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ABSTRACT

The supramolecular chemistry of cucurbituril, a synthetic receptor,
is fascinating because of the remarkable guest binding behavior
of the host. Studies in the field, however, have met with limitations,
since the only species known was the hexameric macrocyclic
compound, cucurbit[6]uril. Recently we synthesized its homo-
logues, cucurbit[n]uril (n = 5, 7, 8), and derivatives. These new
members of the cucurbituril family have expanded the scope
further, and interest in them has grown enormously. This Account
is a compilation of recent literature covering the syntheses of the
homologues and derivatives, and their supramolecular chemistry.

1. Introduction

Cucurbituril (cucurbit[6]uril, or CB[6]) is a hexameric
macrocyclic compound self-assembled from an acid-
catalyzed condensation reaction of glycoluril and form-
aldehyde. Although its synthesis first appeared in the
literature in 1905, its chemical nature and structure had
been unknown until 1981, when full characterization was
reported by Mock and co-workers.? The pumpkin-shaped
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molecule CB[6] has a cavity of ~5.5 A diameter, accessible
from the exterior by two carbonyl-laced portals of ~4 A
diameter. Although it resembles a-cyclodextrin (a-CD) in
terms of cavity size, the highly symmetrical structure with
two identical openings distinguishes it from o-CD. The
guest binding properties of CB[6] as a synthetic receptor
have been studied extensively by Mock.? In a similar way
to CDs, the hydrophobic interior of CB[6] provides a
potential site for inclusion of hydrocarbon molecules.
Unlike CDs, however, it forms stable inclusion complexes
with various protonated alkyl and arylamines.

The rigid structure and capability of forming stable
complexes with molecules and ions also make CBI[6]
attractive as a building block for the construction of
supramolecular architectures. Over the past decade, we
synthesized a wide variety of supramolecular species such
as polyrotaxanes,*~” molecular necklaces,®1° rotaxane
dendrimers,!! and rotaxane-based molecular switches!?
using CBJ[6] as a molecular bead. We also carried out DNA
binding studies of pseudorotaxanes comprising CB[6] and
polyamines!® and investigated the potential utility of
rotaxane dendrimers as gene carriers.** Our work in this
area has been summarized in recent review articles.’® In
addition, several other applications of CB[6] have been
demonstrated. For example, CB[6] can facilitate cycload-
dition reactions with large rate acceleration inside the
cavity.'® Due to its strong affinity toward organic dye
molecules, CB[6] is considered suitable for treatment of
effluents from dye industries.’

As illustrated above, CBJ6] is potentially as useful as
crown ethers, CDs, and calixarenes in many applications,
but it suffers from several shortcomings, which may
explain why its chemistry has been developed so slowly
until recently. First, its solubility in common solvents
except for strongly acidic aqueous solution is extremely
low. Most host—guest chemistry of CB[6] has been there-
fore studied in a 1:1 mixture of formic acid and water.
Some years ago, we discovered that it dissolves ap-
preciably in aqueous solution of alkali metal salts, pre-
sumably due to coordination of the metal ions to the
portal carbonyl oxygens.'® Nevertheless, its poor solubility
in common solvents poses serious problems in expanding
its applications. Second, no method to introduce any
functional groups to the molecule was known. For ex-
ample, glycoluril derivatives carrying substituents at the
“bridging” positions fail to produce cyclization products
upon condensation with formaldehyde. The lone excep-
tion was dimethylglycoluril, which yields decamethyl-
cucurbit[5]uril as the only cyclization product.'® Further-
more, no method has been reported to achieve direct
functionalization of CB[6]. Third, homologues containing
greater or fewer glycoluril units were not available. This
is quite a contrast to the fact that several homologues were
available in calixarenes, which are obtained from a base-
catalyzed condensation of a phenol and formaldehyde.

