (c) a relative rotation of
of 10.4° and an angle of 3.7° (d) 9,um (black trace) and Al
(violet) values measured for PyC c CD-HF crystals in
MeOH suspension with an light-emitting diode excitation
source of lex = 300 nm. Adapted with permission from
ref 257. Copyright 2022 American Chemical Society.

4 A between the two aromatic planes (Figure 15a,b). The
aromatic planes of these n-stacked PyC~ anions subtend
a relative rotation of 10.4° and an angle of 3.7°
(Figure 15c¢), thus breaking the centrosymmetry and
resulting in a chiral dimeric structure. Further analysis of
the superstructure demonstrated®’ that the inclusion of
PyC™ anions and their NCls with y-CDs in CD-HF causes
geometrical changes in the tori that influence their as-
sembly, leading to the formation of a trigonal CD-HF with
a helical chirality.

The spatially oriented arrangements of fluorophores
within PyC c CD-HF crystals resulted®’ in specifically
generated photophysical and chiroptical properties, such
as the controlled emergence of circularly polarized lumi-
nescence (CPL) emission. When a suspension of the
PyC c CD-HF crystals in MeOH was used for the mea-
surement of CPL activity, a constant and reliable signal
(Figure 15d) for gum = +3.5 x 10°—where gum is the
dimensionless luminescence dissymmetry ratio—was
recorded. Of note, this g,um Vvalue is in the same range
as that of a few y-CD-based circularly polarized lumines-
cent materials described by Yang and coworkers®® and
Liu and coworkers.?*® This research achieved a complete
understanding of the mechanism of chirality transfer
from chiral hosts to encapsulated achiral fluorophores
at a molecular level, an attribute which is indispensable
for the development of more efficient CPL emitters.
DOI: 10.31635/ccschem.025.202505711
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CD-MOF-Based Nanoreactors

CDs have long been touted as artificial enzymes**™#® that
promote or catalyze chemical reactions on bound sub-
strates within their nanosized cavities. On account of the
fact that CD-MOFs contain countless nanoconfined bind-
ing sites capable of preorganizing certain substrates in a
well-defined manner through a collection of NCls includ-
ing electrostatic, hydrogen-bonding, hydrophobic, and
van der Waals interactions, it follows that CD-MOFs
hold the potential to serve as nanoreactors for selective
chemical transformations. In this context, the Stoddart
group recently demonstrated?®?® a highly efficient [4+4]
photodimerization of 1-AC —where 1-AC™ is the negative-
ly charged conjugate carboxylate of 1-anthracenecar-
boxylic acid—under UV light irradiation with excellent
regioselectivity and good enantioselectivity.

Prior to carrying out [4+4] photodimerizations, 1-AC~
was encapsulated inside CD-MOF-1 employing an anion-
exchange protocol. Upon UV light (370 nm) irradiation of
the anthracene-load crystals, that is, 1-AC” c CD-MOF-1,
1-AC™ underwent®*® photodimerization to produce four
possible regioisomers (Figure 16a)—namely, the anti-
head-to-tail (anti-HT), the anti-head-to-head (anti-HH),
the syn-head-to-tail (syn-HT), and the syn-head-to-head
(syn-HH). The main product was identified as the anti-HH
with a calculated yield of 85% based on a quantitative H
NMR spectroscopic analysis. The overall yields of other
regioisomers were, however, calculated to be only 8%,
suggesting that the regioselectivity is as high as 91%. A
closer examination of the anti-HH using chiral HPLC
revealed that the (-)-anti-HH constitutes the major enan-
tiomer in an enantiomeric excess of 79%. The excellent
regioselectivity and good enantioselectivity for the
photodimerization of 1-AC™ within CD-MOF-1 were as-
cribed®® to a two-step process (Figure 16b,c)—(1) 1-AC-
was diffused into CD-MOF-1 and trapped in active sites,
that is, the (y-CD), tunnel, in a highly preorganized man-
ner through multiple NClIs acting in concert, and (2) the
selective photodimerization of 1-AC™ gives energetically
the most favorable products, that is, (=)-anti-HH, which
are extruded from the (y-CD), tunnel and reside in the
(y-CD)g cubic cavity. This proposed mechanism is sup-
ported by both a solid-state superstructure of 1-AC” c CD-
MOF-1 and theoretical calculations.

