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Preface

Over the past two decades, porous coordination polymers (PCPs) and metal
organic frameworks (MOFs) have been highlighted as a family of crystalline sol-
ids. They are constructed from metal ions and organic ligands via coordination
bonds, and self-assembly to provide open structures. In this field, scientists with
inorganic, organic, and theoretical backgrounds have produced novel complexes
that show remarkably selective chemical behavior including ion and molecular
separations, transport and catalysis, and so on. Cucurbit[n]urils are a family of
molecular container hosts bearing a rigid hydrophobic cavity and two identical
carbonyl-fringed portals. Because of their superior molecular recognition prop-
erties in aqueous media, they have attracted much attention in supramolecular
chemistry. Recent studies reveal that weak noncovalent interactions such as
hydrogen bonding, m---m stacking, C-H:--, as well as ion—dipole interactions
play an important role in the formation of cucurbit[n]urils/metal-based coordi-
nation architectures. In particular, a number of examples in which the use of a
‘structure inducer’ (often an anionic species or an organic molecule) is employed
to make the coordination structures of cucurbit[n]urils with metal ions from sim-
ple complex to complicated poly-dimensional polymers and even further promote
the isolation of new Ln**—Q[n] species. All these processes and phenomena imply
a particular property, i.e., ‘cucurbit[n]urils-based coordination’—the key word
and leading idea of the present book.

This short communication book starts with the first chapter discussing the
development of cucurbit[n]urils and their derivatives-general properties and the con-
cept of outer-surface interactions. Chapter 2, on the combinatorial development of
the host—guest coordination fashions, describes the details of simple coordination
complexes of cucurbit[n]urils with metal ions. Chapter 3 discusses particular types
of complicated coordination polymers derived from supramolecular assemblies of
cucurbit[n]urils with metal ions and the significant importance of the third ‘structure
inducer’ species. Finally, Chap. 4 concerns the potential applications of Q[n]-based
coordination complexes and polymers.


http://dx.doi.org/10.1007/978-3-662-46629-2_2
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vi Preface

We hope that this book will be useful for scientists and graduate students working
in the fields of coordination and supramolecular chemistry, and in material
science.

Xin-Long Ni
Xin Xiao
Hang Cong
Zhu Tao
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Chapter 1
Cucurbit[n]uril Chemistry

Abstract Because of their superior molecular recognition properties in aqueous
media, cucurbit[n]urils (Q[n]s or CB[n]s), which bear a rigid hydrophobic cavity
and two identical carbonyl fringed portals, have attracted much attention in supra-
molecular chemistry. Till date, the homologs of unfunctionalized cucurbit[n]urils
include 5, 6, 7, 8, 10, and 14. Meanwhile, a number of substituted cucurbit[n]urils
(SQ[n]s) and their derivates were reported during the last decade. Therefore, in
this chapter the development of cucurbit[n]urils and their derivates is first briefly
reviewed. Importantly, the general properties of out surface-interactions of Q[n]s
proposed by us recently and their roles in Q[n]-based coordination chemistry or
Ql[n]-based host-guest/coordination chemistry are also highlighted in this chapter.

Keywords Substituted cucurbit[n]urils -+ Homologs * Outer-surface interactions -
Supramolecular assemblies + Host-guest chemistry + Coordination chemistry

1.1 Development of Cucurbit[z]urils and Their Derivates

Cucurbit[n]urils (commonly abbreviated as Q[n]s or CB[n]s) are among the mac-
rocyclic receptors known to date besides, crown ethers, cryptands, cyclodextrins,
and calixarenes. As the first reported family member, cucurbit[6]uril (Q[6]) was
originally synthesized in 1905 by Behrend and coworkers from the condensation
of glycoluril and formaldehyde under strongly acidic conditions [1]. However, it
was not until 1981 that Mock structurally characterized Q[6] as a structure com-
prising six pumpkin-shaped glycoluril units linked with 12 methylene bridges
(Fig. 1.1) [2]. Later, the supramolecular chemistry of Q[6] continued to develop
in the 1980s and 1990s as a result of the pioneering work by Mock, Buschmann,
Kim, and their coworkers [3-6].

In 2000, the research groups of Kim and Day performed the successful isola-
tion and X-ray characterization of Q[5], Q[7], and Q[8] (Fig. 1.2) [7-9].

© The Author(s) 2015 1
X.-L. Ni et al., Supramolecular Assemblies of Cucurbit[n]urils with Metal lons,
SpringerBriefs in Molecular Science, DOI 10.1007/978-3-662-46629-2_1
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Fig. 1.1 X-ray crystal structure of Q[6]
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Fig. 1.2 X-ray crystal structure of Q[5], Q[7], and Q[8]

Less than two years later, Day and coworkers crystallized and identified the
structure of Q[10], which always includes a Q[5] molecule in synthetic processes
(Fig. 1.3 left) [10]. Most interesting is our recent discovery of cucurbit[14]uril,
the largest Q[n], which has 14 normal glycoluril units linked with 28 methylene
bridges. However, it seems to be formed from 14 units of the glycoluril-(CH2)>—
moiety with a 180° twist. As a consequence, it does not have a normal cavity like
most cucurbit[n]urils, but instead has a folded, figure-of-eight conformation. We
have therefore named it twisted cucurbit[14]uril (tQ[14]) (Fig. 1.3 right) [11].
Furthermore, tQ[14] has good solubility in both water (41.0 mmol/L) and organic
solvents such as dimethylsulfoxide (18.0 mmol/L). Overall, these results strongly
deliver some important conclusions: larger homologs of Q[n]s (n > 10) could be
obtained by the traditional synthetic route.
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Fig. 1.3 X-ray crystal structure of Q[10] and twisted tQ[14]

Moreover, a number of substituted cucurbit[z]urils (SQ[r]s) and their deri-
vates were reported during the last decade. Stoddart and coworkers first reported
an alkyl-substituted cucurbit[S]uril, decamethylcucurbit[S]uril (MeoQ[5]) by self-
assembly of dimethylglycouril; unexpectedly, none of its homologs were found in
1992 [12]. Following this discovery, a number of fully and partially substituted
Ql[n] derivatives have been reported since 2001. These include the fully or par-
tially substituted (CyH),Ql[n]s (cyclohexano = CyH; n = 5-8) [13], Me2Q[6]
[14, 15], and (CyP),Q[n] [16], the partially substituted PhyQ[6] [17], HMeQ[6]
[18], TMeQ[6] [19], (CyH),Q[6] [20], and (Me,CyP),Q[6] [14]. Issacs and
coworkers reported some water soluble, fluorescence-sensitive cucurbit[n]uril
analogues, which were obtained starting with S- and C-shaped diastereomeric
methylene-bridged glycoluril dimers [21-23]. Moreover, they found a series of
glycouril oligomers [24] and used these oligomers to synthesize a number of novel
cucurbit[n]uril derivates [24-27]. Kim, Isaacs, and other groups synthesized and
exploited various functionalized Q[n]s. For example, in 2003, Kim and cowork-
ers demonstrated the first reactive cucurbit[n]urils, perhydroxycucurbit[n]urils
[(HO)2,Q[n] (n = 5-8)], by direct oxidation of Q[n]s with K»S,Og in water [28].
In particular, Scherman recently reported a monohydroxylated cucurbit[6]uril in
2012 [29]. Recently, Isaacs and coworkers also reported a series of functionalized
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Ql[n]s [30-33]. Very recently, Sindelar and coworker first introduced a substituted
group onto the bridged methylene moiety and obtained a bridged methylene func-
tionalized Q[6] [34]. All these developments of cucurbit[r]urils and their derivates
try to overcome the low solubility of the normal Q[n]s in water [35, 36], and the
difficulty in introducing functional groups on their surfaces. Moreover, such dis-
coveries have led to tremendous growth in the field of Q[n] chemistry. Areas of
developments include host—guest interactions, supramolecular assemblies, coordi-
nation as well as materials science, and relevant applications in sensing, cataly-
sis, drug delivery, biomolecular recognition, polymer chemistry, electrochemistry,
photochemistry, and molecular machines [36-61]. Generally speaking, the interac-
tion of Q[n]s with various guest molecules has led to the development of Q[n]-
based host—guest chemistry, which has become mainstream in the Q[#n] chemistry
[36-54]. On the other hand, the interaction of Q[n] with various metal ions estab-
lishes the Q[n]-based coordination chemistry, an increasingly important area in
Q[n] chemistry [55-61]. A combination of Q[n]-based host—guest chemistry and
coordination chemistry could create a different branch in the Q[n] chemistry:
Q[n]-based host—guest/coordination chemistry [62] (Scheme 1.1). For example,
based on the interaction of Q[6] with long chain guests that end with active moie-
ties and thread through Q[6] to form pseudorotaxanes, Kim and coworkers pro-
posed a type of novel architectures by joining these pseudorotaxanes with metal
ions as “linkers” that give rise to one-, two-, or three-dimensional (1D, 2D, or 3D,
respectively) polyrotaxane structures [36, 37]. Another typical instance is the sum-
maries on the Q[8]-stabilized charge-transfer (CT) interactions and supramolecu-
lar assemblies that result in a series of remarkable achievements in establishing

+

guest - M-
o

-h ﬁ_
n=5,6,7,8,10 X 4
&
-based Q"
1 B Qln-based
chemistry coordination

chemistry

Q[n]-based host-guest—coordination chemistry

Scheme 1.1 Gross branches in the cucurbit[n]uril chemistry
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a strategy for synthesizing new types of polymers, nanoscience, surface immobili-
zation, and so on [45, 63]. In particular, they have led Scherman and coworkers to
publish their first paper on Q[r] chemistry in Science in 2012 [64].

Compared to the significant achievements in Q[n]-based host—guest chemistry,
Q[n]-based coordination chemistry or Q[n]-based host—guest/coordination chem-
istry was gradually developing in the last several years [60]. In fact, the establish-
ment of Q[n] chemistry started with Q[n]-based coordination chemistry because
the structural characteristics of the first-characterized member of the Q[n] family,
QI[6], was based on the determination of the linear coordination polymer of Q[6]
molecules with Ca>* cations [2]. ~15 % of studies (among ~1800 papers and pat-
ents before the beginning of October 2014, according to a survey by SciFinder),
are directly related to coordination of Q[n]s with metal ions. Moreover, recent
works have revealed that Q[n]-based coordination chemistry is gradually chang-
ing from simple coordination to novel Q[n]/metal ions complex-based polydimen-
sional coordination polymers or supramolecular assemblies. Such structures could
be useful in applications in the areas of nanotechnology, molecular sieves, sen-
sors, gas absorption and separation, ionic or molecular transport, and heterogene-
ous catalysis [62, 65—72]. This book mainly highlights achievements based on the
direct coordination of Q[n]s with metal ions, their complexes, and corresponding
coordination supramolecular assemblies in the areas of Q[n]-based coordination
chemistry and Q[n]-based host—guest/coordination chemistry.

1.2 General Properties of Quter-Surface Interactions

of Q[n]s

Electrostatic potential surface calculations on Q[n]s (Fig. 1.4) indicated that the
regions around the portal carbonyl groups on Q[n]s are significantly negatively
charged, the inner surface of the cavities is close to electrostatically neutral,
whereas the outer surface of Q[n]s is electrostatically positive. It is not surprising
that almost all research in Q[n] chemistry has been focused on utilizing the portals
and cavities to construct supramolecular assemblies through the strong charge—
dipole and hydrogen bonding interactions, as well as hydrophobic and hydrophilic
effect derived from the negative portals and rigid cavities of Q[n]s. However, few
of them focus on the interaction of outer surface of Q[n]s on the Q[n]-based coor-
dination polymer and supramolecular assemblies [61].

In fact, Chen and coworkers first proposed that the chemical behavior of the
convex outer walls of Q[n]s could be explored to develop novel structures and
functional materials when they investigated iodine-assisted supramolecular assem-
blies of helical coordination polymers of Q[n] and asymmetric copper(Il) com-
plexes [73]. Further investigation reveals that the outer surface of Q[n] exhibits
much higher affinity to the aromatic moieties of an aromatic organic molecule or
ligand in a complex anion than to the other Q[n] units; we call the resulting inter-
actions as outer-surface interaction of Q[n]s, such as those involved in C-H-- 1,
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Fig. 1.4 Electrostatic potential maps (ESPs) for Q[5], Q[6], Q[7], and Q[8], respectively. ESPs
are mapped on electron density isosurfaces (0.001 e/au’) for cucurbit[n]urils at the B3LYP/6-
311G (d, p) level of theory with Gaussian09

Qis] Q[s] Q7 Qi8]

(a) meeeqt stacking

(b)

Hydrogen bond

C-He*s interaction

Ion-dipole interactio

Scheme 1.2 a The outer-surface interactions between Q[n]s and aromatic molecules; b The
outer-surface interactions between Q[r]s and inorganic complex anion

7 interaction, hydrogen bonding, and ion—dipole interactions, which could gen-
erate numerous novel Q[n]-based supramolecular assemblies and result in a new
branch of Q[n] chemistry based on the outer-surface interactions (Scheme 1.2).
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Chapter 2
Simple Coordination Complexes
of Cucurbit[n]urils with Metal Ions

Abstract Generally, the noncovalent interaction of Q[n]s with various guest
molecules has led to the development of Q[n]-based host—guest chemistry, which
has become the mainstream in Q[n] chemistry. In fact, the establishment of Q[xn]
chemistry started with Q[n]-based coordination chemistry because the structural
characteristics of the first characterized member of the Q[n] family, Q[6], was
based on the determination of the complex of Q[6] molecules with Ca?* cations.
From a structural viewpoint, the two preorganized (identical) carbonyl fringed
portals in Q[n]s are ideal for acting as a rigid platform for developing a variety
of Q[n]-metal derived coordination structures. In this chapter, a number of Q[n]-
based metallo-supramolecular coordination fashions and examples are reviewed
in detail. Overall, molecular bowls, molecular capsules, sandwich pairs, and het-
erometallic complexes are the general structures in the solid state. We therefore
describe them in this chapter as simple coordination complexes of Q[n]s with
metal ions.

Keywords Cucurbit[n]urils -+ Coordination complexes + Metal ions, molecular
bowls + Molecular capsules *+ Sandwich pairs + Heterometallic complexes

It is well known that Q[n]s [1-5] readily coordinate with metal ions because of
their two open polar portals rimmed with carbonyl groups (referring to Scheme
1.2). However, Q[n]s of various portal sizes appear to have different coordination
abilities with metal ions, and various metal ions seem to show different affinities
for a specific Q[n]. Moreover, environmental factors, such as coordination geom-
etry or radius of metal ions, temperature, counter-anions, steric bulk, solvent,
metal-to-ligand ratio, and pH of the system, influence the coordination and supra-
molecular assemblies of a Q[n] with a certain metal ion.

© The Author(s) 2015 9
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2.1 Simple Coordination of Cucurbit[S]urils
with Metal Ions

The unsubstituted or substituted cucurbit[5]urils (Q[5] and SQI[S5]s, respectively)
are the smallest members or homologs in the Q[n] family. The first known Q[5] is
decamethylcucurbit[5]uril (Me9Q[5]), which was reported in 1992 [6]. The host—
guest chemistry of the Q[5]s has received less attention than their larger homologs
because of the limited size of the portals and the capacity of their cavities [7-10].
To the best of our knowledge, the first reported crystal structure is a Q[5]-based
coordination complex with a molecular bowl confirmation by covering a barium
ion on one portal of a decamethylcucurbit[5]uril molecule, and the “bowls” further
construct a honeycomb-like supramolecular assembly through hydrogen bonding
and ion-dipole interactions (Fig. 2.1) [11].

Unsubstituted Q[5] and its substituted derivatives SQ[5]s are the small-
est members of their respective homologous families. Although the smaller por-
tal size of Q[5]s inhibits the entry of most organic molecules into the central
cavity, and hence reduces the possible range of Q[5]-based host—guest inclu-
sion complexes, it offers a “concentrated” set of five portal carbonyl oxygens so
that larger metal ions are able to fully cover the portal and bind to all five oxy-
gens to yield a stable metal-Q[5] complex. Recent studies reveal that Q[5]s
have a strong tendency to coordinate with metal ions and form metal-ion-lidded
molecular capsules or molecular bowls because Q[5]s have the smaller por-
tal size and more concentrated portal carbony oxygens at portals, which could
directly coordinate with metal ions, including alkali, alkaline earth, transi-
tion, and lanthanide or uranium [12-16]. Moreover, different Q[5]s, such as
the unsubstituted Q[5], and some representative alkyl-substituted Q[S5]s, like
Me9Q[5], dimethylcucurbit[S]uril (DMeQ[5]), 1,2,4-hexamethylcucurbit[S]uril

(a)

Fig. 2.1 a Complex cation of [Me0Q[5]1(H,0)3Bal*t. b Stacking of the complexes in the
crystals
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Fig. 2.2 Structures of five representative alkyl-substituted Q[5]s: a Me9Q[5]; b DMeQ[5];
¢ 1,2,4-HMeQ[5]; d PMeQ[5] and e CyHsQ[5]

Fig. 2.3 X-ray crystal structures of molecular capsules and molecular bowls of Q[5] with var-
ious metal ions: a alkali (K™); b alkaline earth (Ba2"); ¢ transition (Cd*"); and d lanthanide
(La’t) metal ions

(1,2,4-HMeQ[5]), pentamethylcucurbit[S]uril (PMeQ[5]), pentacyclopentanocuc
urbit[5]uril (CyHs5Q[5]), and so on show no obvious difference in affinity to the
metal ions (Fig. 2.2).

For example, a series of molecular capsules or molecular bowls of Q[5] with
various metal ions, including alkali (K™), alkaline earth (Ba>*), transition (Cd**),
and lanthanide (La3") metal ions (Fig. 2.3) [17, 18]. Moreover, these Q[5]-based
complexes exhibited the remarkable property of encapsulating a negatively
charged ion. Its easy synthesis, rigid structure, and chemical and thermal stability
could make Q[5] very attractive for complexation of anions in aqueous solution
[18]. Further experiments reveal that Q[5] shows special selectivity for including
“naked” chloride anion or nitrate anion under certain conditions. The metal-free
host has been demonstrated to selectively include nitrate ion, whereas the lantha-
nide-capped molecular capsule showed preference toward the inclusion of chloride
ion (Fig. 2.4) [19].

Our group synthesized complexes of alkyl-substituted Q[5]s (referring to
Fig. 2.2) with various metal ions. Most of them were molecular bowls or molecu-
lar capsules. The metal ions included alkali [12, 13], alkaline earth [14], transi-
tion [15], and lanthanide [16] metal ions. For example, we evaluated the effect of
a series of alkaline earth metal ions (Ca>t, Sr>*, and Ba®*) on their complexes
with CyHsQ[5] by mixing their chloride salts with CyHsQ[5] [20]. The experi-
mental results revealed that coordination of CyHs5Q[5]-based molecular capsules
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Fig. 2.4 X-ray structures of dinuclear capsule-like complexes of La3*-Q[5]: a complex with an
included nitrate anion; b the corresponding portal sizes; ¢ complex with an included chloride ion;
d the corresponding portal sizes

Fig. 2.5 X-ray crystal structures of molecular capsules and molecular bowls of CyHsQ[5] with
alkaline earth metal ions: a Ca®t; b Sr2*; and ¢ Ba2™

and molecular bowls depended on the ionic radius of the metal cation (Fig. 2.5).
In the CyH5Q[5]/Ca2+ complex, the CyHs5Q[5] portal is larger than the cal-
cium cation. Thus, the CyHsQ[5]-based molecular capsule is not completely
closed, and the CyH5Q[5] molecule even experiences some deformation. In the
CyHsQ[51/Sr>* complex, the radius of the strontium cation is slightly larger than
the CyHsQ[5] portal, and thus they form a completely closed molecular capsule.
In the CyHsQ[5]/Ba’*t complex, the barium ion can only cover one portal of the
CyH5Q[5] molecule and juxtaposes itself near the portal of other CyHsQ[5] mol-
ecule, generating an opened molecular capsule. Based on the radii of these three
metal ions, which are 0.99, 1.12, and 1.34 10\, the radius of the metal ion is the
underlying reason behind these differences.

