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Cucurbituril (CB[6]), a macrocyclic cavitand comprising six
glycoluril units, has a cavity of ~5.5A diameter that is
accessible through two identical carbonyl-fringed portals.[!]
Similar to cyclodextrins (CDs), the cavity can hold small
organic molecules through hydrophobic interactions. Unlike
CDs, however, the carbonyl groups at the portals allow CB[6]
to bind ions and molecules through charge —dipole as well as
hydrogen-bonding interactions.l!. The rigid structure and
capability of forming complexes with molecules and ions
make CB[6] very attractive as a synthetic receptor and as a
building block for the construction of supramolecular archi-
tectures.> 3] Compared to the chemistry of CDs, however, that
of CBJ[6] has developed slowly until recently which may be
attributed mainly to its extremely poor solubility in common
solvents, and the inability to functionalize these molecules.
Our recent synthesis of higher CB homologues cucurbit[# ]uril
(CB[n], n=7 and 8) with larger cavities, the dimensions of
which are equivalent to those of - and y-CDs, respectively,
opens up new possibilities in the chemistry of CB[n].H
Nevertheless, the homologues also suffer the same short-
comings as CB[6].F Thus, synthesis of CB[n] derivatives
having substituents at the peripheries that allow them to
dissolve in common solvents, and to accept functionalization
for further modifications would be a breakthrough in the
chemistry of CB[n] and enable applications in many areas
including separation, transport, and sensors. A straightfor-
ward approach to this goal may be condensation of glycoluril
derivatives carrying alkyl or aryl groups at the “bridging”
positions with formaldehyde, which would produce CB[n]
derivatives with the corresponding substituents at the “equa-
tor”. To date, however, the only successful synthesis of CB[#n]
derivatives from this approach (or by any other methods) is
for decamethylcucurbit[5]uril (MeCB[5]),l% synthesized from
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dimethylglycoluril, which nevertheless still suffers poor sol-
ubility in common solvents. After numerous unsuccessful
attempts, we have finally succeeded in the synthesis of CB[n]
derivatives from this condensation approach. Here we report
the first CB[n] derivatives that are soluble in water as well as
organic solvents.

Reaction of cyclohexanoglycoluril (1) with formaldehyde
in the presence of HCI produces a viscous solution, subse-
quent treatment of which with H,SO, at 80°C for 24 h yields a
mixture of CB[n] derivatives containing n cyclohexanoglycol-
uril units (Scheme 1). The 'H and *C NMR spectra reveal
that the mixture contains cyclic pentamer (n =5) and hexamer
(n=6) as major products (in a ~8:1 ratio), and a small
amount of unidentified homologues. After a series of
dissolution and fractional crystallizations, the pentamer
(CB*[5]) and hexamer (CB*[6]) were isolated from the
mixture in 16 % and 2 % yields, respectively.

0o
0
HN)\NH . PN
H* / H,0 —N” “N—CH,—

1 1
e —N_ _N—CH,—|
S N
(o]
1 CB*[n] (n =5, 6)

Scheme 1. Synthesis of CB*[n] (n=5, 6).

The new CB derivatives CB*[5] and CB*[6] have been fully
characterized by various methods including X-ray crystallog-
raphy. Their X-ray analyses® reveal the expected structures
with five and six fused cyclohexane rings, respectively,
decorating the outside of the “equator” of CB[n] (n=5, 6;
Figure 1). The portal and cavity sizes of CB*[5] and CB*[6]
are essentially the same as those of CB[5] and CB[6],

CB*[5]

CB*[6]

Figure 1. X-ray crystal structures of CB*[5] and CB*[6]. Water mole-
cule(s) encapsulated in the cavities are omitted for clarity. Carbon: yellow,
nitrogen: blue, oxygen: red.
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respectively: the mean cavity and portal diameters, 4.0 and
2.5 A, respectively, for CB*[5], 5.4 and 4.0 A, respectively, for
CB*[6].

One of the most remarkable properties of these new
cucurbituril derivatives CB*[S] and CB*[6] is their high
solubility in common solvents such as water, methanol,
DMSO, and reasonable solubility in ethanol, DMF, and
acetonitrile.’! Surprisingly, they are both more soluble in
water (~2x10"!molL™!) than in organic solvents (~3 x
102molL-! or less) despite the presence of the equator-
bound fused cyclohexane units. The solubility of CB*[6] in
water is comparable to that of a-CD.

The remarkable solubility allowed us now to investigate the
host — guest chemistry of CB*[5] and CB*[6] in neutral water.
For example, a preliminary study on the complex formation of
CB*[5] with K* ions in neutral water has been carried out
using titration calorimetry. CB*[5] binds K* ions in a 1:2
stoichiometry with IgK;, and IgK, values of 4.11£0.06 and
2.16 +-0.03 (pH 6.9), respectively.'”] This result is in contrast
to the previous report!!] that MeCB[5] binds K* ions (and
other alkali metal ions) in a 1:1 stoichiometry with 1gK of 3.48
in a 50 % formic acid/water solution. The acidic medium has
been employed in most binding studies of CB[6] or MeCB[5]
because of their poor solubility in neutral water.!" '3 The
reported 1:1 binding stoichiometry between MeCBJ[5] and
alkali metal ions in the acidic medium has been attributed to
the protonation of one of the receptor portals leaving only the
other available for binding a metal ion."'1 The present binding
study in neutral water, however, clearly demonstrates that the
previously reported 1:1 binding stoichiometry and lower
binding constant are a consequence of competition between
metal ions and proton for the same binding site in the acidic
medium. Comprehensive studies of the binding of CB*[5] and
CB*[6] to metal and other ions in neutral aqueous solution are
underway.[¥