The versatility of CD-MOFs to harbor selective chemi-
cal transformations has also been vindicated by a site-
selective C-H functionalization.® In this investigation
(Figure 17a-g), an anionic benzophenone guest, that is,
2-benzoylbenzoate (2-BZ7), was incorporated into the
(y-CD), tunnel of CD-MOF-1 through anion exchange.
Upon photoirradiation, the photoexcited 2-BZ~ abstracts
the hydrogen atoms from C(sp®)-H bonds by means
of hydrogen atom transfer. As a result of a substrate
preorganization provided by a nanoconfinement
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Figure 16 | (a) Photodimerizations of 1-AC~ encapsulated inside CD-MOF-1 produce anti-HH (+) in excellent regios-
electivity and good enantioselectivity. (b) A proposed mechanism involves the preorganization of 1-AC™ in active sites,
i.e., the (y-CD) tunnel, followed by selective photodimerization in active sites and subsequent products residing in the
(y-CD)g cubic cavity. Adapted with permission from ref 258. Copyright 2021 American Chemical Society.

environment within CD-MOF-1, the photoexcited 2-BZ~
reacts selectively with one of the two C(sp*)-H hydrogen
atoms on the C-6 atom of y-CD, triggering subsequent
intramolecular condensation to form a pair of BZ-func-
tionalized y-CDs—namely, (RS)-BZ-6-y-CD and (RR)-
BZ-6'-y-CD—in 20% vyield with a diastereoisomeric ratio
(dr) of 5.2:1. The observed site selectivity of this photo-
initiated C-H functionalization was attributed,”® based
on theoretical calculations, to a less steric hindrance
associated with C-6-functionalized (y-CD), tunnels in
CD-MOF-1 compared with C-3 and C-5.

Cyclodextrin-Based Mechanically
Interlocked Molecules

CD-based host-guest complexes are suitable templates
for the syntheses of MIMs?%2%° sych as catenanes and
rotaxanes. The resulting mechanically interlocked struc-
tures have attracted®®® considerable research interest for
several reasons, which include, but are not limited to, the
DOI: 10.31635/ccschem.025.202505711
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following: (1) CD-based MIMs can be obtained at low
cost using an easily relied-upon self-assembly protocol.
(2) CD-based MIMs are good examples for the investiga-
tion of orientational mechanostereocisomerism on account
of the fact that CDs lack mirror symmetries.?’° (3) CDs are
water soluble and biocompatible, making them ideal com-
ponents for MIM construction, particularly when it comes
to applications in agueous and biological environments.?”
In this section, we will discuss our continuous efforts in (1)
the syntheses of CD-based catenanes and rotaxanes, (2)
the elaboration of CD-based polypseudorotaxanes in or-
der to mimic the multivalent protein-carbohydrate inter-
actions, and (3) the use of CD-based (pseudo)rotaxanes
as nanovalves for controlled drug release.

Syntheses of Cyclodextrin-Based
Catenanes and Rotaxanes

The first successful syntheses?’?” of CD-based catenanes

were accomplished?®*?”* in the Stoddart research
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Figure 17 | (a) Photoinitiated C-H functionalization in CD-MOF-1 proceeds in exclusive site-selectivity, resulting in a
pair of diastereoisomers—namely, (RS)-BZ-6"-y-CD and (RR)-BZ-6'-y-CD. Solid-state structures of (RS)-BZ-6"-y-CD
shown as (b, c) stick representations and (d) space-filling representation. Solid-state structures of (RR)-BZ-6"-y-CD
shown as (e, f) stick representations and (g) space-filling representation. Adapted with permission from ref 259.