Generally, metal ions that can cover the portals of a Q[5] molecule have a
radius larger than 0.84 A, which is the radius of the Cd*t cation. Nevertheless,
there are other factors that could lead to the formation of Q[5]s with metal
ions with a smaller radius, such as Hg2+ (0.69 A) [21]. In recent years, there
has been a trend toward the use of third species as structure directing agents in
Q[n]-metal systems, and the driving forces could be the so-called outer surface
interactions of Q[n]s [22]. These species produce Q[n]-based supramolecular
assemblies whose properties, structural novelties, and functionalities exceed those
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Fig. 2.6 X-ray crystal structures of molecular capsules of CyHsQ[5] with alkali metal ions:
aLiT;bNat;cKT;dRb*;and e Cst

of assemblies obtained in the absence of such agents. For example, we cannot
obtain all complexes of CyH5Q[5] with all alkali metal ions by simple combina-
tion of CyHsQ[5] with alkali metal salts. However, in the presence of ZnCl; in an
acidic medium (HCI), the formed [ZnCl4]>~ anions behave as “structure direct-
ing agent”, and facilitate the formation of all five CyHsQ[5]/Maiali complexes
(Fig. 2.6a—e). Among these complexes are those with the smallest (Lit, 0.59 A)
and largest (Cs™, 1.67 A) metal radii (except FrT, 1.80 A) [23]. All four alkali
metal ions, Nat (0.97 A), K* (1.33 A), Rb™ (1.43 A), and Cs* (1.67 A) which
have larger metal radii, coordinate to the five carbonyl oxygen atoms and fully
cover the portals of the CyHsQ[S5] molecules. An exception to this trend is the
Li™ cation, which has the smallest metal radius and can only coordinate to two
portal carbonyl oxygen atoms. The CyHsQ[5]-based complexes with the fully
capped portals initially appear to crystallize with similar molecular structures,
such as opened molecular capsules or molecular capsules. The distances of the
capped metal ions to the mean planes of the five portal carbonyl oxygens appear to
increase with increasing atomic numbers of the alkali metals. But a close inspec-
tion shows that the capsules contain different core molecules: a chloride anion
for the CyHsQ[5]/Na* and CyHsQ[5]/K* complexes, a water molecule for the
CyH5Q[5])/Rb™ complex, and none for the CyHsQ[5]/Cs* complex. Additionally,
the interaction between the capped alkali metal ions and the included ion or mol-
ecule could affect the distances of the capped metal ions from the portal plane.

An example of the Me|oQ[5]-Malkaii system can show this trend better [24].
Figure 2.7 shows four Mej9Q[5]/Maikali molecular bowls or capsules obtained by
reactions of MeoQ[5] with the corresponding alkali metal salts (NaCl, KCI, RbCl,
and CsCl) in the presence of hydroquinone (Hyq) as a structure directing agent.
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(b)

Nal

(d)

Csl

(e)

Fig. 2.7 X-ray crystal structures of molecular capsules and molecular bowls of MejoQ[5]
with alkali metal ions a Nat; b K*; ¢ Rb*; and d Cs*; e representation of bonding distance of
Me9Q[5] with metal ions

Table 2.1 Comparison of the structural parameters of four (MeoQ[5])/Majkali complexes

Parameters Me oQ[5]/Nat MeoQ[5)/K* Me oQ[5]/Rb™ MeoQ[5]/Cs™
d (A) 2.627 2.775 2.870 3.009
h(A) ~0 0.832 1.028 1.175
r (A) 2.627 2.647 2.680 2.770

A careful comparison reveals that a structural trend holds for the four Me;oQ[5]
complexes. These four complexes were all isolated as the sole products of
seemingly straightforward reactions of the relevant alkali metal salt with the
Me9Q[5] ligand. It should be interesting and essential to compare the related
structural data of the four complexes. As shown in Fig. 2.7e and Table 2.1,
the average metal-carbonyl oxygen bond lengths (d; Owme10Q(5~Malkai) vary
from complex to complex. It is well known that the radius of alkali metal ions
increases with increasing atomic number. As a result, the metal-carbonyl oxygen
bond lengths in the four complexes follow the order MeoQ[5]/Na™ < MeoQ[5)/
KT < MegQ[5)/Rb™ < MegQ[5]/Cs™ (Table 2.1). Their crystal data suggest that
the height of the alkali cation out-of-portal plane (4) of the four complexes fol-
lows the same order (Table 2.1). According to the Pythagorean theorem, the por-
tal radius of the MejoQ[5] ligand (r) for the four compounds has the same order.
Obviously, all these structural trends can be attributed to the fact that the radii of
alkali cations are of the order Na™ < K™ < Rb™ < Cs™, and this suggests that the
portal size of a Q[n] could be transformed in a certain range. Unexpectedly, all
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four complexes include a water molecule instead of an anion in the cavity of the
Me0QI[5] molecule. In other words, the opened or closed molecular capsules in
the four compounds could not recognize or encapsulate the chloride anion. A simi-
lar structural feature can be observed in the complexes of SQ[5]s with alkaline
earth metal ions [25].

Although the first reported Ln3*-Q[5] complex of this type was {(LaCl@Q[5])
LaCl(H>0)9}Cly - HCI - 7H,0, obtained from an HCI solution (~3 M) containing
La(NO3); and Q[5], La3t cation has 14 lanthanide group members, which could
show similar interaction properties with Q[5]s due to the so-called lanthanide
contraction. The La3*t cation fully caps one portal of the Q[5] molecule, while a
second La>* partially caps the second portal via coordination to two carbonyl oxy-
gens and a chloride ion is included in the Q[5] cavity (Fig. 2.3d) [18]. A similar
arrangement occurs in the product obtained from the coordination of Pr3* to Q[5]
[26]. The coordination of Gd3* to the dimethyl-substituted derivative (Me>Q[5]),
or Nd3* to the decamethyl MeoQ[5] derivative, once again results in products
exhibiting similar structural arrangements (Fig. 2.8b and c respectively) [16].

In recent years, Thuéry focused on the coordination of Q[n]s with lanthanide
and actinide cations and synthesized two Q[5]/UO; complexes. One of these com-
plexes, which has a stoichiometry of {UO,Q[5]}(ReOy4)> - 2H,0, was prepared

(a) (b) ()

Fig. 2.8 X-ray crystal structures of the complexes of selected Ln3* cations with Q[5] and its
Me,Q[5] and Me oQ[5] substituted derivatives: a Ln3t-Q[5] (Ln = La, Pr); b Gd*+-Me,Q[5];
¢ Nd**+-Me¢Q[5]; d—f the portal sizes of the corresponding complexes
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Fig. 2.9 X-ray crystal structures of Q[5] with uranyl ions: a molecular bowl; b molecular capsule

by mixing Q[5] with excess UO3 in an aqueous HReOy solution. The other, with
a stoichiometry of {(U02),Q[5]}(NO3)4 - 4HNO3 - 3H,0, was prepared by mix-
ing Q[5] with excess of (UO»)>2NOj3 in an aqueous HNOj3 solution. The Q[5]/UO»
complexes had characteristic features of the molecular bowl [27] and molecular
capsule [28] respectively (Fig. 2.9).

On the other hand, addition of the second metal ion as a structure directing
agent could also result in the formation of unusual complexes or novel Q[n]-based
supramolecular assemblies. For example, when Thuéry investigated the inclu-
sion properties of Q[n]/Ln** complexes for the perrhenate anion, he introduced
potassium cation (KNO3) into the Q[n]-Ln’T—ReO4~ system. A series of Ln3*t/
K™ heterometallic capped Q[5]-based capsules were formed (Ln = Ce, Sm, Gd),
but no suitable crystal could be obtained in the absence of the KNOs3 reactant in
this series (Fig. 2.10a) [27]. In his previous work, U®t/K* or CsT heterometal-
lic capped Q[5]-based capsules were obtained by introducing alkali metal ions in
the form of their salts, such as KNO3 or CsNO3, into a Q[5]-UO2(NOs), - 6H,O
system (Fig. 2.10b) [28]. Our group also discovered some heterometallic capped
QI[5]-based capsules, for example, a Zn*t/Kt Q[5]-based capsule that could be

(a) e (b) 1 (c) nl

Fig. 2.10 X-ray crystal structures of heterometallic capped molecular capsules: a K*/Ce3*
complex and b K*/U%* complex; and molecular bowl ¢ K*/Zn?t complex
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obtained by introducing KCI into a Q[5]-ZnCl; system (Fig. 2.10c) [14]. The
Zn** cation coordinates to the two carbonyl oxygens of a Q[5] portal because of
its shorter ionic radius.

When a second larger metal ion is introduced to the singularly capped mononu-
clear Ln3*-Q[5] system, such as K*, then in particular cases fully doubly capped
heterometallic molecular capsules form. Thuéry [27] first reported a series of het-
erometallic K*/Ce3t, K+t/Sm3* (2 complexes) and K+/Gd3* Q[5] capsules of this
type which were obtained under hydrothermal conditions in the presence of per-
rhenic acid. Five complexes were isolated with all but the fifth, a Yb> complex (see
below), containing K. Each capsule included a bound nitrate ion in its cavity (the
cavity of Q[5] is too small to include an [ReO4] ™ anion, contrasting with Q[6] which
is able to include this anion—see discussion in Sect. 2.2). In the first four complexes
the lanthanide ion is nine-coordinate with a capped square antiprismatic geometry.
The [ReO4] anions are present as hydrogen bonded counter ions, although in the
case of the Sm*+ complex this anion is also present as a monodentate ligand. The
Ce3t/K+ complex forms linear columns along the c-crystallographic axis in which
the cerium and potassium metal centers from adjacent capsules are bridged by two
water molecules and a nitrate ion. The Sm>*/K* and Gd**/K+ complexes are effec-
tively isomorphous and differ from the Ce*>*/K* complex in that zigzag columns are
present (involving one carbonyl and one water bridge between hetero-metal centers),
with the Kt and Ln?* ions also bound to one and two terminal water ligands, respec-
tively. A corresponding Kt/Nd3* capsule was subsequently reported by our group
[29] and this product was also found to include a nitrate ion.

The general arrangement of the metal centers in the heterometallic Ln3*-
K*-Q[5] (Ln = Ce, Nd, Sm, Gd) capsule motifs just discussed is represented
schematically in Fig. 2.11a [27, 29], with, for comparison, that for a related Gd3t/
KT complex of dimethyl-substituted Q[5}, Me,QI[5], given in Fig. 2.11b [30].
Comparison of the two portals in each of these doubly capped species reveals
that the portals capped by a K* ion are larger than those capped by an Ln3* ion.
Reflecting this, there is a difference of ~0.3 A in the average separation between
adjacent carbonyl oxygens rimming the pair of portals in the respective capsules
(Fig. 2.11d, e). Our group has demonstrated that reaction of PrCl3 with Q[5] in the
presence of CaCl, (Ca>*t has a comparable ionic radius to the lanthanides) leads to
a heterometallic (Ca>*/Pr3*) dinuclear Ca**-bridged complex with the structure
shown in Fig. 2.11c [29]. In this complex two Pr’* ions fully cap the respective
outer portals of the dimer while two Ca’T ions link and partially cap each of the
“inner” portals. As might be anticipated, in this arrangement the difference in the
respective (“outer” vs. “inner”) portal sizes (as expressed by the adjacent carbonyl
oxygen internuclear distances—see Fig. 2.11f) show a similar trend to that for
the homo-dinuclear Ln3*-Q[5] complexes (see Fig. 2.8a) containing both a fully
capped and a partially capped portal [18, 26].

In summary, the smaller portal size of Q[5]s offers related concentrated bond-
ing sites so that a metal ion can coordinate with more portal carbonyl oxygens and
form a stable Q[5]/metal complex. Therefore, metal ions suitable for coordination
to Q[5] molecules have a wider distribution.
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Fig. 2.11 X-ray crystal structures of heterometallic Ln3* and K* Q[5] complexes: a Ln3*/K*-
Q[5] (Ln = Ce, Nd, Sm, Gd); b Gd3>*/K*-DMeQI[5]; ¢ (Pr2),/(Ca21),-2Q[5]; d—f comparison
of the portal sizes in the complexes a—c, respectively

2.2 Simple Coordination Complexes of Cucurbit[6]urils
with Metal Ions

Compared with Q[5]s, Q[6]s have a larger portal size. The portal (r) radius of
Q[6] molecules is within 3.3-3.4 A, similar to the longest Mcs—Ocarbonyt bond
lengths (3.0-3.3 A) observed in CyHsQ[5]/Cst or Me oQ[5]/Cs™ complexes.
Thus, it is believed that no other single metal ion can fully cover the portal of the
Q[6] molecule except the Cs™ cation, which has the second longest ionic radius.
For example, we reported a simple complex of methyl-substituted Q[6], namely
symmetrical a,a’,8,8'-tetramethylcucurbit[6]uril (TMeQ[6]) with a Cs* cation
(Fig. 2.12) [31]. The Cs1 atom seems to cover a portal of the TMeQ[6] molecule,
and coordinates to five portal carbonyl oxygens. The length of the bond between

(a)

Fig. 2.12 X-ray crystal structures of the TMeQ[6]/Cs™ complex: a side view; b top view
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Fig. 2.13 X-ray crystal structures of Q[6] with the alkali metal ion: a molecular capsule with
Cs™; b molecular bowl with Cs™; ¢ molecular capsule with Na™; and d the representation of
molecular capsule and molecular bowl built by Q[n]s

Cs1 and the portal carbonyl oxygens is 3.305 A on average, and can reach a maxi-
mum of 3.616 A.

Kim and coworkers first reported a simple Q[6]/Cs™ complex in 1998 [32], in
which the Cs™ cation can effectively coordinate only four of six carbonyl oxy-
gens of a portal of a Q[6] molecule. The lengths of the Cs—Ocarbonyl bonds are in
the range 3.100-3.378 A (Fig. 2.13a). However, with the aid of an organic guest
(tetrahydrofuran, THF), the Cs™ cation fully covers the portal of the Q[6] mol-
ecule, and forms a typical molecular bowl. The resulting Cs—Ocarbonyl bond
lengths are in the range 3.144-3.584 A. In particular, the bond length of Cs—Orpp
is only 2.934 A, suggesting that the strong bonding between the Cs* cation and
the included THF further draws the Cs* cation toward the portal of the Q[6]
molecule, resulting in the formation of the fully covered Q[6]/THF/Cs™ molecu-
lar bowl (Fig. 2.13b). Such phenomenon exemplifies a typical instance involving
Q[n]-based host—guest/coordination chemistry. An earlier case involving Q[n]-
based host—guest/coordination chemistry is the Q[6]/THF/Na™ molecular cap-
sule also reported by Kim and coworkers in 1996 [33]. In this complex, two Na™
cations are capped at each of the two portals of the Q[6] molecule, and a THF
molecule is included in the cavity of the Q[6] molecule; thus, a sealed molecular
capsule is formed (Fig. 2.13c). The bonding and release of the included THF can
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be controlled by pH-dependent complexation and decomplexation of metal ions at
the portals of the Q[6] molecule (Fig. 2.13d). Their observations suggest that the
sodium ion “lids” are removed in strongly acidic solution because of the protona-
tion of the carbonyl groups at the cucurbituril portals; consequently, the encapsu-
lated THF molecule can readily escape from the cavity (Fig. 2.13). Raising the pH
of the solution restores the sodium ion “lids” of cucurbituril and, therefore, the
capability for encapsulating THF. Interestingly, similar supramolecular interaction
behaviors may be observed with other guest molecules such as benzene, cyclopen-
tanone, and furan, as well as with other metal ions such as cesium. Knoche and
Buschmann first introduced metal ions into a Q[6]-Gorganic molecule System to deter-
mine the stability constants and the mechanism of formation of association and
inclusion complexes of cucurbituril with the 4-methylbenzylammonium ion [34].
Although they only focused on the solution structure of the Q[6]-Gorganic molecule—
Maikasi systems, their seminal work on Q[n]-based host—guest/coordination chem-
istry is a significant contribution. We will further demonstrate more cases in the
succeeding parts of this chapter.

Returning to the coordination features of Q[6]/metal complexes, we note that
they are clearly different from those of Q[5] complexes because of their larger por-
tal size. In typical Q[6]-based complexes, a metal ion with a smaller ionic radius
can only coordinate to a limited number of portal carbonyl oxygens (one to three).
This restriction results in the formation of Q[6]-based capsules or bowls in which
a portal of the Q[6] molecule could be coordinated with multiple metal ions. The
aforementioned Q[6]/THF/Na™ molecular capsule is a typical instance, in which
two coordinated Na™ cations at each of the two portals of Q[6] coordinates to two
portal carbonyl oxygens. Fedin and coworkers made the greatest contribution to
Q[6]-based coordination chemistry; they studied almost all alkaline earth, tran-
sition, lanthanide, actinide metal ions, as well as their aqueous complexes, clus-
ters, and so on. For example, they demonstrated that Q[6]/Sr>* capsules may
be obtained by slow concentration of an aqueous solution of Sr(NO3); and Q[6]
(Fig. 2.14a) [35]. Each Q[6] molecule is bound to four strontium cations (two
cations per portal), forming a molecular capsule that includes a nitrate anion. The
coordination of the four Sr2* ions in the Q[6] molecular capsule is different, in
that they coordinate two or three portal carbonyl oxygens by sharing a nitrate
anion (N31). This sharing results in the formation of infinite 1D supramolecu-
lar chains through electrostatic interaction. Furthermore, Fedin and coworkers
recently discovered a Q[6]/Mg>* complex that involves the interaction between
Q[6] with the amino acid tryptophan and its decarboxylation product tryptamine
in the solid state [36]. This complex is the first known supramolecular assembly
of cucurbituril with magnesium ion, which has the smallest ionic radius (0.49 and
0.72 A for hexacoordinated Mg?+) among metals studied for their coordination
to unsubstituted cucurbituril ligands (Fig. 2.14b). Generally, Q[6] molecules show
affinity to alkali and alkaline earth metal ions, and form molecular bowls or cap-
sules [37-39]. However, their interaction with metal ions in the presence of a third
species could result in the formation of novel coordination polymers and supramo-
lecular assemblies, which will be described in detail later.



2.2 Simple Coordination Complexes of Cucurbit[6]urils with Metal Ions 21

(a) (b) (0

(d) 1

Fig. 2.14 X-ray crystal structures of a a Q[6]/Sr2t complex; b a Q[6]/Mngr complex;
c a Q[6]/Ag™ complex; d a TMeQ[6]/Agt complex; e a [Cd3Cl3(jLo-Cl)3(u3-C1)]~ cluster; and
fa CyHgQ[6]/Cd*>* complex

In aqueous solution, the interaction of Q[6] with transition metal salts prefer
to form adducts of Q[6] with metal aqua complexes through hydrogen bonding.
There are a few exceptions to the usual products, such as Q[6]/Ag™ complexes
from a solution containing a Q[6]/isonicotinic acid/La’" host—guest complex
in the presence of AgNO3, as shown in Fig. 2.14c [39]. Another is the complex
formed by tetramethyl-substituted Q[6] (TMeQ[6]) and AgNO3 [40, 41]. In the
resulting Q[6]/Ag™ complex, only one Ag™ cation coordinates to two carbonyl
oxygens of a Q[6] portal, whereas in the TMeQ[6]/Ag™ complex, both portals
of TMeQ[6] are coordinated to an Ag™ cation and form a molecular capsule fea-
ture (Fig. 2.14d). Another example is the complex of cyclohexanocucurbit[6]uril
(CyHgQ[6]) with Cd?* cations [42]. Interestingly, two [Cd3Cla(p2-Cl)3(3-Cl)]~
cluster anions effectively cover each portal of CyHgQ[6], forming one sealed
molecular capsule (Fig. 2.14e, f).

Professor Zhang in our laboratory investigated coordination assemblies
by reactions between alkali metal salts and a meta-hexanomethyl-substituted
cucurbit[6]uril (m-HMeQ[6]) in aqueous solutions. X-ray diffraction analysis
revealed that each m-HMeQ[6] coordinates with three alkali metal ions, K*, Rb™,
or Cs™ and forms a 1:2, m-HMeQ[6]:Mfka;complex (Fig. 2.15) [43].

In 2002 Fedin and coworkers reported the first lanthanide complex of Q[6]
(a Sm3* species) [44]. The product formed on slow evaporation of an aqueous
solution of SmBr3 and Q[6] and had an Sm3+:Q[6] stoichiometry of 2:3. The
X-ray structure shows a triple-decker sandwich arrangement (height: ~33 A) of
type {(Q[6])[Sm(H,0)41(Q[6])[Sm(H,0)41(Q[6])}° (Fig. 2.16). Each Sm*" is
coordinated by four waters and two Q[6] units. Relative to Q[5], Q[6] has a larger
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(a) (b) (c)
Rbl Csl

Fig. 2.15 X-ray crystal structures of molecular capsules of m-HMeQ[6] with metal ions:
aKt;bRbT;cCst

Fig. 2.16 X-ray crystal structure of the Sm>+-Q[6] triple-decker sandwich

portal size with a portal radius of 3.3-3.4 A. This radius is substantially longer
than the bond length range observed for Ln3+—0wbony1 bonds: 2.223-2.478 A. As
a consequence a single lanthanide cation is unable to coordinate simultaneously
to all six carbonyl oxygens lining a Q[6] portal; generally only one to three portal
carbonyl oxygens have been found to bind. In the above complex, each Sm3* cat-
ion ion coordinates to two portal carbonyl oxygens from each of two Q[6]s, with
the average bond length being 2.401 A; each metal center achieves 8-coordination.

