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ABSTRACT: A novel hemimethyl-substituted cucurbit[7]uril (HMeQ[7]) derived
from 3α-methyl-glycoluril has been prepared. HMeQ[7] is readily soluble in both
water and dimethyl sulfoxide (DMSO) and displays not only host−guest interaction
properties similar to those of the normal cucurbit[7]uril but also unusual properties in
DMSO.

Cucurbit[7]uril (Q[7]) has been extensively investigated in
host−guest interaction chemistry1−5 and coordination

chemistry6,7 due to its modest water solubility (20−30 mM)
and relatively large cavity. Indeed, of all of the reports, articles,
patents, etc. relating to cucurbit[n]uril chemistry, since its
discovery in 2000, over 30% have dealt with Q[7].8,9 Currently,
research concerning Q[7] is directed toward various areas in
which, for example, it is used to effectively encapsulate and
stabilize a wide range of molecules, such as fluorescent dyes,10

making it applicable to light-harvesting systems;11 it can also
serve as a drug delivery vehicle12 and enhances the
bioavailability of drugs.5,13 Although Q[7] can be dissolved in
neutral water, it is insoluble in organic solvents. In 2003, Kim
and co-workers reported perhydroxylated cucurbit[7]uril,
(HO)14Q[7], which was obtained by the direct oxidation of
Q[7] with K2S2O8 in water and proved to be soluble in water as
well as in other solvents, such as DMSO.14 However, the poor
yield frustrated extensive research on this novel Q[7]
derivative.15,16 In recent years, Isaacs and co-workers have
established a building-block approach and have synthesized a
series of functionalized Q[7] derivatives by the condensation of
a methylene-bridged glycoluril hexamer and diethers of
substituted glycoluril;17−19 the thus obtained Me2Q[7]
displayed extraordinary solubility in water (264 mM).
3α-Methylglycoluril is a relatively inexpensive glycoluril, and

partially methyl-substituted Q[n]s derived therefrom (hemi-
methyl-substituted Q[n]s) may be formed in numerous
isomers, which may be difficult to separate since they differ
only in the orientation of a single methyl substituent on the
back of 3α-methylglycoluril (see Figure S1, Supporting
Information, isomers: 4 for HemiMeQ[5]s, 9 for
HemiMeQ[6]s, and 10 for HemiMeQ[7]s). However, our
previous20 and recent21 works revealed that only limited
numbers of isomers of hemimethyl-substituted Q[n]s could be

formed. For example, only two isomers of HemiMeQ[5]s and
two isomers of HemiMeQ[6]s have been found so far.
Although we observed HemiMeQ[7]s in our early work,20

the inherent challenge in the separation of the hemimethyl-
substituted Q[n]s delayed research on these derivatives. In the
present work, we have devised an effective approach for the
separation of mixtures of hemimethyl-substituted Q[n]s that
involves sequential elution through columns of Dowex (H+)
and then silica gel (see the details in the experimental section,
Supporting Information). Unexpectedly, a mixture of
HemiMeQ[5]s, HemiMeQ[6]s, and HemiMeQ[7]s could be
separated into two groups on a Dowex (H+) column; the first
group consisted of HemiMeQ[6]s,21 and the second group
consisted of HemiMeQ[5]s and HemiMeQ[7]s, which could
be readily separated on a column of silica gel (Figure S2,
Supporting Information). Recently, we successfully isolated the
inverted Q[6] from the normal Q[6]22 and the inverted Q[7]
from a water-soluble mixture of Q[n]s, including Q[5], Q[7],
tQ[14], etc.23 Such effective separation could be attributed to
the subtle differences in the outer surface electrostatic
distributions of the Q[n]s, where one of the methine groups
from their electrostatically positive glycouril moieties protrude
into the cavities of the inverted Q[n]s. Similarly, different
orientations of methyl groups on the back of HemiMeQ[n]s or
the differences of the electrostatics/pKa at the portals could
lead to differences in their outer surface electrostatic
distributions resulting in reversals of the eluting orders.
HMeQ[7] can adopt ten geometric isomers (Figure S1,