* Corresponding author. Tel: (+82)54-279-2113. Fax: (+82)54-279-
8129. E-mail: kkim@postech.ac.kr.
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Since they severely limit the scope of cucurbituril
chemistry, we decided to tackle these problems when we
initiated our work on CBJ6] in early 1990s. After numerous
unsuccessful attempts over several years, we finally suc-
ceeded in synthesis, isolation, and full characterization of
cucurbituril homologues containing different number of
glycoluril units, and cucurbituril derivatives soluble in
common solvents. These new synthetic receptors with
cavities smaller or larger than CB[6] and with good solu-
bility have created a fresh wave of interest. Within a few
years, many elegant studies have been reported. This
article is a documentation of these recent developments,
mainly based on the work performed in our laboratory.

2. Cucurbituril Homologues: Synthesis and
Structures

2.1. Synthesis. The synthetic protocol of CB homologues
is similar to the conventional CB[6] synthesis. Reaction
of glycoluril with formaldehyde in 9 M sulfuric acid at
~75—90 °C for 24 h yields a mixture of CB[n] family. The
key is the lower reaction temperature than that employed
in the conventional CB[6] synthesis (>110 °C), which
allows formation of significant amounts of CB homologues
in addition to CB[6] (Scheme 1).2° NMR and ESI mass
studies confirmed that the reaction mixture contains a
family of CB homologues, mostly from pentamer to
octamer, with typical contents being ~10—15% CBJ5],
~50—60% CB[6], ~20—25% CB[7], and ~10—15% CBJ8].
Trace amounts of higher homologues (CB[n], n = 9—11)

-\\.3”

CBI[5]
FIGURE 1. X-ray crystal structures of CB[n] (n = 5—8). Color codes: carbon, gray; nitrogen, blue; oxygen, red.

CcB[e]
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were also detected by mass spectrometry. Synthesis of the
homologues under hydrothermal conditions yields a mix-
ture of CB[n] with slightly higher CB[7] and CB[8] content.

CB homologues are separated in pure form using
fractional crystallization and dissolution.?’ On standing,
the reaction mixture first yields crystals of CB[8]. CB[6] is
then separated by fractional dissolution of other CB
homologues with acetone/water. From the soluble por-
tion, CBJ[5] and CB[7] are isolated and further separated
by fractional crystallization. It should be noted that the
separation of the homologues is affected by traces of acid
present in the mixture as well as by the NH;* ion, which
may be formed from thermal decomposition of glycoluril.
Recently, Day and co-workers examined a wide range of
reaction conditions in an attempt to optimize the yield
of individual CB homologues and discussed the mecha-
nism of cyclization.?

The mechanism of the CB[n] formation is not clearly
known. Apparently, the reaction of glycoluril and form-
aldehyde first generates linear oligomeric products which
then cyclize to produce a library of CBs. The conforma-
tions of the dimers and trimers and their implication for
CB[n] formation have been discussed.?? The template
effects of various species including metal ions on the CB-
[n] synthesis have been explored,?® but the exact role of
the templates is not known.

2.2. Structures and Physical Properties. CB homo-
logues CB[5], CB[7], and CB[8] have been fully char-
acterized by various spectroscopic methods and X-ray
crystallography (Figure 1).2° Chart 1 compares some
structural parameters of the CB homologues. On going
from CB[5] to CBJ8], the mean diameter of the internal
cavity increases progressively from ~4.4 to ~8.8 A.
Likewise, the portal increases its mean diameter from
~2.4to ~6.9 A. In terms of cavity size, CB[6], CB[7], and
CB|[8] are analogous to a-, -, and y-CD, respectively. *H
and 3C NMR spectra are helpful in identifying the homo-
logues.?® The chemical shift difference between the two
sets of methylene protons progressively increases from

CB[7]

CBI8]
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Table 1. Relative Strain Energy of CB[n]?