In a further paper Fedin reported a systematic study of Q[6] coordination with
La’t, Ce3t, Gd3t, Ho’T, and Yb3* nitrates or bromides in aqueous solution [45].
While Q[6] is not soluble in water, it readily dissolves on heating with a satu-
rated solution of the above Ln’* salts. Seven complexes were isolated—the first
five were obtained from the corresponding Ln3* nitrate salt while the remain-
ing two were from the corresponding bromide salt: (i) [Gd(NO3)(H20)4(Q[6])]
(NO3)2 - TH20, (ii) [Ho(NO3)(H20)4(Q[6DI(NO3)2 - 7H20, (iii) [Yb(NO3)
(H20)41(Q[6D](NO3)2 - 6H20, (iv) [La(H20)6(SO4)(Q[6D)I(NO3) - 12H,0, (v)
[GA(NO3)(C2H50H)(H20)2(H,0@Q[6])](NO3)2 - 5.5H20. Two additional com-
plexes {[Gd(H20)4]2(Q[6])3}Brg - 45H>0 and {[Ce(H20)5]2(Q[6])2}Brg - 26H20,
obtained employing the corresponding La’* bromide salts, were also isolated (see
later). With the exception of [La(H20)6(SO4)(Q[6])I(NO3) - 12H>0 (iv), all of
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these products were isolated either directly from water or following diffusion of
ethanol into their aqueous solution. While the X-ray structure of (i) was not deter-
mined, the 1:1 (Ln3+:Q[6]) complexes (ii) and (iii) were shown to be isostructural
(Fig. 2.17a). In the case of (iv), the reaction solution contained lanthanum nitrate,
QI6], and copper sulfate. The X-ray structure of the latter product showed that the
complex consists of an La** bound to a portal of Q[6] via two oxygens, with the
nine-coordinate coordination sphere of the metal center being completed by six
water molecules and a monodentate sulfate ligand (Fig. 2.17b). The X-ray struc-
ture of [Gd(NO3)(C2H50H)(H20)2(H,0@(Q[6])I(NO3)2 - 5.5H20 (v), which
crystallized from the reaction solution following the slow diffusion of alcohol,
showed that the Gd>* is eight-coordinate with the coordination sphere consist-
ing of a bidentate Q[6] unit, an ethanol molecule, a bidentate nitrate, and three
aqua ligands (Fig. 2.17c) [45]. This product incorporates one water molecule in
the Q[6] cavity (not shown in Fig. 2.17c). In a related study, it was shown that
Gd3t chloride reacts with QI[6] to yield {[Gd(H20)¢l2[(HO@Q[6])}Clg - 4H,O
in which Q[6] acts as a bis-bidentate ligand such that a pair of carbonyl oxygens

Fig. 2.17 X-ray crystal structures of selected Ln*+-Q[6] complexes prepared from La3* nitrate
salts: a the isostructural complexes [Ho(NO3)(H20)4(Q[6])]> and [Yb(NO3)(H,0)41(Q[6])]3;
b [La(H,0)6(SO4)(Q[6])]T with bound sulfate group; ¢ [Gd(NO3)(Co;HsOH)(H,0),(H,0@
Q[6])1*t with coordinated ethanol molecule, the included water molecule is not shown; d {[Gd
(H20)6]2[(H20@Q[6])}6+, included water molecule not shown; e [{Pr(NO3)2(H,0)3} {Pr(NO3)
(H,0)3(H,0@Q[6])}]°F, the included (bound) nitrate ion and water molecule not shown
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at each portal coordinate to a Gd>* cation along with six water molecules [46]. A
guest water molecule resides in the cavity of the Q6 and is disordered between two
positions (Fig. 2.17d). Under hydrothermal conditions (at 120 °C) Pr(NO3)3 reacts
with Q[6] in water to yield [{Pr(NO3)2(H20)3}{Pr(NO3)(H20)3(H,0@Q[6])}]
(NO3)3 - 4H,0 [47]. An X-ray diffraction study (Fig. 2.17¢) demonstrated that the
two metal centers in this complex are each linked to the Q[6] through tridentate
coordination of three portal oxygens from the respective portals. Each metal center
is also bound to a bidentate nitrato ligand and three water molecules located exo
to the central cavity. The cavity encapsulates both a nitrate ion and a water ligand
(both disordered over two positions) which are each bound in a monodentate fash-
ion to the respective metal centers, each of which achieves a coordination number
of nine.

Use of a lanthanide bromide salt rather than a nitrate salt has been shown to
result in changes in both the composition and the structure of the corresponding
Ln3+-Q[6] complexes—once again emphasizing the difficulties in predicting the
nature of the product from a given synthetic procedure [45]. Thus, complex crys-
tallization from an aqueous solution containing cerium bromide and Q[6] results
in a 2:2 Ce3t-Q[6] sandwich complex incorporating two cucurbituril ligands
linked by two bound [Ce(H,0)s]3* units (Fig. 2.18a). Each nine-coordinated Ce3+
has four carbonyl oxygens and five aqua ligands in its coordination sphere. The
2:2 structure contrasts with the 1:1 arrangements found in the (Ln*+:QI[6]) com-
plexes (a)—(e) discussed above (see Fig. 2.17)—all of which employed the corre-
sponding lanthanide nitrate salt as a precursor [45]. The trigonal crystal packing
of the above sandwich complex is shown in Fig. 2.18b. Triangular channels with a
van der Waals diameter of ~4.3 A are filled with disordered water molecules and
bromide anions (omitted in Fig. 2.18b for clarity). In contrast, the corresponding
GdBr3-Q[6] system results in a triple-decker sandwich (Fig. 2.18c). The latter is
related to that described above for the Sm3+-Q[6] triple-decker sandwich [44]
shown in Fig. 2.16.

As discussed already for Q[5]-based complex systems [24], there are also
examples of Q[6] systems prepared in the presence of added small organic mol-
ecules that appear to play a structure directing role. Thus, Fedin and coworkers
showed that the interaction of aqueous Gd>* nitrate with Q[6] in the presence of
pyridine yielded a hydrogen-bonded (supramolecular) adduct between the aqua
nitrate complex [Gd(NO3)(H2O)7]2+ and Q[6] (Fig. 2.19a) [48]. In the above
assembly the water molecules coordinated to the Gd3T center are hydrogen
bonded to carbonyl groups of Q[6], with the cavity of the Q[6] molecule encapsu-
lating a pyridine molecule. These workers also reported a further La’T-Q[6] cap-
sule-like complex of type [La(H20)6(X@Q[6])(NO3)]*t (X = 0.5 CsHsN + 0.5
H0) [49] in which a pyridine molecule occupies the internal cavity of one half of
the Q[6] molecules (Fig. 2.19b), while a water molecule occupies the other half.
The La3* center is bound to two adjacent carbonyl oxygens, a bidentate nitrato
ligand and six aqua ligands to yield a coordination number of ten. The metal
center is disordered between the two portal faces (with both occupancy positions
shown in Fig. 2.19b). In a related study Liu and coworkers [50] crystallized a 1:1
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Fig. 2.18 X-ray crystal structures of a the Ce3t-Q[6] sandwich complex; b the 3D Ce3t-Ql6]
packing in a showing the presence of nanochannels; ¢ the Gd3*-Q[6] triple-decker sandwich
complex

Fig. 2.19 X-ray crystal structures of Ln3+-Q[6] assemblies: a hydrogen-bonded host-guest
assembly of two [Gd(H,0)7NO3]*t cations with Q[6] which encapsulates a pyridine molecule
in its cavity; b a La>T-Q[6] complex incorporating an encapsulated pyridine molecule (pyridine
encapsulation occurs for half the complexes while the other half encapsulate a water molecule);
the La3" site is disordered between each portal (both positions shown); ¢ La3t-Ql6] complex
incorporating an encapsulated tetrahydrofuran molecule
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(La’*:Q[6]) cationic inclusion complex of type {[La(H,0)sCl](THF@QI[6])}*+
(THF = tetrahydrofuran) through slow diffusion of THF vapor into a solution con-
taining Q[6] and lanthanum nitrate in 3 M HCI (Fig. 2.19c). The La’t coordina-
tion sphere in this case consists of two carbonyl oxygens, six water molecules and
a chloride ion.

Fedin and coworkers have synthesized a series of polynuclear lanthanide com-
plexes by reacting Q[6] with aqueous solutions of lanthanide(III) nitrates [51],
chlorides [52] or bromides [39], Q[6], and 4-cyanopyridine under hydrothermal
conditions (130 °C). These w-hydroxo polynuclear lanthanide complexes are
formed in aqueous solution and their formation involves hydrolysis of the cor-
responding Ln3* salts with, under the conditions employed, the 4-cyanopyridine
also being hydrolyzed to isonicotinic acid. Thus, for example, using lanthanide
nitrates, a series of tetranuclear aqua-hydroxo-carboxylate complexes of type
{[Lng(u3-OH)4(r2-OH)2(CsNH4COO0)2(H20)4(Q[6])2][Ln(H20)sg]1 5[ Ln(H20
)6(NO3)2]0.5}(NO3)9 - nH>O (Ln = Ho, Gd, or Er) was obtained and character-
ized by X-ray diffraction analysis, elemental analysis, infrared spectrophotometry,
and electrospray ionization (ESI) mass spectrometry [51]. The sandwich struc-
ture involves coordination of a central tetrahedral lanthanum cluster to two Q[6]
via four oxygens (two per Ln3* cent) at each portal (Fig. 2.20a). The presence
of bridging bidentate carboxylate groups in the tetranuclear cluster was postulated
to stabilize the observed structure by inhibiting formation of infinite polymeric
species.

The above products are generally similar to a range of complexes formed from
chloride [52] and bromide [39] lanthanide salts (Fig. 2.20b) in that sandwich com-
plexes are generated; although, in particular complexes, some structural differences
do occur—reflecting variation in the synthetic conditions and/or due to the intrinsic
differences in the properties of the lanthanide cations themselves. Some variations
on the basic structure are illustrated in Fig. 2.20c—f. All these complexes incor-
porate a tetranuclear lanthanide cluster (Lnl-Ln4) core positioned between two
neighboring Q[6] molecules. Lnl and Ln2 each coordinate to two portal carbonyl
oxygens of a Q[6] molecule while Ln3 and Ln4 coordinate to two portal carbonyl
oxygens of the second Q[6] molecule in the sandwich complex, with the carboxy-
late groups (O1, O2 and O3, O4) from two isonicotinates coordinating to Ln1, Ln2
and Ln3, Ln4, respectively. The aromatic ring of each bridging bidentate isonicoti-
nate is included in a Q[6] cavity. The four Ln3* cations are linked by four pu3-OH
groups and from one to four py-OH groups (depending on the particular lanthanide
involved). Thus, for example, there are four p3-OH groups and one py-OH group
in the structure shown in Fig. 2.20c. In particular complexes, one or two addi-
tional isonicotinate ligands also bind to particular Ln* sites (Fig. 2.20c—f) while
in other cases the carbonyls from the second (“outside™) portal of each Q[6] also
bind to further Ln3* cations (Fig. 2.20d, e). Selected compounds from the above
series have been employed as precursors for the synthesis of lanthanide-silver
heterometallic coordination polymers [39]. In these heteronuclear compounds
the affinity of the isonicotinate pyridyl nitrogen for Ag™ has been exploited to
produce chain polymers in which La’t, Pr3* and Dyt sandwich complexes are
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Fig. 2.20 X-ray crystal structures of tetranuclear lanthanide aqua hydroxo-Q[6] sandwich com-
plexes: a representative tetranuclear lanthanide aqua hydroxo core; typical sandwich complexes
in which b Ln = Gd [55], Ho [55], Er [55, 56], Yb [56]; ¢ Ln = Dy [57], Ho [57], Er [57];
dLn=La|[57]; e Ln = Pr [56, 57], Nd [56]; and f Ln = La [57], Pr [57], Dy [57]; the tetrahedral
Ag™ centers are shown above and below the top and bottom portals of the Q[6] sandwich structure

linked via coordination of their nitrogen atoms to Ag™ ions to yield repeating units
of the type shown in Fig. 2.20f.

Although Fedin et al. originally focused on the preparation of polynuclear lan-
thanide complexes, the approaches that they adopted greatly aided the develop-
ments in Q[n]-based host—guest coordination chemistry.

Since 2008, Thuéry have synthesized numerous Q[6]-based complexes with
lanthanides and actinides in various media, such as neutral aqueous solution,
nitric acid, sulfuric acid, formic acid, and perrhenic acid. These reactions have
been carried out in the presence of various species, which could behave as struc-
tural inducers: examples include sebacic acid, L-(+)-tartaric acid, citric acid, and
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second metal salts. For example, Thuéry characterized a series of Q[6]/Ln>*-based
molecular capsules (Ln = Ce>*, Pr3t) and molecular bowls (Ln = Yb3*, Lu’t)
including a perrhenate anion in perrhenic acid (Fig. 2.21a, b). Only the coordina-
tion of Sm3* cations with Q[6] form a molecular pair in which two Sm3t cati-
ons link two neighboring Q[6] molecules (Fig. 2.21c) [53]. In the presence of
the a-amino acid L-cysteine (L-cys), the reaction of Nd(NOs3)3, Eu(NO3)3, or
Tb(NO3)3 salts with Q[6] gives simple complexes that belong to Q[n]-based
host—guest/coordination chemistry, as shown in Scheme 1.1. In all three cases,
each metal cation is bound to the bidentate Q[6] and the monodentate L-cys mol-
ecules, with the latter in the zwitterionic form, and the ammonium group of L-cys
is directed away from Q[6] (Fig. 2.21d) [27]. In the presence of p-sulfobenzoic
acid (4-SB), combination of Q[6] with Nd(NO3)3 seems to give a molecular pair
in which two Q[6]-based capsules are close to each other (the two Nd3t cations
between the two capsules have 50 % occupancy). However, the Nd** cation at the
other portal of Q[6] coordinates to both the Q[6] molecule and 4-SB (Fig. 2.21e)
[53]. It is interesting to compare the former two Q[6]/Ln>t/guest complexes

Fig. 2.21 X-ray crystal structures of simple complexes of Q[6]/Ln>* cations and the correspond-
ing supramolecular assemblies: a a molecular capsule of Q[6]/Ln3+ (Ln = Ce, Pr); b a molecular
bowl of Q[6]/Ln3* (Ln = Yb, Lu), ¢ a molecular pair of Q[6]/Sm>**; d a Q[6]/Ln3*/L-cys com-
plex (Ln = Nd, Eu, Tb); e a Q[6]/Nd3+4—SB complex pair; and f a Q[6]/Eu3+/HPA complex
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with that obtained from the anion derived from 2-pyridylacetic acid (HPA). The
crystal structure of the Q[6]/Eu3+/AP_ complex shows that the Q[6] molecule
coordinates with a Eu3* cation, and includes the aromatic moiety of the organic
guest. Moreover, the anion moiety (COO™) of the guest further coordinates to
the capped Eu’* cation, resulting in the formation of the typical organic-guest-
induced Q[6]/metal complex (Fig. 2.21f) [54].

Using a hydrothermal method, Thuéry obtained some simple Q[6]/UO,*+
complexes by combination of Q[6] and UO3 or UO(NO3), - 6H,0 in the pres-
ence of perrhenic acid and formic acid, respectively [55]. The crystal structure of
the complex with perrhenic acid shows a dinuclear species in which one uranyl
ion is bound to each Q[6] portal through bidentate coordination, to one perrhen-
ate ion located trans with respect to the macrocycle, and to half a perrhenate ion,
which occupies the same coordination site as an aqua ligand. Both are given occu-
pancy parameters of 0.5 (Fig. 2.22a) [55]. The crystal structure of the complex
with sebacic acid shows uranyl coordination by Q[6]. Each Ul atom is bound to
two carbonyl atoms from two Q[6] molecules, which are adjacent in its equatorial
plane. The average length of such bond is 2.38(4) A, in agreement with the aver-
age value of 2.36(4) A for urea derivatives reported in the Cambridge Structural
Database (CSD) (Fig. 2.22b) [56]. Heterometallic Q[n]-based complexes com-
monly feature coordination of two different metal ions at both portals of the Q[#n]
molecule. Thuéry demonstrated an unusual case in which a series of novel het-
erometallic uranyl-lanthanide molecular complexes (Q[6]/U 0,*t/Ln*t, Ln = Sm,
Eu, Gd, Lu) are obtained from the reaction of uranyl and lanthanide nitrates with
QI6] in the presence of perrhenic acid under hydrothermal conditions. Both metal
cations of UO,?* and Ln3* are bound to carbonyl groups of the same Q[6] portal
(Fig. 2.22¢) [57].

(a)
Re

Fig. 2.22 X-ray crystal structures of two Q[6]/UO,** complexes formed in the presence of
a perrhenic acid; b formic acid; and ¢ the heterometallic Q[6]/UO»*H/Ln3+ complexes
(Ln = Sm, Eu, Gd, Lu)
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Fig. 2.23 X-ray structure
of the isomorphous
heterometallic complexes
of type [UO,Ln(Q[6])
(ReO4)2(NO3)(H20)7]
(Ln = Sm, Eu, Gd, Lu),
shown for Ln = Sm

Initial attempts by Thuéry to prepare heteronuclear uranyl-lanthanide Q[6]
complexes were unsuccessful [27]. However, four such species of type [UO,Ln(Q[6])
(Re04)2(NO3)(H20)7](ReO4); (Ln = Sm, Eu, Gd, Lu) were subsequently isolated
following reaction of a mixture of uranyl nitrate and lanthanide nitrate with Q[6] in
the presence of [ReO4]™ under hydrothermal conditions [57]. In an unusual arrange-
ment both the UO»?T and Ln>* cations bind to carbonyl groups on the same Q[6]
portal (Fig. 2.23). The UO,>* also binds to a monodentate [ReO4]~ group as well as
to three waters while the Ln3T binds to a monodentate [ReO4]~ and a nitrato ligand
together with four waters, with the latter [ReO4]™ included in the Q[6] cavity. This
was the first reported example of the inclusion of a tetrahedral oxoanion in Q[6].

In a subsequent study it was shown that UO,?t combined with Nd**, Dy3+,
Ert, or Yb3Tt nitrate in each case reacts with Q[6] and 1,2-ethanedisulfonate
(EDS?™) under hydrothermal conditions to yield heterometallic complexes of type
[(UO2)4aNd2(EDS)4(OH)4(Q[6])(H20)16]1(NO3)2 - 8H>0, and [(UO2):Ln; s(EDS),
(OH)2(NO3)1.5(Q[61)(H20)7.51[(UO2)2(EDS)-(OH)2(H20)4]NO3 - 5.5H20 (where
Ln = Dy, Er and Yb) [58]. In each complex the Ln3* jon is bound to a Q[6] and
partially caps a portal. Each EDS?~ co-ligand binds to a UO,?T and an Ln>* ion
via its two sulfonate groups in a bis-monodentate manner, with the UO,>* ion
also being part of a bis(hydroxide)-bridged dinuclear unit that forms part of a
link between adjacent Q[6] units such that each complex adopts a ribbon-like 1D
assembly.

In summary, unlike in the coordination of Q[5] with the metal ions, a wider
bonding site distribution is available because of the larger portal size of Q[6]s.
With such distribution, the metal ion can generally coordinate to one to three por-
tal carbonyl oxygens, and more than one metal ion may be located at the same
portal of a Q[6] molecule.
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2.3 Simple Coordination Complexes
of Cucurbit[n, n > 7]urils with Metal Ions

A comparison of complexes of Q[n, n > 7]s and Q[5 or 6]s shows that the coor-
dination of Q[n, n > 7]s with metal ions is more difficult than that of Q[5 or 6]
with metal ions. Few of the simple complexes involving with Q[n, n > 7]s have
been reported in Q[n]-based coordination chemistry. The larger portal size of Q[n,
n > T]s result in an even wider distribution of the carbonyl oxygens, which may be
a reason for the difficulty in the coordination of Q[n, n > 7] with metal ions. The
first crystal structures of Q[7]/metal-based coordination complexes were obtained
by Thuéry. He investigated the influence of perrhenate ions on the structure of lan-
thanide complexes with Q[n]s to further probe the properties of Q[n]s in perrhenate
encapsulation [27]. The compound has a very large assembly uniting two differ-
ent Q[7]/Yb> complexes: The first comprises two Q[7] molecules bridged by one
Yb3t cation, with two partially included (but not coordinated) [Yb(ReO4)(NO3)
(H>O)s]* cations (Fig. 2.24a). The second is built from one bidentate Q[7], one
coordinated cation that is disordered over two positions related by a mirror plane,
and one coordinated and included ReO4™~ anion (Fig. 2.24b). However, in the pres-
ence of CsNOj3 or aqueous formic acid, combination of Q[7] with UO(NO3), or
UO;3 can yield simple Q[7]/UO,>t complexes, as shown in Fig. 2.24c, d, respec-
tively [59]. In both Q[7]/U 0,2+ complexes, the UO,*t cation coordinates one por-
tal carbonyl oxygen, and a pair of OH™ anions link two UO,>* cations.