The utility of water-soluble CB*[6] may be illustrated by
the formation in neutral water of a stable 1:1 host—guest
complex with acetylcholine, an important neurotransmitter.
In the host—guest complex, the acetylcholine trimethylam-
monium groups are located outside CB*[6] whereas the rest
of the molecule resides inside CB*[6] as determined by the
NMR chemical shift changes upon complex formation. The
formation constant and thermodynamic parameters associat-
ed with the inclusion phenomenon have been determined by
NMR spectroscopy: lgK=3.11, AH’=—2.7 kcalmol~!, and
AS®=3.6 calmol~' KL% On the other hand, choline exhibits
little interaction with CB*[6] as shown by 'H NMR spectros-
copy. CB*[6] therefore behaves as an artificial receptor that
can differentiate acetylcholine from choline in neutral water,
a property that may find useful applications in neuroscience.

The good solubility of CB*[5] and CB*[6] in organic
solvents allowed us to prepare membrane electrodes for ion
sensing.l' In particular, a membrane electrode prepared with
CB*[5] was expected to function as an ion-selective electrode
(ISE) for Pb?* ions because MeCBJ[5] had been reported to
bind Pb** ions exceptionally well.l'! A preliminary study
revealed that CB*[5] indeed behaves as an ISE for Pb** ions
with good sensitivity and selectivity (Figure 2a; see also
Supporting Information). Furthermore, a membrane elec-
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Figure 2. a) Responses of an ISE based on CB*[5] to Pb** and other ions
(pH 4.0 with 1 mm Mg(OAc),/HCI buffer); b) Responses of an ISE based
on CB*#[6] to acetylcholine (ACh*) and other interfering ions including
choline (Ch") (pH 7.2 with 10 mm Tris buffer). All analytes were used as
chloride salts except Pb(NO;), and Cu(NO;),. OAc=acetate, Tris=
2-amino-2-(hydroxymethyl)-1,3-propanediol.

trode prepared with CB*[6] is good for detecting acetylcho-
line with high selectivity over choline and other interfering
ions such as Na*, K*, and NH,* (Figure 2b), which may be
useful in monitoring the neurotransmitter in biological
samples.'’] Details of the applications of CB*[5] and CB*[6]
in ISEs will be reported separately.

In conclusion, we have synthesized the first CB[n] (n =5, 6)
derivatives that are soluble in water as well as organic
solvents. Their high solubility in common solvents should
expand the utilities of CB*[n]. Moreover, it should be possible
to introduce other functionalizable substituents at the equator
of CB[n] by using the same synthetic method. We may also be
able to synthesize other homologues containing higher
numbers of substituted glycoluril units.

Experimental Section

CB*[n] (n=5, 6): 37% HCI (0.16 mL) was added to a mixture of 1 (see
Supporting Information; 2.0 g, 10.2mmol) and 30% formaldehyde
(1.9 mL, 23.4 mmol). The mixture was stirred and heated to 80°C to give
a purple viscous solution. After concentrated H,SO, (2.5 mL) and water
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(5.0 mL) were added, the purple solution was heated at 80°C for 24 h. The
solution was allowed to cool to room temperature, and then diluted with
water (10 mL). The solution was poured into acetone (300 mL) to
precipitate a solid, which was collected by filtration, and redissolved in
water (50 mL). After the solution was neutralized with triethylamine, the
solvent was removed under reduced pressure. The remaining solid was
suspended in CH,CN (20 mL) and the suspension filtered. The filter cake
contains CB*[5] as a major product whereas the filtrate contains mostly
CB*[6]. Recrystallization of the crude products from water produced
colorless crystalline products CB*[5] (356.7 mg, 16 % ) and CB*[6] (47.8 mg,
2%). CB#[5]: 'H NMR (300 MHz, D,0): 6 =5.64 (d, J=15.6 Hz, 10H),
4.33 (d, J=15.8 Hz, 10H), 2.20 (s, 20H), 1.46 (s, 20H); 3*C NMR (75 MHz,
D,0): 6 =156.33, 76.45, 43.51, 23.56, 14.0; IR (KBr): #ico 1745 cm™; MS
(ESI): m/z (%): 1123.5 (100) [M+Na]*. CB*[6]: '"H NMR (300 MHz, D,0):
0=5.73(d,J=159 Hz,12H), 4.32 (d,J =16.0 Hz, 12H), 2.26 (s, 24 H), 1.49
(s,24H); BC NMR (75 MHz, D,0): 6 =156.43, 76.51, 44.1,23.37,14.07; IR
(KBr): 7co 1734 cm™'; MS (ESI): m/z (%): 1361.6 (100) [M+Na-+H,0]*.
Satisfactory elemental analyses were obtained for CB*[5] and CB*[6].
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During the past few decades the design and high-yielding
syntheses of interlocked macrocyclic molecules, the cate-
nanes,!! have evolved mainly as a result of the elegant and
inspirational transition metal and organic templated synthetic
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