Copyright 2024 Cell Press.

laboratory at the University of Birmingham in the early
1990s. The syntheses involve (Figure 18) the threading of
DM-p-CD with a molecular dumbbell 43 consisting of a
hydrophilic aromatic core and two poly(ethylene glycol)
(PEG)-based side chains, both terminated by amino
groups. The rigid aromatic core entices the guest mole-
cule into the CD cavity in agueous solutions mainly
through hydrophobic interactions, while the PEG chains
serve as flexible water-soluble spacers, facilitating
macrocyclization and enhancing the water solubility of
the resulting complexes. Both terminal amino groups on
the bound substrate can react with terephthaloyl chlo-
ride in a basic agueous solution containing DM-$-CD,
leading to cyclization and the formation of a series of
structurally different catenanes. Chromatographic sepa-
ration revealed four distinct catenanes: two [2]catenanes
—namely, 44 and 45, one incorporating a monomeric
macrocycle in 3% isolated yield and the other a dimeric
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one in 0.8% isolated yield, as well as two isomeric [3]
catenanes—namely, 46 and 47. In addition to these cate-
nanes, free macrocycles and polyamides were identified
invariably as major side products.

The two [3]catenanes exist as a pair of head-to-tail/
head-to-tail (46) and head-to-head/tail-to-tail (47) ori-
entational mechanoisomers, as revealed by both the
corresponding 'H and ®C NMR spectra. The synthetic
macrocyclic component in 46 has averaged C, symme-
try, whereas in 47, it has averaged D, symmetry. The
difference in symmetry types of macrocyclic compo-
nents in 46 and 47 allow both isomers to be identified*”
unambiguously by NMR spectroscopic analyses. For ex-
ample, the bitolyl methylene group in 46 can be identi-
fied in the 'H NMR spectrum (CDClz) as two singlets
at 8 = 4.59 and 4.65, whereas one singlet was observed
at 8§ = 4.62 for theses protons in 47. One of these cate-
nanes 44 provided?”® single crystals suitable for X-ray
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Figure 18 | Catenation of DM-B-CD under Schotten-Baumann reaction conditions resulting in four heterocatenanes—
namely, [2]catenanes 44 and 45, isomeric [3]catenanes 46 and 47. The crystal superstructure of [2]Jcatenane 44 has
been redrawn from CCDC deposition number 1299449. Hydrogen atoms and solvent molecules have been omitted for

the sake of clarity. C green or brown, O red, N blue.

crystallographic analysis. The solid-state structure
revealed that the bitolyl unit of the macrocyclic bis(lac-
tam) moiety is positioned inside the CD’s cavity, with no
hydrogen bonding interactions between the oxygen
atoms on the PEG spacers and the free C-3 OH groups
on the 2° face of the CD. In addition, the bis(lactam)
moiety lies against the outer surface of the CD torus.
These catenated CDs exhibited quite remarkable solubil-
ity in halogenated and aromatic hydrocarbons as well as
in hydroxylic solvents. It has been suggested that these
compounds provide valuable insights into the NCIs that
CDs employ to bind substrate molecules in agueous
solutions.

Recently, the Stoddart group developed?* a coopera-
tive capture strategy, in which CDs were used to accel-
erate a cucurbituril-assisted azide-alkyne cycloaddition
(CB-AAC). While the CB-AAC, which was pioneered by
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Mock et al.,”’5?”7 has been employed in the syntheses
of rotaxanes and polyrotaxanes by Steinke and
coworkers,?’82%0 the reaction rate is relatively slow, and
the yields of the reaction are far from satisfactory. To
overcome these drawbacks, Chenfeng Ke in the Stod-
dart group at NU introduced?®' CDs as cofactors in the
CB-AAC. CDs contain numerous OH groups at their rims,
which can serve as hydrogen-bonding donors that are
able to form a complementary hydrogen-bonding net-
work with the carbonyl groups of the CB rings, leading to
further stabilizing the substrate-CB complexation and
accelerating the CB-AAC.

By employing the cooperative capture strategy, a
number of sequence-controlled oligo- and polyrotax-
anes were synthesized®' with 100% threading efficiencies
of recognition sites on dumbbells by rings. Specifically,
polypseudorotaxanes PPR1 and PPR2, which bear
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Figure 19 | Syntheses of the polypseudorotaxanes PPRTand PPR2 by polymerizing 48 and 49 in the presence of CB[6]
and CD rings and subsequent capping with the stopper precursor 50 to form the corresponding polyrotaxanes PRIT

and PR2.