Even though more Q[8]/metal-based simple complexes have been reported,
only two typical Q[8]/metal-based coordination complexes have been synthesized

Fig. 2.24 X-ray crystal structures of a and b two different Q[7]/Yb*>* complexes and two
different Q[7]/U022+ complexes in the presence of ¢ CsNO3 and d formic acid
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(a)
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Fig. 2.25 X-ray crystal structures of two different Q[8]/Metal complexes a Q[8]/Sr2t complex
and b Q[8]/Bi** complex

Fig. 2.26 X-ray crystal structures of a the Q[5]@Q[10]/K™ complex and b tQ[14])/Eu3*

and characterized by X-ray diffraction in the early development of cucurbituril
chemistry. One was obtained by slow concentration of aqueous solutions contain-
ing strontium nitrate and Q[8]. The crystal structure of this Q[8]/Sr2+ complex
shows that each Q[8] molecule is bound to four strontium cations (two cations per
each portal), and the strontium atoms linked to the portal of the larger macrocycle
are remote from each other and are not linked to each other through the bridging
ligands (Fig. 2.25a) [60]. The other Q[8]/metal-based coordination complex was
obtained by reacting Bi(NO3)3 with Q[8] in 3M HNOs. This complex has a Q[8]
molecule coordinated by two [Bi(NOg)(H20)5]2+ fragments (Fig. 2.25b) [61].
Cucurbit[10]uril (Q[10]), which was discovered by Day in 2002, used to be
the largest member in the Q[n] family. However, it is rare to see a simple com-
plex of Q[10] or its derivatives [4, 62, 63] with metal ions not only because Q[10]
itself is rare, but also because of the wider carbonyl oxygen distribution. A host—
guest/M" complex, Q[5]@Q[10/K™ was synthesized by Liu and coworkers
(Fig. 2.26a) [64]. A Q[5] molecule is included in the cavity of Q[10], and two KT
cations, each of which does not fully cover portal of Q[5] molecule, coordinates
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two portal carbonyl oxygens of the Q[10] molecule. As mentioned previously, we
recently reported the new largest member of the Q[n] family, namely tQ[14]. In
fact, determination of the structural characteristics of tQ[14] was also first based
on the determination of the complex of tQ[14] molecules with the aid of Eu’t cat-
ions (Fig. 2.26b) [5]. This was accomplished because the tQ[14]/Eu3+ structures
belong to coordination polymers, which will be presented in detail later.

Based on the above results, we summarized the main simple Q[n]-based com-
plexes, in which Q[n]s play the role of poly-dentate ligands and interact with
metals through direct coordination to the portal carbonyl oxygens. These simple
complexes could be applied to selective inclusion of anions, absorption of mol-
ecules, drug delivery, and so forth.
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Chapter 3
Coordination Polymers of Cucurbit[n]urils
with Metal Ions

Abstract The recent work has revealed that Q[n]-based coordination chemistry is
gradually changing from simple coordination to novel polydimensional coordina-
tion polymers of metal ions to Q[n]s. In particular, our recent study revealed that
the coordination of Q[n]s with metal ions in the presence of a third species (often
an anionic species or an organic molecule), that is, a structure inducer, can result
in the formation of various cucurbit[n]uril-based polydimensional supramolecular
coordination architectures and polymers. Weak noncovalent interactions derived
from the “outer-surface interactions” of Q[n]s, such as hydrogen bonding, 7-- 7
stacking, and C-H---t and ion—dipole interactions, have important roles in those
systems. Detailed investigations have indicated that such noncovalent interactions
can be the main driving forces in the formation of Q[n]-based supramolecular
assemblies and functional materials. For example, the pore sizes and hydrophobic
cavities of these compounds that lead to unprecedented properties, and potential
applications in gas absorption, polycyclic aromatic hydrocarbons (PAHs) separa-
tion, and so on.

Keywords Coordination polymers + Metal ions * Structure inducer + Hydrophobic
cavities + Gas absorption + PAHs separation + Polydimensional supramolecular
coordination + Supramolecular assemblies

3.1 Coordination Polymers Prepared by Simple Reaction
of Cucurbit[r]urils with Metal Ions

Generally, interaction of Q[n]s with metal ions give rise to simple complexes,
such as molecular bowl conformation, or molecular capsule conformation, and
so on, occasionally, give rise to some coordination polymers and supramolecular
assemblies. To the best of our knowledge, the only Q[5]-based linear coordina-
tion polymer was first reported by Liu and coworkers in 2006 by simply mixing
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Fig. 3.1 Linear coordination polymer of Q[5]s and K* cations

up Q[5] and potassium chloride in 1.5 M hydrochloric acid, in which lidded Q[5]
molecules link to one another through coordination of their carbonyl groups to the
potassium cations in between (Fig. 3.1) [1].

Compared to Q[5]-based coordination polymer, Q[6] offered more chances to
form linear coordination polymers due to the larger portals, which can attract more
than one metal ion at one portal. Mock and Freeman first characterized it in 1981,
although they did not give the structural details of the Q[6]/Ca*t complex, and
instead focused on the remarkable structure of Q[6] itself [2]. Freeman described
this complex in his succeeding paper in 1984 [3]. In the Q[6]/Ca>* complex, each
Ca”* ion is coordinated to three carbonyl O atoms; two at a portal of one cage
and the third at a portal of an immediate neighboring Q[6] (Fig. 3.2a). Thus, a
1D polymer is formed through direct coordination of Q[6] molecules and Ca®*
cations. Materials with tubular architectures have attracted considerable interest
in the areas of nanotechnology, molecular sieves, ion sensors, and fluidic trans-
port systems [4—6]. Q[n]s readily coordinate with various metal ions to form 1D
tubular polymers through direct coordination. The coordination of Q[6] with alkali
metal ions could result in common 1D coordination polymers in which every two
Q[6] molecules are linked by two alkali metal ions, and the two metal ions may be
bridged by sharing water molecules or not bridged (Fig. 3.2b—d) [7-9]. In particu-
lar, the Q[6]/Rb™ coordination polymer chains are arranged to form a honeycomb
structure with large linear hexagonal channels running parallel to the polymer
chains (Fig. 3.2e, ).

When we summarized the simple coordination complexes of Q[6]s with metal
ions, we mentioned that the interaction of Q[6]s with transition metal salts formed
mainly adducts of Q[6] with metal aqua complexes [10]. It is even more rare to
observe the coordination polymers based on Q[6]s with transition metal ions.
An interesting exception was demonstrated by Liu and coworkers in 2009. They
chose the copper(Il) ion, nitrate, and the weak-field ligand, chloride, to construct
transition metal cucurbituril-based coordination tubes. They obtained a 1D zig-
zag coordination polymer {[Cu(H>0)4Q[6]] - (NO3), - 8H;0},, and the tubular
coordination polymer {[Cu(H,0),CL,Q[6]] 1/3 - (H2O)3},, and demonstrated
a means of enhancing the coordination ability of the terminal carbonyl group of
cucurbituril under the direction of coordination chemistry [11]. The zigzag 1D
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(a)

Fig. 3.2 X-ray crystal structures of a 1D polymer formed through direct coordination of Q[6]
molecules. a Ca®t cations; b Na™ cations; ¢ KT cations; d Rb* cations; e honeycomb-like
arrangement of the Q[6]/Rb™ coordination polymers and f a large hexagonal channel with a
mean diameter of about 10 A constructed from the Q[6]/Rb™ coordination polymers. Rb™ cations
are omitted for clarity in Fig. 3.2e, f

coordination polymer was formed through coordination of each copper(Il) ion
with two terminal carbonyl groups from two adjacent cucurbiturils (Fig. 3.3a, b).
The assembly of a cucurbituril-based coordination polymer occurs through inter-
actions with the weak-field ligand, C1~. The tubular structure is formed from three
copper(Il) ions linked to six carbonyl groups from two adjacent cucurbiturils,
three of which derive from one cucurbituril unit and the remaining alternating
groups from the adjacent one (Fig. 3.3c, d).

Under hydrothermal conditions (at 120 °C) Nd(NO3)3 reacts with Q[6] in water
to yield Polymeric [{Nd(NO3)(H20)4}2(NO3@Q[6])][Nd(NO3)s],. Its structure



40 3 Coordination Polymers of Cucurbit[n]urils with Metal Ions

(b)

)

p—
Ful ‘l
Fig. 3.3 X-ray crystal structures of a 1D polymer through direct coordination of [6] molecules

and Cu?* cations in the presence of NO3~ anions a side view and b top view; Cu®* cations in the
presence of C1~ anions ¢ side view, and d top view

Fig. 3.4 X-ray crystal structures of the [{Nd(NO3)(H20)4}2(NO3@Q[6])][Nd(NO3)¢], coordi-
nation polymer

shows pseudohexagonal packing of polymeric chains that consist of Q[6] mole-
cules linked via pairs of neodymium cations bound to portal carbonyl groups (see
Fig. 3.4) [12]. In this arrangement, each Q[6] molecule is thus coordinated to four
Nd3* ions, with each Nd3* bound to two Q[6] molecules (by one carbonyl group
from one Q[6] molecule and two carbonyl groups from the adjacent Q[6] mole-
cule). Each Nd3* site also binds to four water molecules and a bidentate nitrate
anion so that each metal center is again nine-coordinate. [Nd(N03)6]3_ counter
ions are located between the polymeric [{Nd(NO3)(H20)4}2(NO3@Q[6])]3+
chains.
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3.2 Induced Coordination Polymers of Cucurbit[S]urils
with Metal Ions

As mentioned already, there has been a trend toward the use of third species as
structure directing agents in Q[n]—metal systems, and the driving forces could be
the so-called outer surface interactions of Q[n]s [13]. These species produce Q[n]-
based supramolecular assemblies whose properties, structural novelties, and func-
tionalities exceed those of assemblies obtained in the absence of such agents. For
example, the coordination behavior of the light lanthanides can sometimes show
a marked difference to that of the heavier lanthanides. This was clearly demon-
strated in a study by Thuéry [14] who attempted to prepare a similar K*/Ln3*
complex of the “heavy” lanthanide ion, Yb>*, by employing a corresponding
Yb3*/K*-Q[5] perrhenic acid reaction mixture that is used to prepare the hetero-
metallic Ln3*/K*-Q[5] complexes of Ce3t, Sm3*, Gd3* (represented schemati-
cally by Fig. 2.11). Instead, in this case the procedure resulted in the formation of
a colorless crystalline product whose X-ray structure showed it to be a 1D coor-
dination polymer of type {[Yb(Q[5])(H20)4](ReOy4)3 - H,0},.. Unexpectedly, K™
does not coordinate, while Yb>* ions bind simultaneously to adjacent Q[5] portals
so that ---Yb3*t-Q[5]-Yb>+-Q[5]-Yb>*--. metallo-supramolecular chains are gen-
erated (Fig. 3.5); once again the [ReO4]™ counter ions occupy positions between
the chains. In discussing his results, Thuéry pointed out that both the presence of
K™ and perrhenic acid in the reaction medium are important for the successful iso-
lation of both the heteronuclear Ln3+/K+—Q[5] complexes and the homonuclear
polymeric Yb3+-Q[5] complex [14].

Although we have not observed linear coordination polymers by simply mixing
the unsubstituted Q[5] with alkali or alkaline earth metal salts other than potas-
sium salts, we obtained such supramolecular polymers constructed from SQ[5]s
with other metal ions by simply mixing the two species. For example, the reac-
tion of CyHsQ[5] with NaCl can give a 1D coordination polymer (Fig. 3.6a)
[15]. Close inspection reveals that Nal and Na2 also fully cover the two por-
tals of a CyHsQ[5] molecule, resulting in the formation of typical molecular
capsules. These capsules are linked by the third sodium cations (Na3) through
direct coordination with two neighboring CyHsQ[5] molecules, and form the 1D

Fig. 3.5 X-ray crystal structure of the Yb>*t-Q[5] 1D coordination chain polymer present in
{[YD(Q[5D(H20)4](ReO4)3 - H20},
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Fig. 3.6 X-ray crystal structures of 1D coordination polymers consisting of a CyHsQ[5]/Na™;
b CyHsQ[5]/Ba>*; and ¢ CyHsQ[5)/La>t

coordination polymer [15]. In contrast, Ba2* fully covers a portal of CyHsQ[5] in
the CyHsQ[5]/Ba**-based 1D coordination polymer, and coordinates to two por-
tal carbonyl oxygens of the neighboring CyH5Q[5] molecule. This coordination
results in the formation of an 1D polymer constructed from alternating CyHsQ[5]
molecules and Ba®* cations (Fig. 3.6b) [16]. Although the atomic radii of lantha-
nides are generally shorter than those of the alkali or alkaline earth cations, 1D
coordination polymers from alternating CyHsQ[5] molecules, and La’* cations
(Fig. 3.6¢) may be observed. No portal of the CyHsQ[5] molecule is fully covered
with La3T, but it offers two portal carbonyl oxygens to coordinate with La3* [17].
Why do the alkyl-substituted SQ[5]s show such different coordination and
supramolecular assemblies from the unsubstituted Q[5]? A comparison of electro-
static potential surface calculations based on density functional theory (B3LYP/3-
21G* basis set) for three typical Q[5]s—Q[5], Me9Q[5], and CyPsQI[5] (Fig. 3.7)
shows that the mapped on electron density isosurfaces (0.001 e/au®) for the por-
tal carbonyl oxygens on the three Q[5]s are different, the alkyl-substituted SQ[5]s
are generally more negatively charged as a consequence of the electron donating
effect of the alkyl substituents, we call them as self-structure directing agents,
resulting in more affinity for metal ions, and form novel coordination polymers
and supramolecular assemblies [18-20]. The alkyl-substituted SQ[5]s can not
only form 1D coordination polymers and supramolecular assemblies as shown in
Fig. 3.6, but can also be linked directly by metal ions to create supramolecular
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QI5] Me,,QI5] CyP:Q[5]
-29.8 Kcal'mol! -32.6 Kcal'mol! -31.1 Kcal'mol"

Fig. 3.7 Electrostatic potential maps (ESPs) for Q[5], MeoQ[5], and CyPsQ[5], respec-
tively. ESPs are mapped on electron density isosurfaces (0.001 e/au®) for cucurbit[n]urils at the
B3LYP/6-311G (d, p) level of theory with Gaussian09

rings (Scheme 3.1a), which may further fuse into 2D networks (Scheme 3.1b).
The first SQ[5]-based supramolecular ring was constructed from o,a'-
dimethylcucurbit[S]uril (DMeQ[5] though direct coordination of metal ions to the
carbonyl oxygen of the substituted glycoluril moieties of DMeQ[5] [18]. Further
studies have revealed that it is a common feature of the alkyl-substituted SQ[5]s to
coordinate directly with metal ions and to form a SQ[5]-based supramolecular ring
which can fuse into various SQ[5]-based metal-organic networks (Fig. 3.8) [18].
In all of these cases, a common structural motif, i.e., a trigonal-planar branch, can
be observed. Each branch contains 12 metal ions (the metal ion is K*) coordinated
in a similar way and three SQ[5] moieties; each K* ion not only coordinates to
the portal carbonyl oxygens of an SQ[5], but also directly coordinates to one of
the carbonyl oxygens of the neighboring SQ[5]. The branches can fuse into six-
membered “bracelets,” and these can further fuse into 2D networks (Scheme 3.1b
and Fig. 3.8).

X-ray crystal structures show that these SQ[5]/KT-based networks are assem-
bled from trigonal-planar branches in which each of three SQ[5] “beads” is linked
by K7 ions, as shown in Fig. 3.8. Six-membered rings with different geometric
patterns can be identified in the corresponding 2D SQ[5]/K*-based networks.
These patterns include trigonal (Fig. 3.8d, q), hexagonal (Fig. 3.8c), and quadrilat-
eral patterns (Fig. 3.8h, u). At first glance, all five trigonal-planar branches of the
respective compounds are structurally similar. In reality, however, they have many
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Scheme 3.1 Assembly of 1D (a) and 2D (b) catenated frameworks based on metal-ion-linked
cucurbiturils

differences that lead to the formation of different six-membered rings with differ-
ent geometric patterns. These differences could in turn affect the structural con-
formation of the formed 2D networks and the superimposition of the networks in
the corresponding compounds. We closely inspect the trigonal-planar branch con-
structed from three DMeQ[5] moieties (Figs. 3.8b and 3.9). Both portals of each
DMeQ[5] molecule in the branch are fully covered by potassium cations through
direct coordination. Moreover, each capping K™ ion is coordinated to a portal car-
bonyl oxygen of a neighboring DMeQ[5] in the trigonal-planar branch. Thus, three
capping potassium cations form a junction link of three DMeQ[5] molecules and
lead to the formation of the trigonal-planar branch. At the respective portals of the
DMeQ[5] molecule, one can see four junctions of three capping K™, which reside
in the same chemical environment. In other words, the four junctions of three cap-
ping KT are identical. The two adjacent DMeQ[5] portals are mutually offset in
the trigonal-planar branch, at offset angles of 61.79°, 62.13°, and 59.03°, as shown
in Fig. 3.9. There are four identical junctions linked by three K™ ions (K1, K2,
and K3) in the trigonal-planar branch. The dihedral angles between the junction
plane and the center junction plane are 6.75° for ZS0S1, 32.12° for ZS0S2, and
32.12° for £S0S3. The two junction planes S2 and S3 are clearly parallel in the
trigonal-planar branch, with a gap (dsy_s3) of 5.534 A. The dihedral angle seems
to be an important parameter that could indicate the construction of 2D networks
or 3D frameworks through SQ[5]/M"" coordination [19].

Much attention in supramolecular chemistry has been focused on the design and
synthesis of interlocked molecules, such as rotaxanes, catenanes, and molecular
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DMeQ(5) 1.3-DCyHQ(S) 1.2.4-TriCyHQ[5] 1.2.3-TCyHQ[S]

Fig. 3.8 First row the structures of the five related SQ[5]s (top view). Second row the corre-
sponding trigonal-planar branches constructed from SQ[5]s and K™ ions. Third row 2D networks
based on coordination of alkyl-substituted Q[5]s and potassium cations. Fourth row the six-mem-
bered “bracelets” isolated from the corresponding networks

knots [21-24]. Apart from being esthetically attractive, theses molecules offer the
potential for nanoscale applications in molecular devices and new materials [22].
Pioneering work by Kim and coworkers was undertaken utilizing long-chain guests
ending with active moieties. They accomplished this by first threading Q[6] to form
rotaxanes through the coordination of transition metal ions, and then using cat-
enanes, and molecular necklaces. These achievements have been reviewed by Kim
and others [25]. This field has since been extended to include Q[8]. The intrinsic
ability of Q[8] to encapsulate two guest molecules, i.e., a pair of electron-rich and
electron-deficient guest molecules, has been utilized to form a “molecular neck-
lace” through host-stabilized intermolecular CT complexes (Scheme 3.2) [26].
These novel architectures prompted us to exploit the strategy of changing the Q[n]-
based 1D polymer to polydimensional architectures through the direct coordina-
tion of Q[n]s with metal ions. The coordination between two adjacent portals and
metal ions was anticipated to lead to the formation of a string of Q[5]s. In addition,
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Fig. 3.9 The structural characteristics of the trigonal-planar branch constructed from DMeQ[5]
molecules and K™ ions

the interplay between alkyl substituents of neighboring Q[5]s was expected to lead
to novel solid-state structures or metal-organic frameworks (MOFs) with unusual
structures, including bracelet motif structures (Scheme 3.3) [20].

Our recent work revealed that SQ[5]s generally coordinate directly with
metal ions to form various SQ[5]-based MOFs with unusual structures. In such
cases, a common structural motif, the trigonal-planar branching unit, is observed
(Fig. 3.9). As mentioned, the dihedral angles between the junction plane and
the center junction plane could indicate the construction of 2D networks or 3D
frameworks through SQ[5]/M"* direct coordination [18-20]. When the dihe-
drals between any two KT-based junction planes have the same angle of 70.53°
in the trigonal-planar branch, the trigonal-planar branches fuse into 10-membered
SQI5] bracelets, but the six-membered SQ[5]s can further fuse into 2D network
coordination polymers, and which then fuse into 3D frameworks. Remarkably,
two identical but independent 3D infinite frameworks are generated, which are
mechanically linked through catenation. The resulting 3D frameworks are there-
fore composed of catenated, multifused 10-membered bracelets incorporating
potassium ions that link adjacent SQ[5] units through simultaneous coordina-
tion to their portal oxygens. Figure 3.10a—c shows three alkyl-substituted Q[5]s
and their supramolecular assemblies through direct coordination with potassium
cations.