cucurbit[n]uril

CBI[4] CBI[5] CBI[6] CBI[7] CBI[8] CBI[9] CBJ[10] CBJ[11] CB[12]
AE +23.03 +5.06 0.00 +1.14 +5.86 +12.87 +21.41 +31.03 +41.43
(kcal/mol)
a Ab initio calculation at HF/3-21G* level.
Chart 1 strain energy ~1 kcal/mol. CB[5] and CB[8] have less than
e E 6 kcal/mol relative strain energy, while this is significantly
LNﬁN_CH J high for other homologues. These results nicely cor-
— : roborate the experimental composition of the homologue
[Ny N-CHe mixture and may explain why only a trace amount of CB-
CB[n]:°n=5’ 67,8 e A [n] for n higher than 8 is observed.
3. Supramolecular Chemistry of Cucurbituril
CB[5] CB[6] CB[7] CBJ8] H0m0|ogues
outer diameter (A) a 131  14.4 160 175 3.1. Host—Guest Chemistry. CB homologues share char-

4.4
cavity (A) b 5.8 7.3 8.8
c 2.4 3.9 5.4 6.9
height (A) d 9.1 9.1 9.1 9.1

cavity volume (A3) 82 164 279 479

1.42 to 1.65 ppm on going from CBI[5] to CB[8]. The
chemical shifts of the methylene and methine carbons
move downfield on going up in the homologous series.

Solubility of CB homologues in common solvents is
also low (<1075 M), except that CB[5] and CB[7] have a
moderate solubility in water (2—3 x 1072 M), which is
comparable to that of 5-CD (1.6 x 1072 M). All the CB
homologues are soluble in acidic water as well as in
aqueous alkali metal ion solution. The homologues have
high thermal stability in the solid states. No decomposi-
tion is observed up to 420 °C for CB[n] (n = 5, 6, and 8)
although CBJ7] starts decomposing at a somewhat lower
temperature (370 °C). Prolonged heating of CB[8] in conc
HCI at 100 °C produces the smaller homologues, while
smaller CB homologues do not show either interconver-
sion or detectable decomposition.?

The stability of CB homologues can be inferred from
the relative strain energy upon cyclization. Ab initio
calculations performed on the series of CB[n] homologues
for n = 4—12 (Table 1)?* revealed that the most stable
homologue is CBJ[6], closely followed by CB[7] with relative

acteristic features of CB[6], hydrophobic cavity, and polar
carbonyl groups surrounding the portals. However, their
varying cavity and portal sizes lead to remarkable molec-
ular recognition properties different from those of CB[6]
(Chart 2). CB[6] forms very stable complexes with proto-
nated diaminoalkanes (*NH3(CH),NH3;", n = 4-7, K >
10%) and moderately stable complexes with protonated
aromatic amines such as p-methylbenzylamine (K ~3 x
10%); the o- and m-isomers are not included. It can also
encapsulate neutral molecules such as tetrahydrofuran
and benzene in aqueous solution. On the other hand, CB-
[7] forms complexes with larger guest molecules that are
not included in CB[6]. For example, CB[7] forms a 1:1
complex with 2,6-bis(4,5-dihydro-1H-imidazol-2-yl)naph-
thalene (BDIN). It binds protonated adamantylamine as
well as methyl viologen dication (N,N’-dimethyl-4,4'-
bipyridinium, MV?") in a 1:1 ratio. Neutral molecules such
as ferrocene and carborane get easily encapsulated in CB-
[7] in aqueous solution. The cavity of CBJ[8] is large enough
to include two BDIN molecules to form a 1:2 complex, or
two different guest molecules such as MV?* and 2,6-
dihydroxynathphalene (HN) to form a 1:1:1 complex (see
below). It can encapsulate another macrocycle, such as
cyclen and cyclam. The smallest homologue CB[5] can
encapsulate small molecules such as N, in the cavity and
binds cations such as NH;* and Pb?" strongly at the
portals. Two NH," ions can completely seal both the
openings of CB[5].

Chart 2
CBI[5] CBJ[6] CBJ[7] CBJ8]
\Hs* NH HN
N,, O, Ar *NH4(CH,),NH, * |: j
(n=4-7, K, > 10%) HN,» NH HN
THF, b <y HN
NH4+ enzene HH 2x "}
alkali metal ions GNH H Oe H
Pb?* mc—@—cuzum‘ T
NN
binding to (K, ~3x102) H;C “D—@N CHj . .
the carbonyl _ND_@N_
oxygens o- and m-isomers < > N
of the portals are not included. é HO
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FIGURE 3. Cyclic voltammograms of MV?* in the presence of 3
equiv of CBJ[7] (solid line) and absence of CB[7] (dashed line).