alternating CB[6]/CD sequences, were formed with
guantitative ring-threading efficiencies simply by heating
monomers 48 and 49 in the presence of CB[6] and either
B-CD or y-CD in H,O at 60 °C for 1 h (Figure 19). The
degrees of polymerization were estimated to be 15.8 for
PPR1 and 7.5 for PPR2, corresponding to molecular
weights of 84,800 and 45,600, respectively. The se-
guence-controlled polyrotaxanes PR1 and PR2 were
obtained, respectively, by capping the polypseudorotax-
anes PPR1and PPR2 with anthracenyl stopper precursors
50, vielding the two polyrotaxanes in near-quantitative
yields. To the best of our knowledge, these polyrotax-
anes are among the few examples of sequence-
controlled main-chain polyrotaxanes reported®®? in the
chemistry literature.

The cooperative capture strategy was also applied®® to
the facile synthesis (Figure 20a) of a y-CD-containing
hetero[4]rotaxane 53+4Cl| with tunable solid-state fluo-
rescent properties. Rotaxane 53+4Cl exhibits (Figure 20b)
an aggregation behavior (Kygg = 1.4 x 10* M™) in the solid
state wherein a pyrene end of one molecule stacks along-
side the diazaperopyrenium unit of another molecule to
form an exciplex in the excited state upon irradiation,
resulting in a red fluorescence emission. The aggregated
rotaxanes (53,54"") can be disassembled in an aqueous
solution by addition of y-CD rings, which encapsulate
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(Kep = 0.9 x 10 M™) the pyrene units of 53,44™, prevent-
ing aggregation. The y-CD-mediated disassembly process
can be reversed by introducing a competitive binding
agent (CBA), for example, 2-adamantylamine hydrochlo-
ride (Ad*Cl) or 1-adamantanemethylamine hydrochloride
(AdMe*Cl), which competes for the y-CD rings and regen-
erates the aggregated rotaxane 53,44"". This dynamic
supramolecular network (Figure 20b) allows®® us the
opportunity to manipulate the aggregation/deaggrega-
tion behavior of 53*, not only in solution, but also in the
solid state, so as to tune the fluorescence emission
(Figure 20c) over a wide color range from red to green
in a dynamic and reversible manner.

By loading 53*-, y-CD-, and Ad*-containing aqueous
solutions as inks into fountain pens, information
(Figure 21a), which is only revealed under UV light, can
be written, added, and erased. 53*"-based inks are also
compatible with inkjet printing technology (Figure 21b,e).
By loading 53+4Cl, y-CD, and AdMe*Cl inks into the three
channels, respectively, of a tricolor inkjet cartridge, poly-
chromic images can be printed (Figure 21c,f) with good
color resolution. Supramolecular equilibration among the
three components is established rapidly during the print-
ing process, even before the inks dry. The fluorescence
color range of the output images can be expanded to
accommodate red-green-blue printing (Figure 21d,9,h)
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by employing a fluorescent CBA, for example, PyMe+4Cl|,
which happens to constitute the ends of 53*'.

Cyclodextrin-Based
Polypseudorotaxanes as
Multivalency Mimicry

Polypseudorotaxanes, which consist of carbohydrate
ligand-modified CDs as the ring component, are useful
tools for mimicking and investigating multivalent®®428
protein-carbohydrate interactions. The dynamic multi-
valent presentation of carbohydrate ligands in these
polypseudorotaxanes allows the ligands to orient
DOI: 10.31635/ccschem.025.202505711
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themselves in a way that maximizes their overall binding
interactions with dispersed and orientation-specific
receptors. The Stoddart group’s adventure in this par-
ticular research direction began®® with the syntheses of
polypseudorotaxanes from both lactose-appended
a- and p-CD threaded onto hydrophobic polymers such
as poly(tetrahydropyran) and poly(propylene) glycol.
In order to improve the stability of the resulting poly-
pseudorotaxanes, which is crucial when it comes to using
them as dynamic water-soluble multivalent (supra)mo-
lecular polymers for binding to lectins (Figure 22), a
stable polypseudorotaxane PPR3 comprised of lacto-
side-displaying a-CD (Lac-a-CD) “beads” threaded onto
a linear polyviologen “string” was assembled.?®”?% The

fom]


https://doi.org/10.31635/ccschem.025.202505711
https://doi.org/10.31635/ccschem.025.202505711