We closely inspect the trigonal-planar branch constructed from three 1,2,4-
HMeQ[5] molecules (Fig. 3.10d). Two different K+ ions (K1 and K2), located at
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Scheme 3.3 Assembly of 3D catenated frameworks based on trigonal-planar branching units
composed of metal-ion-linked SQ[5]s

alternate ends of each 1,2,4-HMeQ[5] molecule, are present in the structure. Each
K2 center is directly coordinated to five portal carbonyl oxygens of one 1,2,4-
HMeQI5] molecule, while being bound to one (bridging) portal carbonyl oxygen
from an adjacent 1,2,4-HMeQ[5] unit. This coordination pattern is reproduced in a
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(a) (b) (c)

Fig. 3.10 a—c The structures of the related three SQ[5]s (top view) used for the preparation of
3D frameworks; d the trigonal-planar branches constructed from 1,2,4-HMeQ[5]s and K ions; e
schematic illustrating the identical dihedrals (70.53°) between any two K1 junction planes in the
trigonal-planar branch; f part of a single 3D framework incorporating multifused 10-membered
1,2,4-HMeQ[5] bracelets; g a single 10-membered 1,2,4-HMeQ[5] “bracelet”; h catenation of
two 10-membered 1,2,4-HMeQ[5] bracelets; i part of the overall structure showing the two multi-
catenated 3D frameworks, each composed of multifused 10-membered 1,2,4-HMeQ[5] bracelets

triangular manner such that the edges of three portals are drawn close together to
form the trigonal-planar branch, which also incorporates two symmetrically posi-
tioned water oxygens. A similar (but not identical) arrangement occurs with the
K1 end of each 1,2,4-HMeQ[5] molecule. The offset angles of the adjacent portals
in both trigonal-planar branches are all 62.37°, with the distances of K1 and K2
from the corresponding 1,2,4-HMeQ[5] portal coordination planes varying slightly
by 0.821 and 0.900 A, respectively. The two nonequivalent “junctions” are thus
constructed around three K1 and three K2 cations in the trigonal-planar branches.
The K7 ions in each K1 junction, as well as in each K2 junction, are positioned
at the vertices of an equilateral triangle, as shown in Fig. 3.10d. The separation
between K1 cations is 4.135 A, whereas that between K2 cations is 4.017 A. The
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dihedral angles between each K1 junction plane (the plane through the three Kl
atoms defining the triangle) and the corresponding adjacent K2 junction plane are
identical (70.53°); in addition, the dihedrals between any two K1 junction planes
are the same (70.53°) in the trigonal-planar branch (Fig. 3.10e). The constancy
of these angles is important for the generation of the observed 3D, 10-membered
bracelet frameworks. Figure 3.10f shows part of the 3D framework, illustrating the
fused trigonal-planar branches in relation to the unit cell axes. Each of the cat-
enated 3D frameworks is thus constructed from multifused, 10-membered 1,2,4-
HMeQ[5] bracelets. Figure 3.10g shows an isolated 10-membered 1,2,4-HMeQ[5]
bracelet consisting of a string of 1,2,4-HMeQ[5] “beads” linked by direct coordi-
nation to potassium ions. The size of the bracelet is partly dictated by the size of
each 1,2,4-HMeQ[5] bead, which has a diameter of ~12 A (taking into account the
presence of the methyl substituents). The 10-membered bracelets have an average
diameter of around 19 A, which is more than enough to fit a 1,2,4-HMeQ[5] unit
in the cavity when forming the catenated structure. Figure 3.10h shows two equiv-
alent catenated (noncovalently linked) 10-membered bracelets, while Fig. 3.10i
shows part of the two multicatenated 3D frameworks, each composed of multi-
fused 10-membered 1,2,4-HMeQ[5] bracelets (the unit cell axes are also shown).
As mentioned previously, there has been a trend toward the use of a third spe-
cies as structure inducer in Q[n]-metal systems. These species could result novel
Q[n]-based supramolecular coordination polymers and assemblies with unusual
properties, structural features. In that case, the positive outer surface of Q[n]s may
also play an important role in such supramolecular architectures (Scheme 1.2). For
instance, we have not seen polydimensional coordination polymers of Q[5] with
metal ions other than potassium cation in the absence of a third species, such as an
aromatic organic molecule or polychloridematollate anions as structure directing
agents. However, in the presence of p-hydroxybenzoic acid (Hyb), Q[5] behaves
as a tetradentate ligand and coordinates with two Ca®* cations on both portals,
resulting in the formation of a 1D helical coordination polymer. The Hyb mole-
cules surround the helical polymer and form a Hyb-based helix (Fig. 3.11a) [27].
Similar 1D coordination polymers have been assembled from Q[5] and various
lanthanide ions (Ln*) in the presence of Hyq as an organic structure inducer. It
should be noted that the coordination of Q[5] with light lanthanide cations leads
to the formation of zigzag 1D coordination polymers (Fig. 3.11b) and the coor-
dination of heavy lanthanide cations to Q[5] leads to the formation of homochiral
1D helical coordination polymers (Fig. 3.11c) [28]. Furthermore, the Hyq mol-
ecules are distributed around the 1D coordination polymers. In these cases, the
radii of the related cations are around 1 A; generally, such cations cannot fully
cover both portals of Q[5]. In order to effectively coordinate to the portals of Q[5]
molecules, these metal ions prefer to coordinate to two carbonyl oxygens for each
portal of Q[5] molecules, resulting in the formation of the alternating arrange-
ments of metal ions and Q[5] molecules. Figure 3.11d shows a CyHsQ[5]/K™-
based 1D coordination polymer assembled in the presence of an inorganic species,
[ZnCI3H,0]~. Both portals of each CyHsQ[5] molecule in the polymer are fully
covered by a potassium cation, which further coordinates to a carbonyl oxygen
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Fig. 3.11 X-ray crystal structure of 1D polymers based on the coordination of a unsubstituted
Q[5]/Ca2* in the presence of Hyb; b CyHsQ[5]/Na™; ¢ CyHsQ[5]/Ba2* in the presence of Hyq;
d CyH5Q[5]/La3+ in the presence of [ZnCI3H,O]™ anions. The possible interactions between; e
Q[n] molecules and aromatic organic molecules; and f Q[n] molecules and [Mi;ansCli]"~ anions

of the neighboring CyHsQ[5] molecule. Moreover, the [ZnCl3H,O]™ anions are
distributed around the CyHsQ[5]/K-based 1D coordination polymer [29, 30].
Figure 3.11 shows several typical cases of 1D coordination polymers con-
structed from Q[5]s and metal ions in the presence of organic molecules or inor-
ganic molecules, which behave as structure inducers. Generally, these molecules
closely accompany the polymers. Therefore, interactions between inducers with
components in the polymers, such as Q[n]s and metal ions, could be important
driving forces leading to the formation of Q[n]-based supramolecular polymers.
Chen and Yamauchi explored the chemical behavior of the convex outer walls of
Q[n], and found that the convex glycoluril backbones of Q[n] displayed a much
higher affinity to aromatic rings. Their analysis of the stacking of Q[5] and organic
molecules revealed that the aromatic molecules are always arranged between
two Q[5] molecules. Moreover, the aromatic plane of the organic molecules is
roughly parallel to one of the five-membered rings of glycoluril in the adjacent
QI5]s. This parallel orientation appears to reflect the presence of w—m stacking
and C-H---7 interactions. Therefore, the formation of such coordination polymers
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could be ascribed to these weak intermolecular interactions (Fig. 3.11e) [31-33].
On the other hand, recent works show that numerous supramolecular polymers are
accompanied by polychloride anion complexes ([MCl,]*~) which are formed in
HCI solution or in a medium with excess chloride anions. These [MCl,]"~ ani-
ons seem to play the role of structure inducers. The driving force behind the for-
mation is the interaction between chloride anions and methenyl or methylene on
the back of the Q[n] molecules, as well as the ion—dipole interaction between the
[MiransCL "~ anion and the carbonyl carbon atom of Q[n] molecules (Fig. 3.11f)
[34, 35].

The alkyl-substituted Q[5]s present the characteristics of direct coordination
with metal ions and spontaneous formation of polydimensional coordination poly-
mers. These characteristics indicate a likely increased electron density as a con-
sequence of the electron donating effect of the alkyl substituents. Many attempts
to synthesize similar polydimensional coordination polymers by using Q[5] under
the similar synthetic conditions have failed. However, when we introduced Hyb
into the Q[5]-KI system, a template or structure inducer, we obtained a stable 2D
network-like coordination polymer with accessible channels [36]. The solid-state
structure was found to have channels similar to those derived from the aforemen-
tioned alkyl-substituted Q[5]s and Sr2tor KT [17]. The channels are created by
QI[5] “beaded” six-membered rings [36], which are stacked upon one another to
form channels (Fig. 3.12b, ¢). The six-membered rings are joined together to form
a netting layer (Fig. 3.12b) through the trigonal-planar branches (Fig. 3.12a). Each
of the branches is constructed from three Q[5]molecular “beads” whose portals are
bound to three KT ions (Fig. 3.12a). The trigonal branches link a layer of molecu-
lar netting with hexagonal holes, and each netting layer is stacked upon the next
layer below it (Fig. 3.12c, d).

In the above trigonal-planar branch, the radii of the metal ions are gener-
ally larger than 1 A, and the portals of the Q[5]s are generally fully covered by
metal ions such as Kt, Sr2t, and so forth. Recent research revealed that in the
presence of inorganic structure inducers, such as some transition metal salts, a
series of Q[5]-Ln(NO3)3 systems could yield novel 2D-network coordination
polymers. For example, X-ray structural analysis has shown the Q[5]/Sm>* pair
(Fig. 3.13a) [30]. The pairs are not discrete, but they are essential building blocks
for constructing the Q[5]1/Sm>T pair-based 2D-network coordination polymer
(Fig. 3.13b). In the Q[5] pair, two Q[5] molecules are linked by a [sz(H2O)4]3+
cation through direct coordination of the Sm2 cation to two portal carbonyl oxy-
gens of the Q[5]s (06, O7, and O11, O12). The other portal of the two Q[5]
molecules in the pair is fully capped by Sml and Sm3 cations. Moreover, Sm1
and Sm3 also coordinate to the neighboring portal oxygens (O14 or O9, respec-
tively). This additional coordination leads to the formation of the novel network
constructed from the Q[5] pair (Fig. 3.13b, c). Although the inorganic salt CuCl,
acts as a supramolecular assembly inducer in this case, Cu>* cations do not appear
in the crystal structure of the Q[S]/Sm3+ complexes. The Sm—Q[5] porous mate-
rial could have similar or even better absorption properties compared with the KI-
Q[5]-Hyb hexagonal netting sheets.
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Fig. 3.12 X-ray crystal structures of a the trigonal-planar branch of three Q[5] coordinated to
potassium ions (yellow); b the six-membered Q[5] “beaded” rings in a single layer with mol-
ecules of Hyb (green) centered over each junction. H>O in the channels is omitted for clarity; ¢
a view of the template molecules, Hyb (green), between the layers; d the location of the I~ ions
between the netting layers of Q[5] “beaded” ring. Adapted from Ref. [36] with permission from
The Royal Society of Chemistry

More recently, we demonstrated the coordination of neodymium (Nd3*) cations
with cucurbit[5]uril (Q[5]) and corresponding supramolecular assemblies in the
presence of tetrachlorozincate [ZnCl4]>~ anion [37]. The [ZnCl4]?~ anions gave
rise to a “honeycomb effect” that resulted in the formation of Nd3+/Q[5]-based
linear coordination polymers and 2D networks. X-ray crystallographic analysis of
this compound showed a 2D network (Fig. 3.14a). Close inspection revealed that
each Q[5] coordinate with three Nd3+ cations (Nd1, Nd3 at one portal, whereas
Nd2 at other portal of the Q[5] molecule), each Nd1 or Nd2 coordinates to two
neighboring Q[5] molecules with similar manner: fully cover on a portal of Q[5]
molecule, and one coordination with one portal carbonyl oxygen of neighbor-
ing Q[5] molecules, resulting in the formation of 1D coordination polymers. In
addition, the coordinated Nd3 cations coordinate to neighboring Q[5] molecules
belonging to adjacent Nd/Q[5]-based linear coordination polymers, thus resulting
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Fig. 3.13 X-ray crystal structure of a samarium cation/cucurbit[S]uril pair linked by a
[Sm(H>0)4]?F cation through direct coordination; b the network constructed of the Q[5] pairs; ¢
stacking of the networks filled with nitrate anions

in the formation of a 2D network. Figure 3.14b shows the detailed coordination
of Q[5] with Nd3* cations. On the other hand, the [ZnCl4]>~ anions, formed from
Zn** cations in HCI solution, are found in association with a distorted honey-
comb-like framework (Fig. 3.14c) in which the Nd/Q[5]-based linear coordination
polymers are filled in the cells (Fig. 3.14d, e). Electrostatic interactions between
the Nd3*/Q[5] complex cations and the surrounded [ZnCl4]>~ anions could be
driving forces resulting in the formation of the Nd>*/Q[5]-based supramolecular
assembly.

In recent years, our lab investigated the coordination of metal ions to perhyd
roxycucurbit[n]urils {(HO),,Q[n]s}, which can offer not only portal carbonyl
oxygens but also the equatorial hydroxyl groups (another kind of self-struc-
ture directing agent) as binding sites to metal ions to assemble polydimensional
coordination polymers (Fig. 3.15, left). For examples, two novel 2D coordina-
tion polymers were obtained by reactions of alkali metal (K* and Cs™) salts with
perhydroxycucurbit[5]uril, {(HO);0Q[5]}, and their structures were determined
by single-crystal X-ray diffraction studies [38]. Structure analysis revealed that
the (HO)9Q[5] ligands are interlinked into 2D networks through coordination of
their carbonyl groups and hydroxyl groups to the alkali metal ions (K* and Cs™)
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Fig. 3.14 X-ray crystal structure of a Nd3+/Q[5]-based 2D coordination polymers; b detailed
coordination of Q[5] molecules and Nd3* (Nd1, Nd2, and Nd3) cations; ¢ overview of the
[ZnCl4]* -based honeycomb framework; d overview of the Nd/Q[5]-based supramolecular
assembly in the presence of; and e a Nd3*/Q[5]-based linear dimensional coordination polymer

in between. The solid-state packing of these complexes shows the formation of
open channels occupied by counter ions and noncoordinating water molecules. In
the (HO)10Q[5/K™ 2D network (Fig. 3.15a, b), each (HO);0Q[5] molecule coor-
dinates with four potassium cations, two of which (K1 and K2) fully cover both
portals of the (HO);9pQ[5] molecule. Meanwhile, K1 and K2 also coordinate two
oxygens (O19A and O16A) of the hydroxyl group of neighboring (HO);9Q[5]
molecules, respectively. The other two KT cations (KIA and K2A) coordi-
nate to two oxygens (019 and 016, respectively) of the hydroxyl groups on the
(HO)10Q[5] molecule, resulting in the formation of the (HO);9Q[5]/K*-based 2D
networks. Moreover, the staggered arrangement of these 2D networks along the ¢
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Fig. 3.15 (Left) coordination of hydroxyl groups on the outer surface of Q[n]s with metal ions;
(right) X-ray crystal structure a top view; b side view of (HO);oQ[5/K* 2D network; ¢ of
(HO)10Q[5]/K* complex; d stacking of the (HO)0Q[5]/K* 2D networks with honeycomb struc-
ture features

axis creates honeycomb-like supramolecular assemblies with infinite 1D channels
along the a axis, in which the CI™ counter ions and water molecules are entrapped.
(HO)19Q[5]/CsT-based 2D networks show similar structure features as those in the
(HO)19Q[5]/K-based 2D networks [38].

3.3 Induced Coordination Polymers of Cucurbit[6]urils
with Metal Ions

Recently, our lab also prepared a series of 1D polymers constructed from alkyl-
substituted Q[6]s with different metal ions. Among them are complexes of
TMeQ[6] with alkali and alkaline earth metal ions and their coordination polymers
[39]. As ligands, unsubstituted cucurbituril (Q[6]) or partially methyl-substituted
cucurbituril, TMeQ[6] can generally coordinate with either alkali or alkaline earth
metal ions and with certain complexes. However, the assembly of the complexes
of metal ions with Q[n]s could depend upon the Q[n] ligands. Previous experi-
mental results reveal that the unsubstituted Q[6] ligand can coordinate with alkali
metal ions and form a 1D supramolecular assembly of alternating Q[6] molecules
and metal ions through direct coordination (referring to Fig. 3.2) [7-9]. The results
also reveal that the TMeQ[6] ligand can coordinate with the alkaline earth metal
ions and form a 1D supramolecular assembly of alternating TMeQ[6] molecules
and metal ions through direct coordination (Fig. 3.16) [39]. The coordination
of Q[6] with alkaline earth metal ions also produces common 1D coordination
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Fig. 3.16 X-ray crystal structures of a 1D polymer formed through direct coordination of
TMeQ[6] molecules and a Cat cations; b Rr2™ cations; and ¢ Ba2* cations

polymers in which every two Q[6] molecules are linked by two alkaline earth
metal ions, and the two metal ions are bridged by sharing water molecules or not
bridged.

More recently, our group prepared a series of 1D polymers based on direct
coordination of lanthanides to alkyl-substituted Q[6] in the absence of structure
directing agents or to unsubstituted Q[6] in the presence of structure directing
agents [40-42]. As mentioned, alkyl-substituted Q[n]s present different charac-
teristics in coordination with metal ions, suggesting a likely increased electron
density as a consequence of the electrondonating effect of the alkyl substituents.
According to the summary on the coordination of unsubstituted Q[6] with lantha-
nide metal ions and the formation of Q[6]/Ln3+—based molecular capsules, molec-
ular bowls, or Q[6]/Ln3* pairs are very common, whereas 1D polymers are rare.
Under similar synthetic conditions, hexacyclohexanocucurbit[6]uril (HCyHQ[6])
interacts with lanthanide nitrate in water, generating mainly 1D polymers through
direct coordination of HCyHQ[6] with lanthanide metal ions (Ln =Y, Sm, Eu, Gd,
Tb, Dy, Ho, Er, Yb) [40]. The structure of the HCyHQ[6]/Sm3+ complex is given
in Fig. 3.17 as an example. The Sm3* cations exhibit octacoordination, with each
Sm3+ cation (Sm1) coordinated to eight oxygen atoms, viz. four carbonyl oxygen
atoms from two neighboring HCyHQ[6] molecules (O1, O6, O7, and O8) and four
water molecules (O1W, O2W, O3W, and O4W).

Thuéry recently prepared a series of 1D polymers through direct coordination
of Q[6] molecules and lanthanides or uranyl cations in presence of a third spe-
cies. For example, the reaction of lanthanide nitrates with Q[6] under hydrother-
mal conditions in the presence of perrhenic acid can yield two 1D polymers. These
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Fig. 3.17 X-ray crystal structures of a 1D polymer formed through direct coordination of
HCyHQI6] molecules and Sm3t cations

polymers have been crystallographically characterized and have been observed
to have some unique features. The two Q[6] complexes (Ce and Gd) involve per-
rhenate encapsulation [14]. In the Q[6]/Ce3t complex, there are two different
Q[6]-based molecular capsules that include a perrhenate anion and three differ-
ent coordinated Ce3* cations (Fig. 3.18a). Each Cel and Ce2 cation around the
first Q[6] molecule is bound to three carbonyl groups, but two glycoluril units
are shared by the cations in this case. Moreover, Cel is bound to two carbonyl
groups of the second Q[6] molecule. The Ce3 cation is bound to one carbonyl
donor from the first Q[6] molecule and to three carbonyl groups of the second
Q[6] molecule, with one glycoluril unit in common with Cel. Both Cel and Ce3
are bridging two Q[6] molecules. Considering the Q[6] ligands, one Q[6] mole-
cule is bound to three cations, with Ce2 at one portal, Cel and Ce3 at the other
portal, and the other Q[6] molecule to the two cations Cel and Ce3 on its two
sides. This bonding scheme results in the formation of a strongly sinuous coordi-
nation polymer (Fig. 3.18a). A monodentate—bidentate bridging of the two Q[6]
molecules by two Gd3* cations results in the formation of a 1D coordination poly-
mer. Two independent Gd3* cations, Gd1 and Gd2, are located at 1.630(12) and
1.540(12) A from the mean carbonyl oxygen plane of the associated bidentate por-
tal. The coordination sphere of both cations is linked by two perrhenate ions, one
of which is bound to Gdl included in the Q[6] cavity (Fig. 3.18b). In the pres-
ence of 3-sulfobenzoate, two isomorphous complexes containing Ln (Ln = Ce or
Nd) were obtained. These complexes display the 1D feature of coordination by the
monodentate sulfonate group only. A columnar assembly is formed by coordina-
tion of each metal ion to two Q[6] molecules, with the 3-sulfobenzoate ligand hav-
ing no role in the 1D polymer formation (Fig. 3.18c) [42].

A complex has been obtained from the hydrothermal reaction of uranyl nitrate
with long-chain alkyldicarboxylic acids (HOOC—(CH;)s—COOH, denoted here
as HpC10) in the presence of Q[6], and dimethylformamide (DMF). This reac-
tion generates dimethylammonium cations and additional Sr** ions in situ [43].
The complex, [SrQ[6](H20)s(DMF),][(UO2)304(C10)¢], includes columns built
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Fig. 3.18 X-ray crystal structures of a 1D polymer synthesized through direct coordination of
Q[6] molecules and a Ce3* cations in the presence of ReO4~ anions; b Gd3t cations in the pres-
ence of ReO4~ anions; and ¢ Nd3 cations in the presence of 3-sulfobenzoate

from Sr2* ions with Q[6]s, which are 1D polymeric. Two independent Sr2* ions
are bound to each portal of the Q[6] molecule, one is being bound to two car-
bonyl groups and the other to only one. Thus, each cation is bound to three car-
bonyl groups from two Q[6] molecules. The coordination sphere of both Sr>* ions
also includes the coordinated DMF molecule (Fig. 3.19a, b). Moreover, these 1D
coordination polymers are separated from one another and surrounded by the cor-
rugated 2D uranyl organic networks (Fig. 3.19c—e). In the 2D network, four inde-
pendent uranyl ions that comprise two centrosymmetric, bis(jL3-0xo)-centered
tetranuclear clusters, are present in the complex; these two clusters can be consid-
ered to be isomorphous. Each of the two groups of atoms, Ul and U2 and U3 and
U4 is bound to one chelating, one bridging tridentate, and one bridging bidentate
carboxylate group (Fig. 3.19f).