As seen above, CBs bind guests of varying sizes similar
to CDs, but the two host families have fundamental
differences in host—guest interactions originated from the
different functional groups decorating the cavity en-
trances. The OH groups encircling the cavity entrances
of CDs can contribute to guest binding mainly through
hydrogen bonding, whereas the carbonyl groups at the
portals of CBs allow charge—dipole interaction as well as
hydrogen bonding with guests, and are capable of coor-
dination to metal ions. Such differences can be easily vis-
ualized by the electrostatic potential (ESP) profiles of CBs
and CDs. Figure 2 compares calculated ESP surfaces of
CB[7] and 5-CD.?* In CBs the regions around carbonyl
oxygens are found to be significantly negative (blue-
colored) as expected. Note that the inner surface of the
cavity is also quite negative while the outer surface is
somewhat positive. On the other hand, the portal and
cavity of CDs are almost neutral. Consequently, CBs
preferentially bind guests with positive charge whereas
CDs prefer neutral guest molecules. It should also be
pointed out that the high structural rigidity of CBs in
comparison to CDs allows highly selective recognition
processes.

The different inclusion behavior between CBs and CDs
is nicely illustrated by the electrochemical behavior of
MV?2* in the presence of CB[7]?>?¢ and 3-CD.?’ First of all,
CB[7] binds MV?* strongly (Ko = ~2 x 10°> M™1). One-
electron reduction of MV?* leads to MV, which still binds
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tightly to CB[7] with a slightly lower binding affinity (K
= ~1 x 10° M), as indicated by a small negative shift
(~—20 mV) in the first half-wave potential (Ey) in the
presence of CB[7] (Figure 3). However, the large negative
shift (~—110 mV) in the second E,/, in the presence of
CB[7] indicates that further reduction of the guest to MV°
substantially decreases its binding affinity to CB[7] (Ko =
~2 x 10> M™1). Therefore, the complex formation con-
stants of CB[7] toward the three species (MVZ", MV, MV°)
follow the order K, > K, > K,, which is exactly opposite
to that for 3-CD. In other words, 5-CD does not bind MV?*
appreciably but has a higher affinity toward MV although
the binding constant is still small (~30 M™1), as indicated
by a small positive shift in the first E;/, in the presence of
large excess 5-CD.?” The large positive shift in the second
Ei/2 in the presence of 5-CD indicates that MV° binds to
B-CD relatively strongly (Ko = ~1400 M), leading to the
order Kot < Ky < Ko.

The cation radical MV*™ has a strong tendency to
dimerize and therefore exists as a monomer and a dimer
in equilibrium in aqueous solution. However, the dimer-
ization of the radical cation is effectively suppressed in
the presence of equimolar CB[7] by forming a stable 1:1
CB[7]/MV** complex, as confirmed by spectroelectro-
chemical studies. Similar to CB[7], CB[8] also forms an
exclusive 1:1 host—guest complex with MV?" with a
formation constant of 1.1x10° M~1.28 However, one-
electron reduction of MV2*/CB[8] complex leads to rapid
generation of the 2:1 inclusion complex (MV*),/CB[8]
(Scheme 2). The mechanism of this fast process is not
clear. The dimerization constant of MV* in the presence
of equimolar CBJ[8] is estimated to be 2 x 107 M™%, which
is about 10° times larger than that of MV* alone in
aqueous media.?® Such redox control of the stoichiometry
in host—guest complexation may provide a working
principle for electrochemically controllable molecular
machines.
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FIGURE 4. X-ray crystal structure of a charge-transfer complex
stabilized inside CBI[8].

FIGURE 5. SEM image of vesicles formed with a charge-transfer
complex in CB[8].