Supporting Information), and the orientations of the methyl
groups on the back of an HMeQ[7] isomer can be effectively
recognized by crystal structure determination. In recent years,
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our group has developed a polychloride transition metal anion-
induced strategy to prepare single crystals of coordination
complexes of Q[n]s with various metal ions and their
supramolecular assemblies.24 In the present work, we selected
CdCl2 as the transition metal source, which can form the
[CdCl4]

2− anion in concentrated HCl solutions (>3 M).
However, no crystals of HMeQ[7] were formed in such media,
due to its higher solubility therein. Fortunately, we could obtain
the crystal structure of compound 1 containing the isolated
HMeQ[7] in 2 M HCl solution, in which [Cd2Cl8]

4− anions
were formed. Although the so-called “honeycomb effect” of the
anions was not observed in the HMeQ[7]-based supra-
molecular assembly,6,24 the [Cd2Cl8]

4− anions were seen to
surround the HMeQ[7] molecules, resulting in the formation
of a supramolecular chain of HMeQ[7] molecules with
[Lu(H2O)7]

3+ complexes (Figure 1). Figure 1a and b show

the overall supramolecular assembly constructed of HMeQ[7]
molecules, [Cd2Cl8]

4− anions, and [Lu(H2O)7]
3+ complexes.

One can see that each HMeQ[7]−[Lu(H2O)7]
3+ chain is

surrounded by four [Cd2Cl8]
4− chains. In turn, every six

HMeQ[7]−[Lu(H2O)7]
3+ chains surround two [Cd2Cl8]

4−

chains. The driving force is attributed to the electropositive
outer surface of the HMeQ[7] molecules and [Lu(H2O)7]

3+

cations.24 Energy-dispersive spectrometry (EDS) confirmed
that the crystals contained both cadmium (4.93%) and lutetium
(4.21%), consistent with the result of the crystal structure
determination (Figure S3 and Table S1, Supporting Informa-
tion). Figure 1c and e show the crystal structure of the isolated
HMeQ[7] molecule. Compared to the unsubstituted Q[7]
(Figure 1d and f), HMeQ[7] is characterized by seven
protruding methyl groups, which impart it with an asymmetric
conformation that could enhance its solubility in water. Indeed,
experimental results confirmed that the obtained HMeQ[7]
displays high solubility in water, in excess of 663 mM at room
temperature. Moreover, HMeQ[7] also shows good solubility
in DMSO (ca. 100 mM). These outstanding solubilities suggest

that HMeQ[7] could be used in various applications in
biochemistry. The powder X-ray diffraction (PXRD) patterns
of representative crystals of 1, and comparison with a
simulation, showed that the sample essentially consisted of a
pure crystalline phase (Figure S4, Supporting Information).
Thermal analysis was used to generate DSC and TG curves of
representative crystals. There were no significant differences
between those of HMeQ[7] and Q[7] (Figure S5, Supporting
Information). Furthermore, FT-IR spectra showed that the
highest-wavenumber absorption band of the portal carbonyl
groups was different for the two Q[7]s (Figure S6, Supporting
Information).
Figure 2 shows the 1H and 13C NMR spectra of HMeQ[7] in

D2O and DMSO-d6, respectively. The
1H NMR spectrum of

HMeQ[7] in D2O (Figure 2a) shows four groups of proton
resonances in an intensity ratio of about 2:2:1:3, two methylene
group signals in the ranges δ = 5.55−5.75 and 4.16−4.37 ppm,
methine group signals in the range δ = 5.14−5.22 ppm, and a
doublet at δ = 1.73−1.75 ppm due to the methyl groups on the
back of HMeQ[7]. In DMSO, however, the methine proton
resonances are split into two doublets in the range δ = 5.02−
5.21 ppm, and the methylene group signal at high field is
broadened (Figure 2b). Detailed assignments can be observed
from the ROESY spectrum as shown in Figure S7, Supporting
Information. The 13C NMR spectra of HMeQ[7] in both D2O