@CCS

MINI REVIEW

Chemistry

(a) Natural light

UV light

(9)

u +y-CD

- Yellow
A+
53 Wri Cyan
rite Magenta

53-4Cl

< Add y-CD

¥ information

FeE AdMe-Cl

Ad*

 Erase (d) 53-4Cl
information +y-CD

PyMe-Cl
+y-CD
AdMe-ClI

Figure 21| (a) Adding and erasing information reversibly on the top of the surface of the fluorescent ink with y-CD and
Ad*Claqueous solutions. Graphical representations of (b) a standard tricolor inkjet cartridge, (c) a customized tricolor
inkjet cartridge, in which aqueous solutions of 53+4Cl/y-CD, y-CD and AdMe*Cl occupy the yellow, cyan, and magenta
color channels, respectively, and (c) a customized tricolor inkjet cartridge, in which aqueous solutions of 53+4Cl/y-CD,
PyMeeCl/y-CD, and AdMe*Cl occupy the yellow, cyan, and magenta color channels, respectively. Graphical repre-
sentations of (e) a color palette printed using the standard inkjet cartridge, (f) a fluorescent color palette printed using
the customized inkjet cartridge shown in (c) under UV light, and (g9) a fluorescent color palette printed using the
customized inkjet cartridge shown in (d) under UV light. (h) A digital input and a fluorescent image printed using the
customized inkjet cartridge in (d) under natural and UV light. Adapted with permission from ref 283. Copyright 2015

Springer Nature.

CD rings of PPR3 are able to spin around the axis of the
polyviologen chain as well as to move back and forth
along the polymeric backbone to alter their presentation
to the lactoside ligands. This polypseudorotaxane exhib-
ited remarkable inhibition of galectin-1 (Gal-1)-mediated
T-cell agglutination, in which a valency-corrected 10-fold
enhancement over native lactose was observed. Impor-
tantly, the 10-fold enhancement was greater than those
observed for lactoside-bearing trivalent glycoclusters
and a lactoside-bearing chitosan polymer tested using
the same assay, demonstrating the advantages of the
DOI: 10.31635/ccschem.025.202505711
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dynamic presentation of carbohydrate ligands in
polypseudorotaxanes.

In addition, the dynamic multivalent interactions be-
tween these lactoside-displaying polypseudorotaxanes
and Gal-1 were further investigated®® by using T-cell
agglutination and quantitative precipitation assays in
order to evaluate polypseudorotaxanes with different
degrees of threading and different polyviologen chain
lengths. Among seven polypseudorotaxanes,®®® one as-
sembly, designated [5:21], which was obtained from five
equivalents of Lac-a-CD with a polyviologen containing,
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on average, 21 repeating units, provided valency-
corrected enhancement of a 30-fold compared to native
lactose and a 20-fold over free Lac-a-CD in T-cell agglu-
tination assays. These innovative CD-based polypseu-
dorotaxanes, which are capable of binding specific
receptors with enhanced multivalent interactions, con-
stitute a promising alternative for targeting therapeuti-
cally relevant receptors.

Cyclodextrin-Based (Pseudo)
rotaxanes as Nanovalves

In 2005, in collaboration with Jeff Zink, the Stoddart
group at UCLA, pioneered?®® the integration of mesopor-
ous silica nanoparticles (SNPs) with redox-activated bis-
table [2]rotaxanes that function as nanovalves. The
resulting organic-inorganic hybrid nanoparticles, referred
to as mechanized silica nanoparticles (MSNPs), are capa-
ble of trapping and releasing guest molecules in a highly
controlled manner when exposed to specific stimuli.

One representative protype of MSNPs contains
(Figure 23a) three primary components: they are (1) a
solid support such as mesoporous SNPs, (2) a payload of
small molecules, and (3) a monolayer of external machin-
ery usually in the form of rotaxanes. When the ring com-
ponents remain close to the particle surface because the
nanovalves are closed, the guest molecules are trapped
inside the pores of MSNPs. In response to a specific
stimulus, which leads to the cleavage of the stoppers,
the ring components can move away from the surface
DOI: 10.31635/ccschem.025.202505711
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because the nanovalves are open, allowing a controlled
release of a payload of small molecules.