In Q[n]-based coordination chemistry and Q[n]-based host—guest coordina-
tion chemistry, there are supramolecular assemblies in which the Q[n]s are linked
by clusters or coordination units through direct coordination; these assemblies
form coordination polymers. In one of Thuery’s works, a 1D coordination poly-
mer was obtained by mixing Q[6] and UO,(NO3), - 6H,O with or without for-
mic acid under hydrothermal conditions (Fig. 3.20a) [44]. In the 1D coordination
polymer, the uranyl ions form a centrosymmetric, 3-oxo-bridged tetranuclear
cluster (Fig. 3.20b), and the Ul atom is bound to a Q[6] carbonyl group (O10).
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Fig. 3.19 X-ray crystal structures of a 1D polymer through direct coordination of Q[6] mol-
ecules and Sr>* cations: a side view and b top view; ¢ top view and d side view of a 2D network
constructed from UO,/C10; e stacking of 1D polymers and 2D networks; f two centrosymmetric,
tetranuclear clusters

Another instance of a 1D coordination polymer was observed in the reaction of
lanthanide nitrate salts with 2-sulfobenzoic acid in the presence of Q[6] under
hydrothermal conditions. This reaction yields a series of Q[6]/Ln>* 1D polymeric
complexes of columnar shape, which have been crystallographically character-
ized. These 1D polymeric complexes are of two isomorphous groups, as shown in
Fig. 3.20c (Ln = La, Ce) and Fig. 3.20e (Ln = Eu, Dy, Er, and Yb). These com-
pounds all comprise carboxylate-bridged dinuclear units connecting the Q[6] mol-
ecules through lanthanide—carbonyl coordination. The units differ in that sulfonate
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Fig. 3.20 X-ray crystal structures of a 1D polymer through direct coordination of Q[6] mol-
ecules; a and b tetranuclear cluster uranyl clusters; ¢ and d carboxylate-bridged dinuclear units
with a chelate ring; e and f carboxylate-bridged dinuclear units

bonding and formation of a chelate ring is present in only the first isomorphous
group (Fig. 3.20d, f).

On the basis of experiences in the preparation of tubular coordination poly-
mers involving Q[n]s other than Q[6], we introduced transition metal salts, such
as Cd** or Zn?* salts, into Q[6]-Ln3>T—HCI systems [41]. From this procedure,
we obtained a series of supramolecular assemblies of lanthanide cations and
Q[6] molecules in the presence of [CACL4]?>~ or [ZnCl4]*~ anions, which were
formed in aqueous HCI solution containing the Cd?* or Zn?* salt. The [MCl4]*~
(M = Cd, Zn) anions displayed a “honeycomb effect”, forming honeycomb-like
hollows that could accommodate the 1D supramolecular chains or tubes con-
structed from Ln3t cations and Q[6] molecules through direct coordination.
Considering the similar chemical properties of the lanthanides due to the poor
shielding of nuclear charge by filling of the 4f electron shell, it is reasonable to
expect that the interaction of the various lanthanide cations with Q[6] molecules
give rise to similar coordination features and supramolecular assemblies. Indeed,
the solid-state structures of the obtained complexes, as determined by X-ray crys-
tallography, were all isomorphous in the presence of [CdCl4]>~ anions. Similar
results could be observed in the Q[6]—Ln3+—[ZnC14]2_ systems [41].

An overall view of the coordination features and the supramolecular assembly
of the Q[6]/Sm>*+ complex is given in Fig. 3.21a as a representative example of
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Fig. 3.21 X-ray crystal structure of the Q[6]/Sm>* compound: a overall view of the coordina-
tion features and supramolecular assembly of the compound and the honeycomb-like framework
composed of [CdCI4]*~ anions; b a zigzag coordination polymer of Sm3* cations and Q[6] mol-
ecules surrounded by the [CdCl4]*~ anions; ¢ coordination of the Sm3* cations to the portal car-
bonyl oxygens of the Q[6] molecules; and d interaction of the [CACI4]2~ anions with the Q[6]
molecules

the Ln—Q[6]—[CdCl4]2_ systems. The [CAC14]?~ anions appear to form a hon-
eycomb structure (Fig. 3.21a), and the Sm3* cations coordinate to neighboring
Q[6] molecules to form zigzag coordination polymers that insert into the chan-
nels of the honeycomb framework, such that each individual zigzag coordination
polymer is surrounded by [CdCl4]?>~ anions (Fig. 3.21b). The Sm3* cations are
octacoordinated by eight oxygen atoms, namely, four carbonyl oxygen atoms from
two neighboring Q[6] molecules (O1, O2, O7, and O8) and four water molecules
(O1W, O2W, O3W, and O4W) (Fig. 3.21c). The formation of the [CAC14]?~ hon-
eycomb is a consequence of ion—dipole interaction between the portal carbonyl
carbon atoms of the Q[6] molecules as well as hydrogen bonding between the
chlorine atoms of the anions and methine groups on the surface of the Q[6] mol-
ecules. Moreover, the formation of the [CdCl4]*~ honeycomb is conducive to the
coordination of lanthanide cations to Q[6] molecules (Fig. 3.21) [41]. Our recent
studies have revealed that most transition metal ions have similar functions in
the construction of polydimensional coordination polymers. Most importantly,
we want to note here is that the rapid precipitation of Ln3+—Q[6]—[CdCl4]2_ or
[ZnCl4]>~ systems in which the Ln3* are La, Ce, Pr and Nd cations [41]. Tt is
therefore believed that such approaches could offer an opportunity to separate the
light lanthanides cations from lanthanides.

Recently, we explored a simple way to isolate iQ[6] from normal Q[6] by using
a Dowex 50W x 2-400(H) column. The subtle difference in electrostatic proper-
ties of the surfaces of iQ[6] and Q[6] result in significant differences in physical
and chemical properties so that iQ[6] can be isolated from major normal Q[6]



62 3 Coordination Polymers of Cucurbit[n]urils with Metal Ions

Fig. 3.22 a and b linear coordination polymers of iQ[6] with Ca?t and Sr**, ¢ and d detailed
interactions between iQ[6] and [ZnCl4])*~ anions

[45]. Moreover, we used iQ[6] as a ligand, and investigated its interaction with
alkaline earth metal ions (AE>") in the presence of the structure directing agent,
[ZnCly]>~. Single-crystal X-ray diffraction analysis revealed that interaction of
iQ[6] with AE>T (except Mg?*t, which has the smallest ionic radius) forms 1D
coordination polymers. Coordination of AE** to iQ[6] and their supramolecular
assemblies could be influenced by the interaction of the positively charged outer
surface of iQ[6] with [ZnCl4]>~ anions, that is, the outer surface interactions
of Q[n]s [13]. Figure 3.22a, b show linear coordination polymers of iQ[6] with
Ca?t and Sr*t and Fig. 3.22c, d show the detailed interactions between iQ[6] and
[ZnCl4]%>~ anions.

A series of studies reported by Thuéry reveals that the uranyl ion is a very spe-
cial species in the construction of Q[n]-based polydimensional coordination poly-
mers. This ion may not only directly coordinate to the portal carbonyl oxygens,
but also form various uranyl-based clusters and coordinate to the portal carbonyl
oxygens, resulting in the formation of a variety of Q[n]-based polydimensional
coordination polymers. For example, preparation of the polydimensional coor-
dination polymers is carried out in the presence of long-chain alkyldicarboxylic
acids (HOOC—(CHj),,_»—COOH, denoted here as H>C,), such as HyCg or HCo,
DMF (added to enhance solubility of higher diacids), and alkali (Li™) or alka-
lineearth metal ions (added in order to promote the dissolution of the cucurbituril).
The unsubstituted Q[6] interacts with uranyl (clusters) and form 2D coordination
networks [43]. The crystal structures of the resulting complexes, which have stoi-
chiometries of [HyNMe3]>{(U0O3)402(OH)»(C8),Q[6]} - 8H,O and [HoNMe;],
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Fig. 3.23 X-ray crystal structure of tetranuclear UO; clusters linked by a C8 and b C9; X-ray
crystal structure of a 2D network of Q[6]/UO; clusters linked by ¢ C8 and d C9

{(U0O2)402(0OH)2(C9),Q[6]} - SH,0 are closely related, since both of them con-
tain similar tetranuclear UO»%* clusters held by two p3-oxo and two pp-hydroxo
ions (Fig. 3.23a, b). In addition, both are attached to Q[6] by uranyl-O—carbonyl
bonds to form 2D coordination polymers. Figure 3.23b, ¢ show such Q[6]/Uuster
2D networks linked by C8 and C9, respectively.

An extensive investigation on inorganic molecule-induced Q[n]/metal coordi-
nation polymers reveals that the Cd cation is also a very special species. It can
not only directly coordinate to the portal carbonyl oxygens, but also form various
Cd-based complexes or clusters that coordinate to the portal carbonyl oxygens or
accompany Q[n]/metal complexes. Formation of the Cd-based complexes or clus-
ters result in the formation of a variety of Q[n]-based polydimensional coordina-
tion polymers. One of our recent works examined such 2D coordination polymer.
The crystal structure of the polymer reveals that there are two Cd>* units held by
two |2-Cl ions in this assembly (Fig. 3.24a, b) and the Q[6] molecules are linked
by these two Cd** units. These linkages result in the formation of the Q[6]/Cd**-
based 2D coordination polymers (Fig. 3.24c). In this assembly, each Cd** ion is
hexacoordinated in three different features, and the ligand Q[6] coordinates with
three Cd%* ions (for Q[6]A) or two Cd?* ions (for Q[6]B). The Cdl ion is coor-
dinated by three carbonyl oxygens (O2 from Q[6]A, and O13 and O14 from Q[6]
B), two shared chloride anions (CI2 and CI3), and one water molecule (O7W).
The Cd2 ion is coordinated by one carbonyl oxygen (O8 from Q[6]A), three chlo-
ride anions (Cl4, Cl1, and Cl110, the last two of which are shared), and two water
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Fig. 3.24 X-ray crystal structures of a and b two different Cd>* units; ¢ the 2D network linked
by complexation of Cd** units. A detailed view of the coordination of d Cd1%*; Cd2>*; and
Cd32* with Q[6]A and e Cd12t with Q[6]B

molecules (O1W and O4W). The Cd3 ion is coordinated by one carbonyl oxygen
(011 from Q[6]A), three chloride anions (Cl15, CI2, and Cl3, the last two of which
are shared) and two water molecules (O2W and O3W). The ligand Q[6]A plays
the role of a ternary ligand donor and coordinates with three Cd*t ions (Cdl, Caz,
and Cd3), while the ligand Q[6]B plays the role of a binary ligand donor and coor-
dinates with two Cd2* ions (2 Cdl), (Fig. 3.24d, e) [46].

Very recently, we obtained another Q[6]-based 2D coordination polymer con-
structed from Q[6]/Na™-based 1D coordination polymers linked by [CACL4*~
anions by introducing NaCl into a Q[6]-CdCl, system in a HCI solution. In this
assembly, the 1D supramolecular chains (Fig. 3.25a) and the neighboring Q[6]s
are linked by three sodium units in the tubular coordination polymers. One Na™
cation (Na2) links two adjacent Na™ cations (Nal) by sharing water molecules
O1W and O1W, and form a unit of three Na™ cations (Fig. 3.25b) [47]. We found
that [CdCl4]>~ or [ZnCl4]*~ may behave as structure inducer that prefers to form
honeycomb frameworks in which the linear metal-Q[n] coordination polymers
fill the channels of the [CACl4]?>~ or [ZnCl4]*~ honeycomb. However, in the pre-
sent work, the [CdCl4]?~ anions do not arrange within the honeycomb frame-
work; instead, they interact with Na™ cations in the tubular coordination polymers
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Fig. 3.25 X-ray crystal structures of a a tubular coordination polymer constructed from alter-
nating Q[6] and units of three Nat cations; b a unit of three Nat cations; ¢ a [CdCly]> -Nat
unit; and d the 2D network constructed from Q[6]/Na*t-based 1D coordination polymers and
[CdCl14]*~ anions

through electrostatic interactions. Every two [CdCl4]?~ anions interact with two
sodium cations (Nal) belonging to the neighboring tubular polymers, as shown in
Fig. 3.25c. This interaction results in the formation of a 2D network, as shown in
Fig. 3.25d.

Earlier, we mentioned that DMF and Sr(NOs3), were added into the Q[6]—
UO»*—H,Cn systems in order to enhance the solubility of the higher diacid and
QI[6] in the reaction medium and thus obtain the 2D network coordination poly-
mers. Without Sr(NOj3),, the Q[6]—U022+—H2C9—DMF system produces a novel
3D framework in which the layers are composed of uranyl clusters and C9 diacids,
as shown in Fig. 3.19. These layers are bridged by Q[6] molecules (Fig. 3.26a).
Such linkage can also be viewed as resulting from the bridging of the [(UO2)40,
(OH)2Q[6]]2+ chains by C9 dicarboxylate ligands (Fig. 3.26b) [43]. Thus, the ten-
dency for uranyl ions to give planar or gently undulating ribbons or sheets appears
to match the propensity of Q[6] to fit between them.

In addition to the previous summary on 1D and 2D uranyl-based coordination
polymers, these results provide new examples of the potential of cucurbiturils as
uranyl complexants or as structure directing agents. The frameworks, sheets, or
columns readily formed by Q[6] appear to be particularly well suited to associate
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Fig. 3.26 X-ray crystal structures of the 3D framework in which a the UOazciuster/C9dicarboxy-
late layers are bridged by Q[6] molecules; and b the UOx¢jyster/Q[6] 1D coordination polymer is
bridged by C9 dicarboxylate ligands

with the 2D or ribbon-like topologies most common among uranyl organic
species, which opens perspectives for the design of hybrid layered materials.
Again, a Q[6]/Cd**-based 3D framework may readily be obtained by mix-
ing KCl, CdCl,, and Q[6] in a HCI solution [47]. Although no K™ ions seem to
be present in the solid compound, they appear to act as structure directing agents,
resulting in the formation 3D Q[6]/Cd>*-based 3D framework. The X-ray crystal
structure shows the coordination feature of Cd2* cations with Q[6] (Fig. 3.27a, b).
A Q[6] molecule appears to coordinate with six Cd?* cations to form Cda(jr-
CI),Cla(H20)3 complexes (Fig. 3.27¢). Each Cd?t cation coordinates to six atoms
(with 50 % occupancy), one portal carbonyl oxygen (O3), three water molecules
(O1W, O7W, and O9W), and two chloride anions (2CI1), which are shared by
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Fig. 3.27 X-ray crystal structures of the Q[6]/Cd*>*-based compound: a and b the coordination
feature of Cd2* cations with cucurbituril; ¢ the Cda(j-C1)>Clo(H20)3 complex; d and e a coordi-
nated cucurbituril surrounded by six coordinated cucurbiturils through the Cda(j-Cl)2Clo(H20)3
complexes; f an overall view of the arrangement of the coordinated cucurbiturils and Cda(jL-
C1)2Cl2(H20)3 complexes

the two Cd?t cations (2Cd1) in the Cdy(-Cl)2Cla(H20)3 complex. Each Cda(ju-
CI)»2Clr(H20)3 complex can link two neighboring cucurbituril molecules. Thus,
at each portal of the cucurbituril molecule, three Cd** cations (Cd1) from three
Cdy(-Cl)2Cla(H20)3 complexes coordinate to three portal carbonyl oxygens alter-
natively, and each cucurbituril molecule can link six such coordinated cucurbituril
molecules (Fig. 3.27d, e). Figure 3.27f shows an overall view of the arrangement
of coordinated Q[6] molecules and Cdy(ju-Cl);Clo(H,O)3 complexes. Although
KCl was added to the synthetic system, K™ was not observed in the obtained com-
pound. Nevertheless, the presence of potassium cations could influence the coor-
dination and supramolecular assembly of Q[6] molecules and Cd** ions. In HCI
solution, Cd?* produces [CdCl4]*>~ anions that form the Cd honeycomb, which are
filled with the tubular Cd?>*—cucurbituril coordination polymers [47].

3.4 Induced Coordination Polymers of Cucurbit[7]uril
with Metal Ions

In cucurbiturils-based coordination chemistry, it seems that the coordination
of Q[n, n > 7]s with metal ions seems to be more difficult than that of Q[5] or
Q[6] with metal ions. It is likely that the larger portal size of Q[n, n > 7]s causes
a wider distribution of the carbonyl oxygens, resulting in difficulty in the effec-
tive coordination of Q[n, n > 7] with metal ions. However, recent works reveal
that the Q[7] molecule may also readily coordinate to metal ions and form novel
polydimensional coordination polymers in the presence of the structure directing
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agents [35, 48, 49]. In previous studies, there have been numerous attempts to
grow single crystals of complexes in which lanthanide cations are coordinated to
QI[7] in various acidic media, but all have proved unsuccessful. However, when
transition metal ions are introduced into HCI solutions containing Q[7] and Ln3*
salts, Q[7])/Ln3*-based linear coordination polymers are readily produced, and
the transition metal cations in the form of the tetrachloride ([MC14]2_) may be
arranged into honeycomb-like hollows. These hollows can then accommodate the
Q[7)/Ln3*-based linear coordination polymers through ion—dipole and C-H.--CI
interactions coupled with metal coordination, as shown in Fig. 3.11f. We first dem-
onstrated the synthesis of a series of Q[7]/Ln>*-based linear coordination poly-
mers in the presence of [CACl4]?~ anions [47]. Subsequent studies have revealed
that a few transition metal ions, such as Zn?t, Cu?t, and Co?*, in the form of tet-
rachloride anions [MCl4]?~, may also play a similar role in triggering the forma-
tion of 1D Ln3+—Q[n] coordination polymers [41, 48, 49].

Because of the similar chemical properties of the lanthanides, the interactions
of various lanthanide cations with Q[7] molecules give rise to similar coordina-
tion features and supramolecular assemblies. Interestingly, the shapes of the 1D
Q[7]/Ln3*-based coordination polymers could be finely tuned by the lanthanide
metal ions under high concentrations of acid in the presence of [CAC14]?~ dianions
[35]. As shown in Scheme 3.4, lanthanide cations coordinated with Q[7] to form
zigzag channels in less acidic media (<3.0 mol/L HCI) (Scheme 3.4b). However,
in more acidic media (>3.0 mol/L) tubular channels formed (Scheme 3.4c).
Figure 3.28 shows the common structures of Q[7]/Ln3*-based zigzag and tubu-
lar structures. The former has alternating Q[7] molecules and Ln3* cations at 1:1
ratio; the latter has alternating Q[7] molecules and Ln3* cations at 1:2 ratio.

The crystal structures in both cases also reveal that the [CdCl4)?~ dianions
surround each Q[7] molecule in the coordination polymer via ion—dipole interac-
tions between the portal carbonyl carbon atoms (O=C®*...CI"—CdCl3™) and the
chlorine atoms of the anions, as well as hydrogen bonding between the chlorine

Scheme 3.4 Zigzag and tubular channels construction from Q[7]/Ln3*-based coordination poly-
mers in the presence of [CdCl4]%~ dianions
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Fig. 3.28 The common X-ray crystal structures of the Q[7]/Ln**-based 1D coordination poly-
mers with a zigzag and b tubular structures in the presence of the [CdCl4]*~

atoms of the anions and the methine groups on the surface of the Q[n] mole-
cules (C—Hmethylene'*Cl™—CdCl3 ™). Electrostatic interactions between Ln3t cati-
ons and [CdCl4]?>~ anions could be another important driving force resulting in
the formation of the [CdCl4]>~ honeycomb in both zigzag and tubular structures
(Fig. 3.29a—d). Notably, ion—dipole interactions exist between the methine groups
of the Q[7] molecules in the zigzag structure (Fig. 3.29a, b), which are inclined on
the portals of the neighboring Q[7] molecules (Fig. 3.29b).

Apart from the Q[7]/Ln3*-based 1D coordination polymers, the uranyl ion
presents an unusual affinity for Q[n], and even Q[7]. By dissolving Q[7] and
UO(NO3)2 - 6H>0 in excess perrhenic acid under hydrothermal conditions,
Thuéry synthesized two isomeric 1D zigzag polymers in which the uranyl ion
is bound to two carbonyl groups from two neighboring Q[7] ligands. Each Q[7]
molecule acts as a bidentate ligand and coordinates with a uranyl cation at each
portal (Fig. 3.3a, b) [50, 51]. Moreover, Thuéry first demonstrated a Q[7]/U022+—
based 2D coordination network by dissolving Q[7] and UO»(NO3), st demon-
strated 6H,O in excess sulfuric acid under hydrothermal conditions (Fig. 3.31a,
b) [44]. The crystal structure of the network shows that each Q[7] molecule coor-
dinates with four UO,2* cations (Fig. 3.31c), while two sulfate anions coordinate
with two uranyl cations and form a pentagonal bipyramidal uranium environment
(Fig. 3.31d). The combined coordination of Q[7] molecules and uranyl/sulfate
units leads to the formation of novel Q[7]-based coordination networks.