3.2. Charge-Transfer Complex Formation in Cucurbit-
[8]uril. Instantaneous and quantitative formation of an
inclusion complex containing a hetero-guest pair is ob-
served upon addition of 1 equiv of HN to the 1:1 complex
of MV?™ and CB[8].2° The ternary complex is also formed
exclusively when their components are mixed in a 1:1:1
ratio (Scheme 3). The major driving force for the ternary

Scheme 3
Mv2+ HN CBI[8]
I -

+ OH
_N\f \J'

complex formation appears to be strong charge-transfer
(CT) interaction between HN and MV?" inside the host
cavity. The 1:1:1 ternary complex exhibits a CT absorption
band at 580 nm which is largely red-shifted (A1 = 120 nm)
with concomitant high increase in intensity compared to
that of a 1:1 mixture of MV?T and HN in the absence of
CBJ8]. Strong fluorescence quenching is also observed
upon formation of the CT complex inside CB[8]. Without
CBI8], the CT interaction is very weak. The highly en-
hanced CT interaction between the two guests is probably
due to their close contact within the cavity of CB[8], which
has been confirmed by X-ray crystallography (Figure 4).
Spectroscopic and electrochemical properties of the ter-
nary complex are currently being investigated.

This unique phenomenon can be utilized for the
detection of biologically important molecules containing
aromatic side chains. For example, tyrosine, tryptophane,
and dopamine form stable CT complexes (K = ~10° — 10°)
with MV?* inside CB[8],%° as indicated by color, UV—
visible, emission, and 'H NMR spectral changes. In
particular, noticeable color changes allow the naked-eye
detection of these molecules.

3.3. Vesicle Formation. The stable CT complex forma-
tion inside a host provides new opportunities in creating
elaborate supramolecular assemblies. For example, we
recently studied the spontaneous formation of giant
vesicles triggered by the formation of a CT complex inside
CB[8].3! Sonication of an equimolar mixture of CB[8],
viologen with a long alkyl chain (C;VCs?*), and HN in
water results in a violet turbid solution with a broad
absorption band centered at ~550 nm, indicating the
formation of a CT complex inside CB[8], which was further
confirmed by NMR and ESI mass measurements. The SEM
images of the complex show relatively large vesicles with

(b)

FIGURE 6. X-ray crystal structure of [Cu(cyclen)(H,O)] encapsulated in CB[8]: (a) space-filling model and (b) ball-and-stick model. Color

code: copper, green; oxygen, red; nitrogen, blue; carbon, gray.
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Scheme 4
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diameters of 0.02—1.2 um (Figure 5). A high-resolution
TEM image of the vesicles reveals their hollow structures.
The vesicles are robust as they maintain the spherical
shape even under the SEM experiment conditions. Further
evidence for the formation of vesicle is provided by
encapsulation of a fluorescent dye within the interior of
the vesicles. Here the ternary complex behaves as a
supramolecular amphiphile with a large polar headgroup
and a hydrophobic tail. Since the ternary complex is
stabilized by CT interaction, redox chemistry can be used
to trigger the collapse of the vesicles. On treating the
complex with cerium (IV) ammonium nitrate, which
oxidizes HN to naphthoquinone, the band at 550 nm
disappears, indicating the destruction of the CT complex.
Collapse of the vesicles was subsequently confirmed by
SEM. Useful applications of this novel, supramolecular,
redox-controllable vesicle system can be envisaged in
many areas including development of smart materials.

3.4. Macrocycle within a Macrocycle. The inclusion of
a macrocycle guest in a macrocycle host, reminiscent of
the famous Russian Matrioshka dolls, is fascinating, as
such supramolecular architectures are not only aestheti-
cally pleasing, but also potentially useful as biomimetic
systems. We reported such a macrocycle within macro-
cycle by encapsulating cyclen (or cyclam) in CB[8].% The
smaller macrocycles can form transition metal complexes
with Cu'' or Zn" ions while still encapsulated in the CBJ[8]
cavity (Figure 6). These are the first examples of transition
metal macrocyclic complexes encapsulated in molecular
or supramolecular hosts. An electrochemical study re-
vealed that the encapsulation of Cu(cyclen) in CB[8]
causes a large positive shift of the Cu'”' redox potential
and a substantial decrease in the electron-transfer rates.
This supramolecular system thus mimics redox-active
metalloproteins in which redox centers are embedded in
protein coats and may also serve as biomimetic systems
for the binding, activation, and catalytic transformation
of specific substrates.