The first example®' of using biocompatible CD as the
ring component to construct a rotaxane-type nanovalve
was described by the Stoddart-Zink team in 2008. A
cargo molecule (rhodamine B)-loaded SNP was functio-
nalized (Figure 23b) with a pseudorotaxane in which
a-CD and the SNP itself act as the ring component and
one stopper, respectively. The existence of a-CD close to
the surfaces of SNPs effectively blocks the nanopores,
preventing the release of encapsulated rhodamine B.
An ester-linked adamantyl stopper precursor 54 with a
terminal alkyne handle was attached to the pseudorotax-
ane using the Cu(l)-catalyzed azide-alkyne cycloaddi-
tion.2%22%% While the resulting MSNPs are chemically
stable, a controlled cargo release can be triggered enzy-
matically by porcine liver esterase (PLE). PLE selectively
catalyzes the hydrolysis of the adamantyl ester stopper,
resulting in dethreading of the a-CD, followed by cargo
release from the nanopores.

Following this initial work on «a-CD-based enzyme-
responsive MSNPs, the Stoddart-Zink team successfully
developed various types of MSNPs comprised of CD-
based nanovalves that can operate when exposed to
different stimuli such as light,?°4?°> redox reactions,?9¢-2%
pH changes,?®3% and sugars.®®® Over the years, these
nontoxic MSNPs, which can accumulate passively in solid
tumors thanks to an enhanced permeability and retention
effect, have emerged as a promising platform for tar-
geted delivery and release of therapeutic and diagnostic
agents in response to preexisting biological triggers.?°43°°
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Figure 23 | (a) Schematic representation of MSNPs functionalized with rotaxane-type nanovalves. When exposed to
specific stimulus, the stoppers of nanovalves cleave, resulting in controlled cargo release. (b) Schematic representa-
tion of a-CD-based enzyme-responsive MSNPs. The adamantyl! ester stopper can be hydrolyzed selectively by PLE,
triggring the dethreading of a-CD and subsequent cargo release.

Summary and Outlook

While our exploration in CD science and technology can
be traced back to as early as the late 1960s, most of the
research carried out by the Stoddart group did not
happen until the 1980s, coinciding with the beginning
of industrial production®?” of CDs, which made it pos-
sible to obtain high-purity CDs at relatively low costs.
Our research work covers not only covalent synthesis,
aiming to release CDs from their structural straightjack-
ets, but also noncovalent synthesis wherein CDs and CD
derivatives serve as nanoscale building blocks for the
construction of chemically modified molecules and
supermolecules. Essentially, these scientific adven-
tures—which resulted in a number of CD derivatives,
analogues, and enantiomers, as well as CD-based sec-
ond-sphere coordination complexes, CD-MOFs, and
CD-based MIMs—have significantly enriched the toolbox
currently available for the CD community and pushed
the boundaries of CD chemistry forward.

Reflecting on the origins of the Stoddart group’s re-
search in relation to CDs, it transpires that, in most cases,
rational designs, which were inspired by an increasing
knowledge and advances in carbohydrate and supramo-
lecular chemistry, are the main driving forces. Neverthe-
less, serendipity®°® has also expressed itself twice during
the past 15 years, leading to the discovery of edible CD-
MOFs and the development of environmentally friendly
DOI: 10.31635/ccschem.025.202505711
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and sustainable gold separation techniques based on
second-sphere coordination wherein CDs act as sec-
ond-sphere ligands. As a consequence of these seren-
dipitous discoveries, two startup companies were
launched recently, a situation that could not have been
foreseen at the beginning of these curiosity-driven
attempts.