In the presence of CsNOs3, which may function as a structure inducer, the
Q[7]-UO2(NO3), system may also yield a 2D coordination network under
hydrothermal conditions (Fig. 3.32a) [51]. Similarly, each Q[7] molecule
coordinates with four UO»>* cations, while two uranyl cations form a planar
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Fig. 3.29 X-ray crystal structures of the isolated Q[7]/Ln>t complex with a and b the zigzag
structures; ¢ and d the tubular structures in the presence of the [CdCl4]* dianions

[(UO2)a(p2-OH)2(H20)4]37 cation in the 2D coordination network (Fig. 3.32b, ¢).
The 2D coordination network may be viewed as resulting from the bridging of the
[(UOz)z(ptz—OH)z(HZO)A;]2+ cations by the Q[7] ligands.

In order to understand the influence of an included guest on the coordination of
metal ions to Q[n], a series of aromatic molecules known to be suitable guests may
be selected [52-54]. We describe in detail a novel 3D framework constructed from
Q[7] pairs through Hyqg-induced coordination of a rubidium unit to the portal oxy-
gens of Q[7]s [55]. To the best of our knowledge, this is the first observed Q[7]-
based 3D framework in Q[#n] chemistry. Attempts of mixing Q[7] and rubidium
salts in aqueous solutions did not result in the formation of the Rb—Q[7] complex
through direct coordination, but instead produced Q[7] crystals with free metal
ions. However, a compound containing a novel 3D framework was first found
when a guest Hyq was introduced into the RbCI-Q[7] solution. Crystals obtained
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Fig. 3.30 X-ray crystal structure of two isomeric 1D zigzag polymers constructed of
Q[71/UO2** complexes

from the RbCl-Q[7]-Hyq mixture had a stoichiometry of {Rby(ju-OH)(H,O)>(H
yq@Q[7])2}-Cl. The crystal structure shows that a portal of each Q[7] molecule
in the Q[7] pair is covered by a [Rba(p-OH)(H20);] unit containing two rubid-
ium cations (2Rbl), and the other portal of each Q[7] molecule in the Q[7] pair
is coordinated to a Rb1 cation belonging to a neighboring rubidium unit. Each of
the Q[7] molecules in the Q[7] pair includes a Hyq guest through the combina-
tion of the cavity bonding of the host Q[7] and the coordination of a Rbl cation
to a hydroxyl oxygen (O15) of the Hyq guest (Fig. 3.33a). It should be noted that
O1 and O1A are shared with the other rubidium cation (Rb1A) in the rubidium
unit. In the Q[7] pair, there are additional interactions of the hydroxyl O15-HI15A
with the portal carbonyl oxygen O3, as well as interactions of O16-H16 with O12
through hydrogen bonding. The interaction between Rb* and the hydroxyl oxy-
gen (015) could play an important role in the formation of the Q[7]-Rb™ complex
through direct coordination of Q[7] to the rubidium unit [55].

Remarkably, the crystal structure of the compound shows a 3D infinite frame-
work constructed from the Q[7] pairs through the coordination of the rubidium
unit to the Q[7] molecules (Fig. 3.33b). From different directions, different lin-
ear channels in the crystal structure of the compound may be seen. For exam-
ple, channels with around 7.45 A diameter extend along the b axis (Fig. 3.33c).
However, another set of linear channels of around 10.43 x 5.2 A cross-sectional
area (Fig. 3.33d) can be observed. Close inspection reveals that a network can be
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Fig. 3.31 X-ray crystal structure of Q[7]/UO,**-based 2D coordination network a side view; b
top view; ¢ coordination of a Q[7] molecule with four UO,2T cations; d the UO22t/S042~ unit

found in the direction shown in Fig. 3.33e; the network consists of fused seven-
membered bracelets in which each Q[7] “bead” is linked by directly coordinated
rubidium ions (Fig. 3.33f). The size of the bracelet is partly dictated by the size of
each Q[7] bead, which has a diameter of ~13 A. The seven-membered bracelets
have a diameter of around 10.43 A (Fig. 3.33f). Thus, the seven-membered brace-
let rings lead to the formation of channel structures with different sizes and shapes
in the compound. The channels are filled with water molecules that form a com-
plicated hydrogen bonding network among themselves, as well as with the water
molecules coordinated to the metal centers [55].

3.5 Induced Coordination Polymers of Cucurbit[8]uril
with Metal Ions

The coordination of metal ions to Q[n]s and their coordination polymers in the
presence of inorganic structure inducers have been extensively investigated in our
laboratory. In particular, we introduced certain transition metal ions into metal—
Q[n] systems in an HCI solution to prepare various polydimensional coordination
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Fig. 3.32 X-ray crystal structure of a Q[7]/UO,>"-based 2D coordination network; b coordina-
tion of a Q[7] molecule with four UO»2 cations; ¢ the [(UOg)z(u2—0H)2(H20)4]27L cation unit

Fig. 3.33 X-ray crystal structure of a the Q[7] pair with an included Hyq molecule linked to a
rubidium unit; b a 3D framework constructed from the Q[7] pairs; ¢ and d the linear channels in
the Q[7]-Rb-Hyq framework, as observed from different directions; e a layer composed of the
multifused Q[7]-based seven-membered bracelets; and f the Q[7]-based seven-membered bracelet
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polymers with arrangements that are markedly different from those formed with-
out structure inducers. The most remarkable examples of formation of polydi-
mensional coordination polymers are seen in the coordination of Ln3* cations to
QI[6] or Q[7], which lead to the corresponding supramolecular assemblies in the
presence of transition metal dications (Mmms“) in the HCI solution. The Mians2™
cations form [MansCls]?~ anions and honeycomb-shaped cells via ion—dipole and
C—H---Cl interactions, and the tubular Q[n = 6, 7]/Ln3+ coordination polymers fill
the honeycomb cells [56].

Herein, we introduce a process beginning with tetrachloride transition metal
anions ([MtranSCI4]2_, Mirans = Cd, Zn, Cu, Co) as the “inducer” to undergoing
the “honeycomb” effect. These anions induce Sr2* cations to coordinate to QI8]
molecules, resulting in the formation of 1D coordination polymers [56]. The X-ray
crystal structure given in Fig. 3.34 shows an overall view of the coordination fea-
tures and supramolecular assembly in the compound as a representative example
of all four Sr2+—Q[8]—[MtransCI4]2_ systems. The [CdCl4]?~ anions appear to
form the honeycomb structure (Fig. 3.34a), and two Sr>* cations coordinate to
the neighboring Q[8] molecules and form zigzag coordination polymers which
insert into the channels in the [CACl4]?~ honeycomb framework. Each coordina-
tion polymer is surrounded by the [CdCl4]*~ anions (Fig. 3.34b). Moreover, the
coordinated Q[8] molecules in the 1D coordination polymer are alternately sur-
rounded by six [CdCl4]?~ anions (Fig. 3.34d). Part of the back of the inclined
QI[8] is close to the portal of the actinic Q[8] (Fig. 3.34c). The distance of the
carbonyl oxygen from the carbonyl carbon (C=0---C=0) in the inclined Q[8] is
about 3.0 A, and the distance of the carbonyl oxygen from the methane carbon

Fig. 3.34 X-ray crystal structure of the compound from the Q[8]-Sr>T—[CdCl4]*~ system: a
overall view of the coordination features and the supramolecular assembly and the [CdCl4]>~
honeycomb-like frame; b a zigzag coordination polymer of Sr>* cations to Q[8] molecules sur-
rounded by the [CdCl4]>~ anions; ¢ details of coordination of Sr** cations to the portal carbonyl
oxygens of the Q[8] molecule; and d details of the interaction of [CACl4]>~ with Q[8]
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(C-H---O=C, another type of pseudo-hydrogen bonding) is in the range of 3.076—
3.242 A. Using a similar strategy, ZnCl,, CuClp, and CoCl, were introduced into
the Sr>*—Q[8]-HCI systems to give isomorphous compounds that exhibit similar
coordination features and supramolecular assemblies.

We have introduced the honeycomb effect of the ([thSCh]z_ anions, which
form honeycomb-shaped cells via ion—dipole interactions and C-H---Cl interac-
tions, as well as tubular Q[1n]/M"* coordination polymers that fill the honeycomb
cells. Mygans in the ([MtranSC14]2_ anions could be Cd, Zn, Cu, Co, Ni, or others;
the Q[n]s in the tubular Q[rn]}/M™* coordination polymers include Q[6], Q[7], and
QI[8]. The metal in the tubular Q[n]/M"* coordination polymers could be a lantha-
nide or alkaline earth metal. The process is summarized in Scheme 3.5 [56].

We have observed various 2D coordination polymers involving Q[5]s, Q[6]s,
and Q[7]. Herein, we introduce the 2D-network coordination polymers involv-
ing Q[8]. Thuéry first demonstrated a Q[8]/UOx¢jysier-based 2D network coordi-
nation polymer by chance when he simply mixed Q[6] with UO,>(NO3), - 6H,0
in sulfuric acid in a tightly closed glass vessel under hydrothermal conditions.
The obtained product probably includes Q[8] as an impurity in Q[6]. Figure 3.35
shows an overall view of the Q[8]/UOx|ysier-based 2D-network coordination poly-
mer, which is the third example of metal-coordinated Q[8] after the Bi(IIl) [57]
and Sr(II) [58] complexes, which are the first known Q[8]-based 2D-network
coordination polymers. Each Q[8] molecule is thus bound to four uranium atoms
through two centrosymmetrically related groups of two adjacent glycoluril units,

 EEREERRRERRE IIIIIIIIIIIIII.IIMI:‘
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Scheme 3.5 Representation of the honeycomb effect derived from the cucurbit[n]urils-based
coordination chemistry. Adapted from Ref. [56] with permission from The Royal Society of
Chemistry
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Fig. 3.35 X-ray crystal structure of a Q[8]/UO»**-based 2D coordination network; b Coordina-
tion of a Q[8] molecule with four UO»2* cations and ¢ the UO»/SOy-based trinuclear motif

which are coordinated on both sides. Q[8] is thus doubly monodentate at each por-
tal, with the two oxygen donors far apart from one another; whereas it is chelat-
ing, bidentate, and doubly bidentate at each portal (Fig. 3.35b). The three sulfate
ions are bridging, with two of them (S1 and S2) connecting three uranium atoms
(U1, U2, and U3 for S2; Ul, U2, and U3 in the neighboring unit), and the third
(S3) bridging Ul and U3, resulting in the formation of a UO,/SO4-based trinu-
clear motif (Fig. 3.35¢). This UO,/SO4-based polymeric subunit constructed from
these motifs is an undulated ribbon running along the b axis. Each of these trinu-
clear motifs is bound to two Q[8] molecules and, conversely, each portal of Q[8] is
bound to two such motifs.

Very recently, we reported a series of Q[8]-Maikali Of Malkaline earth-based 2D
coordination networks (Maikati and Majkaline earth are alkali or alkaline earth metal
ions, respectively), one of which was first found by chance in 2009. More recently,
they have been readily and robustly prepared with the aid of some inorganic struc-
ture inducers [59]. Q[8] is the least soluble member in the Q[n]-family, but it
could made more soluble through host—guest interaction with polar organic mol-
ecules or in acidic medium such as HCI. Metal ions do not significantly enhance
the solubility of Q[8]. Generally, Q[8] does not readily coordinate to Mypas; Or
Malkaline earth, and upon mixing Q[8] with salts of these metals, metal-free Q[8]-
based crystals are easily obtained. However, when a second metal ion, in particu-
lar, a transition metal ion, is introduced into the Q[8]-Maikali or alkaline earth metal)
systems, crystals with novel 2D network features are formed through direct coor-
dination of Q[8] with Maikali or alkaline earth metal) cations. Different metal ions could
lead to the formation of Q[8]/M-based networks with different coordination and
stacking features.

For example, when transition metal ions, such as Cu?t, Co*t, Ni2*, and
Mn?* are introduced into a Q[8]-Rb*—HCI system [59], novel 2D Q[8]/Rb* net-
works with the same crystal feature are always obtained; the crystals are isomor-
phous and belong to the pr-3y space group. X-ray structural analysis has shown
an overall view of the 2D Q[8]/Rb™ network formed through direct coordination
(Fig. 3.36a). A six-Q[8]-membered ring from the 2D network, wherein each of the
two Q[8] molecules are linked by a pair of Rb™ ions at the two portals of each
QI[8] molecule, could be observed (Fig. 3.36b). Moreover, a trigonal-planar branch
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(a)

Fig. 3.36 X-ray crystal structure of the 2D Q[8]/Rb* network: a an overall view; b a six-Q[8]-
membered ring isolated from the 2D network; ¢ a trigonal-planar branch constructed from three
QI[8] molecules linked by a Rb™ pair; d a trigonal-planar branch constructed from three dime-
thyl-substituted Q[5] molecules and KT ions, shown for comparison; e and f the superimposed
Rb*/Q[8]-based networks, top view and side view, respectively

composed of three Q[8] molecules, each of which are linked by a pair of Rb™
ions, could be observed (Fig. 3.36¢). This structure is similar to that discovered
in the coordination of SQ[5]s with potassium cations (Fig. 3.36d). When the 2D
networks are stacked upon one another, channels filled with the Rb™ pairs are cre-
ated. Networks with identical chemical environments alternate with one another,
as shown in Fig. 3.36e, f.

When InCl3 was introduced into the Q[8]-Na™—HCI system, the obtained crys-
tal structure shows similar 2D Q[8]/Na™ networks accompanying [In(H20),Cls]™
anions. Each trigonal-planar branch is accompanied by six [In(H,0),Cl4] ™ anions,
and three Q[8] molecules in the trigonal-planar branch is linked by only one
Na™ cation (Nal) (Fig. 3.37a). The trigonal-planar branch can fuse into a six-
Q[8]-membered ring, and both portals of the ring form the rims of the six
[In(H,0),>Cl4]~ anions (Fig. 3.37b, c). Thus, the extension of the six-Q[8]-mem-
bered ring results in the formation of the 2D Q[8]/Na™ networks (Fig. 3.37d).
Unlike the stacking of the 2D Q[8]/Rb™ networks, the 2D Q[8]/Nat network
sheets are repeatedly superimposed upon one another in exact order (Fig. 3.37d).
The six-Q[8]-membered rings and the 12 rimmed [In(H>0),Cl4]~ anions create a
nanochannel (Fig. 3.37e).

When the Sr’>* cation replaces the Rb* cation in the presence of transi-
tion metal ions, the Q[8]-Sr>t—HCI system gives crystals with similar features.
However, a close inspection revealed that the eight-Q[8]-membered rings, and not
six-Q[8]-membered rings, are present in the 2D Q[81/Sr*t network (Fig. 3.38a, b).
Each eight-Q[8]-membered ring is linked by eight Sr** cations (Fig. 3.38b). The
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Fig. 3.37 X-ray crystal structure of a the trigonal-planar branch constructed from three Q[S8]
molecules linked by a Na™ cation and the detailed coordination of Q[8] to the Na™ cation;
b the six-Q[8]-membered ring riming of six [In(H,0)>Cls4]™ anions at both portals; ¢ top view;
d an overall view of the superimposed 2D Q[8]/Na™ networks; e an isolated tubular channel
constructed from the six-Q[8]-membered rings and the rimmed [In(H>0),Cl4]~ anions. Adapted
from Ref. [59] with permission from The Royal Society of Chemistry

stacking of the Q[8]/Sr>* networks repeatedly overlay upon one another in exact
order, creating tubular channels (Fig. 3.38c—d).

Above, we mentioned the first novel 3D framework in which a Hyq molecule
is included in the cavity of a Q[7] molecule. This inclusion results in the coor-
dination of rubidium cations to the portal carbonyl oxygens of the Q[7] hosts.
Formation of a Q[7]-based framework is a consequence of the Q[7]-Rb™ coordina-
tion [55]. Herein, we introduce a novel 3D framework generated by crystallization
of a ternary mixture of Q[8], CsCl, and Hyb [60]. The crystal structure shows that
there are two different inclusion complexes of (Hyb),@Q[8] in the unit consisting
of four Q[8] molecules (Fig. 3.39a): two parallel Hyb molecules almost vertically
insert into the cavity of the host Q[8] (Fig. 3.39b), and two parallel Hyb molecules
incline in the cavity of the host Q[8]. In addition, both Hyb molecules coordinate
with cesium cations in the (Hyb),@Q[8] complex (Fig. 3.39c). Coordination of
the hydroxyl oxygen atom (O(17)) with the two included Hyb molecules induces
further coordination of the Csl1 cation to the portal carbonyl oxygen atoms (O(12)
and O(13)) of the host Q[8]. Moreover, there are two b complexes and two ¢
complexes in the unit of four Q[8]molecules; they are connected by a unit of two
cesium cations (Fig. 3.39d). Each cesium Csl coordinates directly to three Q[8]
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Fig. 3.38 X-ray crystal structure of the 2D Q[8]/Sr>* network: a an overall view; b an eight-
Q[8]-membered ring isolated from the 2D network; and ¢ and d the superimposed network sheets
in exact order with tubular channels constructed from the eight-Q[8]-membered rings. Adapted
from Ref. [59] with permission from The Royal Society of Chemistry

Fig. 3.39 X-ray crystal structures of a the unit of four Q[8] molecules with two different host—
guest inclusion complexes; b the inclusion complex b with vertically parallel included Hyb mol-
ecules; ¢ the inclusion complex ¢ with parallel included Hyb molecules that recline in the cavity
of the host Q[8]; d the labeled cesium unit; and e the 3D framework with different nanochannels

molecules in the four-Q[8]-molecule unit, one b complex, and two ¢ complexes.
In turn, both opening portals of the host Q[8] coordinate with cesium cations; each
portal coordinates with one cesium cation in the b complex and each portal coor-
dinates with two cesium cations in the ¢ complex. Thus, the crystal structure of
this compound has a novel 3D framework with different nanochannels constructed
from the Q[8]-based inclusion complexes (Fig. 3.3%¢).
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3.6 Induced Coordination Polymers of Cucurbit[n > 8]uril
with Metal Ions

The largest Q[n] family member, tQ[14], with 14 glycoluril units linked by 28
methylene bridges [61], has recently been reported by the authors’ Quizhou group.
This molecule has a twisted figure-eight structure and thus does not contain a
bowl-shaped cavity of the type present in the other Q[n] molecules discussed so
far. Reaction of a selection of Ln3* ions with tQ[14] in 6 mol/L HClI in the pres-
ence of [CdCl4]?>~, interestingly only afforded isolated tQ[14] complexes with
Eu3*. The X-ray structure of [Eua(H20);Cl1(tQ[14])]Cls - 66H>O showed the pres-
ence of enantiomeric pairs in the crystal (Fig. 3.40a, b). In addition, a pair of 1D
coordination polymers in which each tQ[14] is coordinated to three Eu* cations
was also obtained (Fig. 3.40c). These experimental results suggest that the novel
tQ[14] could selectively coordinate certain lanthanide cations and yield crystals
with novel supramolecular assemblies.

Although, there is only one example of polydimensional coordination polymers
of cucurbit[n > 8]uril (Q[n > 8]) with metal ions at this stage, it could mainly be
because of the difficulties in synthesis or isolation sufficient amounts of Q[n > 8],
such as Q[10] and tQ[14]. However, we believe that their coordination chemistry
will gradually develop in the future.