Day and co-workers reported an interesting macrocycle
within a macrocycle in which CBJ[5] is located inside the
larger homologue CB[10].%® Free motion of CB[5] within
CBJ[10], reminiscent of a gyroscope, suggested the name
gyroscane. The isolation of free CB[10] by removal of CB-
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[5] from the cavity has not been successful. This work
however suggests possibility of a template synthesis of
higher CB homologues.

3.5. Cucurbit[n]uril-Mediated Chemical Reactions.
The cavity of CB[n] can be used as a reaction chamber to
mediate chemical reactions, as illustrated by the classic
cycloaddition work of Mock et al.’® We demonstrated a
facile, highly stereoselective [2 + 2] photoreaction of trans-
diaminostilbene dihydrochloride (DAS) in the cavity of
CB[8] in solution (Scheme 4).3* UV irradiation of an
aqueous solution containing CB[8] and trans-DAS in a 1:2
ratio followed by a base treatment affords a,o,3,5-tetrakis-
(4-aminophenyl)cyclobutane almost exclusively with a
small amount of the oo isomer. In the absence of CB-
[8], however, the main reaction pathway for trans-DAS
upon UV irradiation is the isomerization to cis-DAS. The
origin of the high stereoselectivity of the photodimeriza-
tion mediated by CBJ[8] has been proposed on the basis
of a theoretical study. Before the photoreaction occurs,
CBI8] and trans-DAS form a 1:2 host—guest complex in
aqueous solution. Although both syn and anti orientations
are possible when the two guest molecules are included
in CBJ[8], the syn conformation is more favored for the
photocyclization to give the aoff product. This work
illustrates that bimolecular reactions between appropri-
ately designed guest molecules can be facilitated with high
regio- and stereoselectivity.

By encapsulation, CB[n] can stabilize otherwise un-
stable species. For example, cis-DAS, which can be gener-
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FIGURE 7. Energy-minimized structures of (a) trans-DAS/CB[7] and (b) cis-DAS/CB[7] complexes.

o]
o

X

P
o

z‘\'u
'qz \

H,l H;

oxaliplatin

FIGURE 8. X-ray crystal structure of oxaliplatin/CB[7] complex.

ated from trans-DAS by UV light irradiation, slowly
converts to the trans form in the dark. However, once it
forms a 1:1 host—guest complex with CB[7], the guest does
not undergo isomerization to the trans form at an ap-
preciable rate at room temperature (Scheme 5).3° Ab initio
calculations revealed that, although free cis-DAS is less
stable than the trans by 9 kcal mol™?, the former has larger
binding energy (by ~23 kcal mol™) than the latter in
forming a 1:1 inclusion complex with CB[7] because both
terminal amine units of the cis isomer can form hydrogen
bonds with the portal oxygens of CB[7] whereas only one
terminal amine unit of the trans isomer can form such
bonds (Figure 7). Consequently, the inclusion complex of
the cis isomer is more stable than that of the trans isomer
at least in the gas phase.

3.6. Miscellaneous Supramolecular Systems. CBJ[7]
may be used as a host for drugs of appropriate size since
its aqueous solubility and internal dimensions are com-
parable to those of 5-CD. For example, CB[7] forms a
stable 1:1 complex (K = ~2 x 10° M~1) with the anticancer
drug oxaliplatin by encapsulating the cyclohexyl ring of
the guest inside the cavity, which has been confirmed by
X-ray analysis (Figure 8).%° The high stability of the
complex suggests the potential use of such complexes in
controlled release of drugs. We also observed that CB[7]
readily forms highly stable inclusion complexes (K > 107)
with ferrocene derivatives such as ferrocene substituted
amine and alcohol.?® Nau and Marquez examined the
spectroscopic properties of 2,3-diazabicyclo-[2,2,2]oct-2-