Our story also emphasizes the irreplaceable impor-
tance of scientific collaboration, a dynamic that has
served our CD-related research well at different stages
during the past half century. For instance, our close
collaboration with X-ray crystallographers David Wil-
IiamS‘H7,136.149.150,156.188,1927197.199,201,202.273,274 at the Imperial Col‘
lege London and Charlotte Stern'®'208212:228.229,239,257-259,261 ¢
NU, which have produced hundreds of solid-state struc-
tures, are prerequisites for the emergence and develop-
ment of systems such as CD-based second-sphere
coordination complexes and CD-MOFs. In addition,
through working hand in hand with Jeff Zink?9294-3% 4t
UCLA, the Stoddart group pioneered the use of CD-
containing MIMs as nanovalves for the controlled release
of small molecular cargos including drugs. This research
represents an important step towards practical applica-
tions of artificial molecular machines (AMMS) in biomed-
ical research. Given the widely recognized superior
properties of CDs such as biocompatibility and water
solubility over other wholly synthetic macrocycles,
we anticipate that collaborative efforts from talented
scientists of different persuasions in developing
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biocompatible CD-based AMMs will inevitably provide
the next generation of stimuli-responsive sensors, smart
drugs, and adaptive biomaterials.?”"307:598

Despite being a century-old activity, academic re-
search into CDs and their industrial applications continue
to surge, as indicated not only by the 56-year CD odyssey
in the Stoddart group but also the fast growth of related
publications, patents, and products on an annual basis. In
the future, there is still ample room for new discoveries
provided some of the major challenges facing the CD
community are satisfactorily addressed.

Let us now try to foresee a few critical goals that need
to be achieved in the years and decades to come. Cur-
rently, the most accessible CD homologues are still limit-
ed to medium-ring a-, B-, and y-CDs. Although recent
advances in the syntheses of small-ring,**® large-ring,*”
and mirror-image’ CDs have opened up new research
opportunities, future efforts in scaling up while decreas-
ing the cost of CD production are urgently needed. In
addition, precise modifications®>® on both rims of CD tori
are required in order to achieve tailored functions in
diverse applications. Lastly, the average association con-
stants® of CDs with organic molecules are moderate
(10%° M™), and it is crucial to create CD derivatives and
analogues with improved binding affinities to specific
guests while maintaining comparable or even improved
water solubility and biocompatibility as native CDs.

Although the evolution of CD science and technology
cannot be precisely predicted, one thing remains certain:
CDs will continue to inspire®? imaginative projects as
long as researchers continue exploring the unknown of
CDs with curiosity and zeal. We would like to conclude
with what Joseph Chatt pointed®” out three decades ago:
“If you have an exciting road to follow, do not be put off
by those who say there is nothing at the end of it; they do
not know. Persevere, and enjoy the excitement of explor-
ing the unknown.”

Footnotes

2 As aresult of the three reactions, a-CD loses 18 and p-CD
loses 21 stereogenic centers. The resulting compounds 1
and 2, which belong to the point group, Cs, and C5,,
respectively, are achiral. After deacylation, achiral per-
hydroxymethylated polyacetals 3 (Cg,) and 4 (C5,) were
obtained.

> When one of the p-glucopyranosyl units has an extra
substituent, the C,, symmetry is broken and every proton
(and carbon) atom becomes heterotopic, leading to very
complicated NMR spectra.

¢ Gatteschi and coworkers, who were close to making
isostructural CD-MOFs with Na* ions,?*° need to be cred-
ited here. In their investigation, cubic-shaped orange-
reddish single crystals of y-Fe,O3z/y-CD were formed
after an ethanolic solution of NaOH was added to a DMF
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solution of FeCls and y-CD, while similar colorless cubic
crystals were obtained when FeClz was replaced by NaCl.
In both cases, the researchers identified a cubic cell
(30.217 A edge) of space group /432 but were not able
to determine the crystal structure of either compound,
probably on account of crystal quality issues.

9 The preparation of CD-MOF-3 from y-CD and CsOH was
complicated by the cocrystallization of a related poly-
morph, which we have termed CD-MOF-4, consisting of
y-CD tori linked to one another through Cs* coordination
to form channel-type superstructures.

¢ The mechanism of CO, adsorption proposed in ref 244
has been revised recently by Milner and coworkers:
chemisorption of CO, in CD-MOFs occurs via HCOz~
formation at nucleophilic OH™ sites within the framework
pores, rather than via previously proposed pathways
involving carbonic acid or alkyl carbonate formation.

f The first reported attempt, although not successful, to
synthesize catenated CDs was done by Luttringhaus,
Cramer, Prinzbach, and Henglein.
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