Fig. 3.40 X-ray crystal structure of the two enantiomers of the Eu3T-tQ[14] complex: a side
view, b top view; and ¢ a pair of 1D coordination polymers incorporating tQ[14] molecules and
Eu’™ cations
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The solid-state structures mentioned in this book include examples of sim-
ple Q[n]/metal complexes to polydimensional polymers prepared through direct
coordination of Q[n]s with metal ions. There appears to be no limit to the direct
coordination of various kinds of Q[n]s with various metal ions. The concept of
structure “inducer” for their structural design are hold promise in the formation
of Q[n]/metal-based simple complexes to polydimensional polymers. Although
we do not fully understand the driving forces arising from the structure inducer
that result in the formation of supramolecular assemblies and coordination poly-
mers with the properties, structural novelties, and functionalities exceeding those
obtained by using normal methods, some interactions could be elucidated to
explain the formation of unusual Q[n]/metal complexes to exquisite polydimen-
sional polymers. For example, construct coordination networks or frameworks
from alkyl-substituted Q[5] could be attributed to the increased electron density
as a consequence of the electrondonating effect of the alkyl substituents, which
enhances the affinity of portal carbonyl oxygens for the metal ions. Among various
methods of synthesizing these polymers is introducing a third species into a Q[n]-
metal salt system, which results in the formation of novel polydimensional coordi-
nation polymers. For example, when an aromatic organic molecule is introduced
into a Q[n]-metal salt system and functions as a structure inducer, the presence of
n—7t stacking between the aromatic ring of the added organic molecule and por-
tal carbonyl bonds may be observed. In addition, there are C—H---7 interactions
between the aromatic ring of the added organic molecule and methylene on the
back of the Q[n] molecule. An inorganic molecule, such as tetrachloride transition
metal anions [MyansCly];, anions, may interact with methenyl or methylene on the
back of the Q[n] molecules via ion—dipole interaction with the carbonyl carbon
atom of the Q[n] molecules. Moreover, special components, such as uranyl spe-
cies, may be used as building blocks to create unusual Q[n]/metal-based architec-
tures. In summary, this book aims at (1) identification of all uncovered Q[#n]/metal
complexes and polydimensional polymers through direct coordination; (2) overall
assessment of approaches that have proved to be successful in the construction of
Q[n]/metal complexes and polydimensional polymers through direct coordination;
and (3) expansion of Q[n]-based coordination chemistry and Q[n]-based host—
guest coordination chemistry, which are major parts of the Q[n] chemistry. It is
more important that more novel Q[n]/metal-based polydimensional coordination
polymers that have potential applications in nanotechnology, molecular sieves,
sensors, gas absorption and separation, ions or molecules transportation, and het-
erogeneous catalysis are expected to be discovered.
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Chapter 4
Potential Applications of Q[n]-Based
Coordination Complexes and Polymers

Abstract This chapter represents a comprehensive overview of the potential
applications of Q[n]-based coordination complexes and polymers in recent years. In
part, the behavior reflects the inherent affinity of the hard carbonyl oxygen atoms for
the hard trivalent lanthanide ions, the different portal sizes of the respective available
Q[n] macrocycles, the nature of the anion employed, and the small but progressive
contraction of ionic radii along the lanthanide series. Also, the presence or absence
of a structure inducer can be of crucial importance. The present discussion also high-
lights several examples of particular Q[n]/Ln**/anion systems that exhibit selective
coordination behavior toward light or heavy lanthanide ions that point the way for
the use of such processes in new lanthanide separation applications.

Keywords Lanthanide separation * Coordination polymers * Lanthanide ions -
Structure inducer *+ Q[n] macrocycles

There is much interest in developing stable materials that possess cavities, chan-
nels, or holes that have an affinity for volatile and gaseous molecules. These materi-
als have the potential to stabilize reactive molecules; allow safer storage; provide the
means for the purification of mixtures or of waste streams; and act as catalysts [1-3].
Along with the development of Q[n]-based coordination chemistry, not only were
more and more novel Q[n]-based coordination complexes, coordination polymers,
and supramolecular assemblies found [4], but also various synthesis and construction
strategies of Q[n]-based coordination complexes, coordination polymers, and supra-
molecular assemblies were established [5]. More importantly, there is a trend to focus
on the unique properties and applications of these novel Q[#]-based architectures.

A previous mentioned work showed that when Hyb was introduced into the
Q[5]-KI system as a structure directing agent, a stable 2D network-like coordina-
tion polymer with accessible channels was obtained (see Fig. 3.12) [6]. Moreover,
this Q[5]-based supramolecular assembly was not only stable, easily prepared, and
from relatively inexpensive starting compounds, but also demonstrated significant
absorption selectivity to a group of polar volatile organic molecules, presenting an
absorption material.
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Fig. 4.1 Top and side views of the molecular structure of the complex of Q[6]/Dy>+

In a recent study a simple 1:1 (Dy:Q[6]) complex, [Dy{Q[6](NO3)(H2O)4}]
(NO3), - nH70O (n = 6 or 7) (Fig. 4.1), was prepared and its magnetic properties were
investigated [7]. This complex displays single-ion magnet behavior with two slow
magnetic relaxation processes. The latter is sensitive to the degree of solvation present.
Changes in solvation can induce the slow magnetic relaxation of this compound to
switch between the temperature-independent and the temperature-dependent regimes.

More recently, we used the strategy to synthesize Q[7]-based coordina-
tion polymers by introducing [MgansCla]?~ anions as structure directing
agents into the Q[7]-Makaline earth Systems. The structure directing effect of the
[MansCl4]?~ anions not only appears in the construction of novel Q[n]/metal
ions-based coordination polymers but can also result in the formation of Q[n]-
based novel supramolecular assemblies, such as the mentioned honeycomb-like
frameworks [4, 5]. The proposed driving forces of the structure directing effect
of the [MyansCls]*~ anions are ion-dipole interactions and hydrogen bond-
ing between the [MansCls]?>~ anions and =CH or =CH, groups on the back of
the Q[8] molecules. The solid state structures, as determined by X-ray crys-
tallography, show that compounds {Cax(H>0)4(Q[7])}2[CdCl4]22H,O and
{Sr3(H20)16(Q[71)2}4[CdCl4](H30)2,36H,0O exhibit similar coordination features
and supramolecular assemblies, in which [CdCl4]?~ anions surround a Q[7] mol-
ecule through: (1) the dipole interaction between portal carbonyl carbons with
Cl from [CdCl4]?~ anions, and (2) the unusual hydrogen bonding of Cl from
[CdCl4]>~ anions with methine or methylene on the back of the Q[7] molecules.
Generally, Q[7] molecules rarely coordinate with common metal ions to form sta-
ble Q[7]/Metal complexes, in particularly, the coordination polymers. However,
with a negative [CdCl4]>~ anion ring, which attracts positively charged species,
Q[7] molecules are ready to coordinate with metal ions. The “honeycomb effect”
of [CdCl4]>~ anions result in the formation of one-dimensional coordination poly-
mers (Fig. 4.2a—c) [8]. Moreover, These Q[7]-based coordination polymers present
remarkable selective sorption properties for separation. The Mjjkaiine-Q[7]-based
coordination polymers were used as an extraction coating on solid-phase micro-
extraction (SPME) fibers to examine their usefulness for separation. The SPME
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Fig. 4.2 X-ray crystal structures of Q[7]/Malkaline carth-based coordination polymers in the pres-
ence of [CdCl4]*~ anions: a representation of an overall view of the coordination feature and
the supramolecular assembly; b the [CACl4]>~ anions honeycomb-like framework; ¢ a zigzag
coordination polymer of Alkaline earth?* cations to Q[7] molecules surrounded by the [CACL*~
anions; d magnified SME image of the crystal-coated SPME fiber at 300 °C; e GC-FID chroma-
tograms of seven PAHs extracted by the novel fiber coated with crystal. Peaks: naphth alene (/);
acenaphthene (2); fluorene (3); phenanthrene (4); anthracene (5); fluoranthene (6); and pyrene
(7). Adapted from Ref. [8] with permission from The Royal Society of Chemistry

fiber consists of a supporting substrate and a thin layer of sorbent material. Fused-
silica fiber was used as the supporting substrate and the Q[7]-based porous crys-
tals were fixed to the surface of the fused-silica fiber using high-temperature
epoxy. The surface structure of the SPME was investigated by SEM, as shown in
Fig. 4.2d. The micro-structured coating is rough, porous, roughly uniform, and
about 32 pm thick. The fiber was coupled to a gas chromatography unit and its
separation effectiveness was investigated using seven polycyclic aromatic hydro-
carbons (PAHs) in wastewater samples, in head-space mode (Fig. 4.2¢). The novel
fiber with its crystalline extraction coating exhibited excellent extraction efficiency
and stability. These experimental results suggest that such Q[7]-based coordina-
tion polymers could be applied to the analysis of trace PAHs in real water samples.

In fact, our laboratory is interested in studying the cucurbit[n]urils (Q[r]s) coordi-
nation chemistry [4], among which Q[n]-Ln>* interaction chemistry is an important
part. Professor Zhu’s group in our laboratory has focused on the Q[n]-Ln>*-based
interaction chemistry and potential applications, and we have found that almost all
Q[n]s and their derivates can interact with lanthanide cations, in particular, Q[n]s
can easily coordinate with Ln** cations and form novel different coordination pol-
ymers and supramolecular assemblies in the presence of third species as structure
directing agents; the outer-surface interactions of Q[n]s are considered as the driving
forces [5]. More recently, we expanded the Q[n]-Ln?t-based interaction chemistry
from construction of novel coordination polymers and supramolecular assemblies
to the isolation or separation of lanthanide cations based on the discovery of abil-
ity of Q[n]s to identify lanthanide cations, and plan to systematically investigate the
interactions of each of Q[n]s and their derivates with series of lanthanide cations,
and the potential applications of these Q[#n]s in isolation or separation of lanthanide.
For example, the interactions between a series of lanthanide cations (Ln**) and a
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Fig. 4.3 X-ray crystal structure of a representative compound: a a Ce3*/SPMeQ[5] com-
plex with an included chloride anion and cerium cations; b detailed interactions between
a Ce3t/SPMeQ[5] complex and the surrounding eight [CdCl14]*~ anions; ¢ an overall view of
the honeycomb-like supramolecular assembly constructed of Ce3*/SPMeQ[5] complexes and
[CdCl4]?~ anions; d a channel in the assembly containing a Ce?t/SPMeQ[5] complex chain;
e detailed interactions between Ce3*/SPMeQI[5] complexes and [CdCl4]>~ anions in the chain

methyl-substituted cucurbit[S]uril (SPMeQ[5]) derived from a 3a-methyl-glycoluril
have been investigated. Single-crystal X-ray diffraction analysis revealed that the
SPMeQI5] selectively interacts with certain lanthanide ions and forms a coordination
capsule where a chloride anion is included in the cavity of the SPMeQ[5] mole-
cule in the presence of [CdCly>~ (Fig. 4.3). The Ln®* cations which interact with
SPMeQ[5] are the four light lanthanides, La’*, Ce3*, Pr3t, Nd3*, while the remain-
ing lanthanide cations stay in solution under the same interaction conditions. These
results suggest that SPMeQ[5]-Ln(NO3)3—CdCl,—HCI systems could be useful for
the selective isolation of these light lanthanide cations from mixtures also contain-
ing heavier lanthanide cations. In order to confirm this suggestion, representative
Lnfight—Lnf’l;;Vy—SPMeQ[S]—CdClz—HCI systems with 1:1 ratios were selected
for isolating lighter lanthanides, namely Pr3t-Sm3*, Pr3i*—Eu’t, Pr3*—Tb3*+, and
Pr3t—Lu3* systems. Energy dispersive spectrometry (EDS) showed that the crystals
obtained from these systems contained a high proportion of the lighter lanthanides
(almost 100 %) for the group with 1:1 of Lnﬁ;“ht: Lnﬁ:favy ratios (Fig. 4.4). These
experimental results suggest that this strategy could be really useful, and SPMeQ[5]
could be used for isolating lighter lanthanides from their heavier counterparts [9].
Similar properties can be found in various Q[6]s-Ln’* interaction systems. As
previously mentioned, linear coordination polymers have been assembled from
lanthanide cations (Lnt) and cucurbituril (Q[6]) in the presence of [CACL4]* or
[ZnCl4]?>~ anions as inorganic structure directing agents in HCI solution [10]. X-ray
diffraction analysis has revealed honeycomb-patterned supramolecular assemblies, in
which [CACL4]?~ or [ZnCl4]?~ anions form the honeycomb and the hexagonal cells
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are occupied by Ln3*-Q[6] linear coordination polymers (Figs. 3.21 and 4.5). The
most remarkable phenomenon was the rapid precipitation of Ln3+-Q[6]-[CdC14]2_
or -[ZnC14]2_ systems when the Ln3t cations were La, Ce, Pr, or Nd. This may
offer a means to separate the light lanthanides cations from their heavier counter-
parts. When a solution of Q[6] in aqueous HCI was added to mixtures of light and
heavy lanthanides in a 1:1 ratio, for example La:Eu, in aqueous HCI solution, a large
amount of white precipitate was again deposited. EDS showed that in terms of cations
the white precipitate contained ~90 % La and ~10 % Eu, suggesting a strategy for the
separation of light lanthanides from their heavier counterparts (Fig. 4.5) [10].

We have recently investigated the coordination of (HO);9Q[5] molecules with a
series of Ln3™ cations in the presence of potassium salt of [PMo 1204013~ anion. The
results, mainly based on X-ray diffraction analysis, have revealed that the Kt/Ln3*/
(HO)1OQ[5]/[PM012040]3_ systems result in the formation of three different supra-
molecular assembly isomorphous groups with increasing atomic number of lantha-
nides, in particular, the complexes and corresponding supramolecular assemblies
contain lighter lanthanide cations which coordinate to (HO);9Q[5] molecules in
solid state for the first two isomorphous groups, while the solid crystals involving
heavy lanthanide systems show no heavier lanthanide cations, which still stay in the
solution state. Such difference offers a possible means to separate the lighter lantha-
nide cations from their heavier counterparts. Figure 4.6 shows these representative
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Fig. 4.5 X-ray crystal
structure of Q[6]/My ,-based
coordination polymers in
the presence of [MCl4)?~
anions: (fop) a representation
of an overall view of the
coordination features and
supramolecular assembly;

b the honeycomb-like
framework composed of
[MCl4]>~ anions and

¢ linear coordination
polymers of Ln3* cations
and Q[6] molecules; (middle)
the progress of precipitation
in the Ln-Q[6]-[CdCl4]?~
systems (Ln = La, Ce, Pr,
Nd), and d—f representatives
of EDS of the white
precipitate from the Lnjjgn—
Litheavy—QI61-[CdCla]*~
system. Adapted from

Ref. [10] with permission
from The Royal Society of
Chemistry
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Fig. 4.6 X-ray crystal structures of a—c three representative supramolecular assemblies; d—f
the detailed interactions of an (HO){oQ[5] molecule with [PMo2040]°>~ anions; in turn, g-i the
detailed interactions of a [PMo2040]°~ anion with (HO)10Q[5] complexes corresponding to the
compounds in the three isomorphous groups, respectively, j, k the detailed interactions between
an (HO)10Q[5] molecule and a [PMo040]° ~anion [11]
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Fig. 4.7 a, b X-ray crystal structures of two representative complexes of 0-TMeQ[6] with Nd3+
and Dyt cations, respectively; EDS of o-TMeQ[6] with 1:1 ratios of light: heavy lanthanides

supramolecular architectures and detailed interactions between the components, such
as a [PMo;12040]°~ anion surrounded by (HO)10Q[5] molecules, and a (HO)0Q[5]
molecule surrounded by [PMoj2040>~ anions, in the KT/Ln**/(HO);0Q[5)/
[PMo120490]>~ systems. Nine typical systems were selected as the representative
examples, such as Ce/Tb, Ce/Er, Ce/Yb, Nd/Tb, Nd/Er, Nd/Yb, Sm/Tb, Sm/Er, and
Sm/YDb, in aqueous HCI solution (1.0 mol/L), respectively, then the K™/(HO)0Q[5]/
[PMo12040]~ system in aqueous HCI 1.0 mol/L was added to the mixtures of light
and heavy lanthanide nitrate salts with ratios of 1:1, respectively; energy dispersive
spectroscopy (EDS) data showed that the obtained crystals from the above systems
contained only or dominated light lanthanide [11].

Our another recent work showed the coordination in supramolecular assem-
blies by reacting a series of lanthanide cations (Ln**) and a new alkyl-substituted
cucurbituril, the ortho-tetramethyl substituted cucurbituril (0-TMeQ[6]), in the
presence of cadmium nitrate as an inorganic structure directing agent in neutral
solution. X-ray diffraction analysis revealed that the coordination of lanthanide
cations gives rise to simple 0-TMeQ[6]/Ln3t complexes (Ln*t = Gd3*, Tb3™,
Dy3*, Ho’*, Er¥t, Tm3™*, Yb>T and Lu>"). Figure 4.7a, b shows two representa-
tive 0-TMeQ[6]/Ln>t complexes, TMeQ[6]/Nd** and TMeQ[6]/Dy>+. Most
interestingly, no solid crystals were obtained for any compounds containing La,
Ce, or Pr, suggesting that these compounds may be suitable for the separation of
heavier lanthanide cations from thelr hghter counterparts [8]. In order to inves-
tigate this further, nine typical th ht theavy—o TMeQ[6]—-Cd(NO3)3 sys-
tems were selected as representative examples (L, — Lnpt  and La’ ™ —Ho*,
La3+ Tm3+ La3+ Yb3+ Ce3+ H03+ Ce3+ Tm %+ Ce3+ Yb3+ Pr3t— H03+
Pr3t—Tm3t and Pr3t—Yb3t), all in 1:1 ratios. EDS showed that the crystals
obtained only heavy lanthanides, while the Lnfght lanthanides remained in the
mother liquor [12].

Not only smaller Q[n]s, such as Q[5]s and Q[6]s, but also larger Q[n]s, such
as Q[8], can present the potential application for isolation of lanthanide cati-
ons. X-ray diffraction analysis has revealed that the coordination of lanthanide
ions to Q[8] and corresponding supramolecular assemblies can be cataloged
into two isomorphous groups [13]. One group is characteristic of coordination
of Q[8] molecules with the light lanthanide cations, such as Ce3t, Nd3*, Sm3+,
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Fig. 4.8 X-ray crystal structure of two compounds for the two isomorphous groups: a a complex
of Q[8] with cerium cations; b, ¢ a Ce’>T/Q[8] complex surrounded by six [CACl4]?>~ anions;
d a [CdCl4]> anion surrounded by three Ce3t/Q[8] complexes; e 2D network constructed of
Cet/Q[8] complexes and [CACI4]?~ anions; f a sandwich constructed from two metal free Q[8]
molecules and a Ce3+/Q[8] complex which is surrounded by six [CACl4]?>~ anions; g, h an over-
all view of the stacking of Ce3t/Q[8] complexes and [CACl4]?~ anions [13]

and Eu’t respectively, while the other group is characteristic of coordina-
tion of Q[8] molecules with the heavy lanthanide cations, such as Gd3t, T3+,
Ho’t, Er’t, Tm3t, Yb?*, and Lu’t respectively. A complex consisting of a
Q[8] molecule with Ce3*, is given in Fig. 4.8 as a representative example of the
Lnﬂ;ht—Q[S]—[CdCL;]Z_ group. The crystal structure of the Ce3+/Q[8] complex
shows that the Q[8] molecule coordinates to four Ce3* cation ions. An unusual
interaction between the [CdC14]?~ anions and methine or methylene on the outer
surface of the Q[8] molecule can be also observed. Each Ce3+/Q[8] complex is
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Fig. 49 a A Lu3*-unit; b a basic four-Q[8] building block; c—d 3D frameworks based on the
direct coordination of Lu3* cations to Q[8] molecules along different directions [13]

surrounded by six [CACL4]?>~ anions through the so-called outer-surface inter-
action of Q[n]s. The coordination of Lut with Q[8] molecules in the presence
of [CdCl4]>*~ anions served as a representative isomorphous complex of the
Ln3:aVy—Q[8]—[CdC14]2_ group, showed an unexpected experimental result. An
Lu’*-unit containing four Lu**t cations with a 50 % occupancy links four Q[8]
molecules as a basic building block (Fig. 4.9a, b) and each Lu’T-unit links four
QI[8] molecules and forms the basic four-Q[8] building block. In turn, each Q[8]
molecule in the block coordinates with two Lu®t-units. Moreover, the extra hydro-
gen bonding of =CH or =CH; groups on the back of a Q[8] molecule with portal
carbonyl oxygens of Q[8] exist between every two adjacent Q[8] molecules in the
block (Fig. 4.9b). Thus, extending the basic building block results in the formation
of a novel 3D framework with various channels, through the direct coordination of
Lu?t cations to Q[8] molecules (Fig. 4.9c¢, d).

Most interestingly, systems containing the light lanthanides and Q[8] in 6 mol
aqueous HCI have been found to give crystals more rapidly than systems con-
taining the heavy lanthanides. This suggests that the difference could be used to
separate the lighter lanthanides cations from their heavier counterparts. When a
solution of Q[8] in aqueous HCI was added to mixtures of light and heavy lan-
thanides in a 1:1 ratio, for example Ce:Lu, in aqueous HCI solution, stick-like
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Fig. 4.10 Crystals grown from a Ce3t-Q[6]-[CdCl4]>~ system; b Lu*-Q[6]-[CdCI4]*~ sys-
tem; ¢ Ce3t—Lu3t-Q[6]-[CdCL]*~ system; and d electron spectroscopy data of the stick-like
crystals from the Ce—Lu—Q[S]—[CdCl4]2* system. Adapted from Ref. [13] with permission from
The Royal Society of Chemistry

crystals were first obtained (Fig. 4.10a—c). EDS showed that the stick-like crys-
tals contained only Ce cations and no Lu (Fig. 4.10d). Several other typical

Lnﬂ;'ht—Lna;wy—Q[8]—[CdCl4]2_ systems were selected and EDS of the crystals

show high ratios Lnﬁght/Lnﬁ;vy [13]. We continue to carry out further detailed

investigations aimed at developing a practically useful technique.
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