Scheme 6
A 0
HN” “NH A
HCHO N N—CH;
b =] 3¢
HN_ _NH H‘IAHZO Do
N_ _N—CH,
¢ N n
0 o]
CB*[n]

ene (DBO) encapsulated in CB[7] to characterize the
chemical environment of the CBJ[7] cavity.%¢ Surprisingly,
the polarizability inside CBJ[7] cavity is very low, even lower
than that in perfluorohexane, and therefore the photo-
physical properties of DBO inside CB[7] are closer to those
in the gas phase than to those in solution. Entrapment of
cis-SnCly(OH,),%” and o-carborane® inside the CBJ[7] cavity
has been reported.

4. Cucurbituril Derivatives

4.1. Decamethylcucurbit[5]uril (Me;cCB[5]). The only
cucurbit[n]uril derivative reported in the literature was
decamethylcucurbit[n]uril (Me1,CBJ[5]) until very recently.
Although the possible formation of Me;oCB[5] from di-
methylglycoluril-formaldehyde condensation was hinted
earlier,?® the isolation and full characterization of the
compound was first reported by Stoddart et al. in 1992.1°
X-ray crystal structure of Me;oCBJ[5] is nearly identical to
that of CB[5] with a cavity of diameter 4 A and portals of
diameter ~2.5 A. Bradshaw, Izatt, and co-workers studied
complexation of Me;,CB[5] with various metal ions* in
formic acid/water (1:1) by calorimetric and potentiometric
methods and observed that the macrocycle binds most
metal ions in a 1:1 stoichiometry in the acidic solution.
Interestingly, Me;,CB[5] shows exceptionally high affinity
for Pb?" ion (log K > 9), which may be due to the size
match between Pb?" and Me;(CB[5] portals. Recently,
Buschmann et al. reported stability constants of the
complexes formed between Me;,CB[5] and alkali, alkaline
earth, and ammonium ions in aqueous solution,*! but the
data should be reexamined as the Me;,CB[5] used in this
study turned out to be its diammonium complex.*
Dearden et al. observed the encapsulation of small
guest molecules such as N,, O,, methanol, or acetonitrile
in Me;oCBJ[5] in the gas phase using electrospray ionization
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CB*[5]

FIGURE 9. X-ray crystal structures of CB*[5] and CB*[6].
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FIGURE 10. Responses of an ISE based on CB*[6] to acetylcholine
(Ach™) and other interfering ions including choline (Ch™).

FT mass spectrometry.*® The trapped gas molecules fail
to escape as the portals are capped with ammonium ions.
If an ionophore such as 18-crown-6 is present in the gas
phase, the ammonium ion “lid” can be removed, and the
guest gets released. The rate of guest release depends on
its size. Recently, Miyahara and co-workers reported the
synthesis of ammonium ion “lid” free Me;,CB[5], and its
gas absorption and desorption properties.** Gases of small
(such as He, Ne, and H,) or large diameters (such as K,
Xe, and CH,) compared to the portal size are not absorbed
significantly. However, gases of intermediate sizes (N,, O,
Ar, N,O, NO, CO, and CO,) are absorbed and released in
cycles indicating the possible use of Me;CB[5] in the solid
state as a molecular sieve.

4.2. Soluble Cucurbiturils (CB*[n]). Most CB homo-
logues and Me;oCB[5] are practically insoluble in common
solvents limiting their use. Recently we succeeded in
synthesizing new soluble CB[n] derivatives, CB*[n] (n =
5, 6), by the reaction of cyclohexanoglycoluril and form-
aldehyde (Scheme 6).#> The NMR data revealed cyclic
pentamer and hexamer as major products in a 8:1 ratio,
with a small amount of unidentified homologues. After a
series of dissolutions and fractional crystallizations, CB*-
[5] and CB*[6] were isolated in 16% and 2% yields,
respectively. Their X-ray analyses revealed the expected
structures with cyclohexane rings outside decorating the
“equators” reminiscent of the ringed planet Saturn (Figure
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9). The portal and cavity sizes of CB*[5] and CB*[6] are
essentially the same as those of the CB counterparts. Both
CB*[5] and CB*[6] are soluble in common solvents such
as water, methanol, DMF, and DMSO. Interestingly, both
are more soluble in water (~2 x 107! M) than in organic
solvents (~3 x 1072 M or less). The origin of their high
solubility in water is not clearly understood.

The remarkable solubility in water at a neutral pH
allowed us to study their host—guest chemistry in neutral
water. In neutral water, CB*[6] forms a stable 1:1 host—
guest complex with acetylcholine, an important neu-
rotransmitter, whereas choline shows little interaction
with CB*[6]. CB*[6] therefore behaves as an artificial
receptor that can differentiate acetylcholine from choline
in neutral water, which may find useful applications in
neuroscience. Metal ion binding to CB*[5] has been also
studied in neutral water. The good solubility of CB*[n] in
organic solvents allows fabrication of membrane elec-
trodes for ion sensing. The membrane electrode prepared
from CB*[6] detects acetylcholine with high selectivity over
choline and other interfering ions such as Na*, K*, and
NH,* (Figure 10). The membrane electrode made with
CB*[5] behaves as an ion selective electrode for Pb?*.

Recently, Nakamura and co-workers*® reported the first
unsymmetrically substituted cucurbituril, diphenylcucurbit-
[6]uril, (Ph,CB[6]). Reaction of a mixture of diphenylgly-
coluril and glycoluril (1:5) with formaldehyde produced a
mixture of CB[6] and Ph,CB[6] from which Ph,CB[6] was
isolated in 30% yield by gel permeation chromatography
(Scheme 7). Comprehensive structural characterization of
Ph,CB[6] was provided by NMR studies of its soluble
spermine complex. The synthesis of Ph,CB[6] may be a
route for further functionalization of the macrocycle via
the phenyl rings.
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5. Summary and Perspectives

In this Account we covered the new cucurbituril homo-
logues and derivatives with specific reference to their
synthesis, host—guest chemistry, and application pros-
pects. A subtle interplay between the homologues of
varying cavity dimensions and the size and nature of the
guests has resulted in a broad spectrum of new host—
guest systems. The diversity in guest binding behavior has
led to several interesting studies such as redox control of
guest binding, stabilization of charge-transfer complexes
inside the host cavity, encapsulation of drug molecules,
formation of redox-controllable vesicles, and so on. On
the basis of these recent studies, numerous applications
in broad disciplines can be envisaged including separa-
tion, transport, sensor, catalysis, drug/gene delivery, and
controlled drug release. The field of CB-based functional
materials and devices is also only in its infancy and
prospects are enormous. In particular, CB-based molec-
ular switches, memories, and machines may be developed
leading to new nanotechnology.*’

With the discovery of new CB homologues and deriva-
tives, new opportunities emerge as well as challenges. The
mechanism of cyclization and the template effects are
issues to be more elaborately addressed. A major limita-
tion has been direct functionalization of CB[6] or the
homologues leading to their derivatives. Appending reac-
tive functionalities directly on the CB surface resulting in
derivatives with well-defined structures would further
broaden the scope of CB chemistry. The covalent func-
tionalization of CBs would pave the way to newer ap-
plications in the same manner as the upsurge in appli-
cations of CDs after they were functionalized. CBs with
specialized functions, such as chiral CBs with enantiose-
lective properties, may find many uses including chiral
columns for chromatography. Finally, new CB analogues
can be synthesized adopting diverse synthetic routes
resulting in receptors with yet unknown properties. With
a greater control over the synthesis strategy, discovery of
such receptors is a distinct possibility.

Though CB[6] was discovered nearly a century ago, the
addition of new CB homologues and derivatives has
widened the scope further. The past two years have
witnessed a heightened interest in CB chemistry. However,
the real potential of these intriguing molecular receptors
is only beginning to be defined.
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