Figure 1. Crystal structures of (a) the overall supramolecular assembly
of the HMeQ[7]−[Cd2Cl8]4−−[Lu(H2O)7]

3+ system and (b) the
HMeQ[7]−[Lu(H2O)7]

3+ supramolecular chain surrounded by four
[Cd2Cl8]

4− chains; (c, e) HMeQ[7] and (d, f) Q[7].

Figure 2. (a, b) 1H NMR spectra of HMeQ[7] in D2O and DMSO-d6;
(c, d) 13C NMR spectra of HMeQ[7] in D2O and DMSO-d6..
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and DMSO-d6 (Figure 2c and d) also feature four groups of
resonances: the carbonyl carbon resonances (C1) in the range
δ = 154.24−156.24 ppm, the methine groups signals (C2, C3)
in the range δ = 72.39−77.20 ppm, the methylene group signals
(C4, C5) in the range δ = 42.90−53.22 ppm, and the methyl
group signals (C6) in the range δ = 18.72−22.05 ppm. Matrix-
assisted laser desorption ionization time-of-flight mass spec-
trometry (MALDI-TOF) of the new species HMeQ[7] gave
ions that were equivalent to an HMeQ[7] molecule (for the
HMeQ[7]−K+ ion, m/z = 1300 and for the HMeQ[7]−
CH3COOH−K+ inclusion ion, m/z = 1360, as shown in Figure
S8, Supporting Information).
The geometric parameters of HMeQ[7], such as portal

width, cavity capacity, and height, were found to be similar to
those of normal Q[7] (Table S2, Supporting Information).
Therefore, HMeQ[7] can be expected to display similar host−
guest interaction properties to those of normal Q[7]. Three
typical representative guests, namely the chloride salts of 1,6-
diaminohexane (g1), 4,4′-bipyridine (g2), and adamantanamine
(g3), were selected for investigation of the host−guest
interaction in water and DMSO. Detailed results are displayed
in Figures S9−14, and Table S3, Supporting Information. The
upfield shift of resonances of amine protons of the guests (g1
and g3) in DMSOd6 could provide more interaction
information on HMeQ[7] with guests. Herein, we focus on
the effect of HMeQ[7] on the solubility of drugs and select
three representative drugs, namely 2-(4-thiazolyl)benzimidazole
(TBZ), fuberidazole (FBZ), and carbendazim (CBZ), which
display poor water solubility and contain a common
benzimidazole moiety. Although it is difficult to obtain an
ideal 1H NMR spectrum of neat drugs because of their poor
water solubility (see Figure 3e), satisfactory 1H NMR spectra

were obtained to provide sufficient information in the presence
of HMeQ[7]. This suggests the ability of HMeQ[7] to enhance
the solubility of these drugs (refer to Figures 3b−d and S15,
S16, Supporting Information). Titration 1H NMR experiments,
similar to those for the guests g1−3, show some common
results: (1) All three HMeQ[7]−drug interaction systems have
a high binding and unbinding exchange ratio on the NMR time
scale; therefore, only one set of proton resonances of the guest

was observed in the corresponding 1H NMR spectra; (2)
HMeQ[7] includes the benzimidazole moiety of these
representative drugs selectively; therefore, the proton signals
of the benzimidazole moiety displayed a gradual downfield shift
with increasing guest concentration, whereas the proton signals
of the remaining guests displayed a gradual upfield shift with
increasing guest concentration. This suggests that the other
portion of guests was set at the HMeQ[7] molecule portal. For
example, Figure 3 shows titration 1H NMR spectra obtained by
using a fixed amount of HMeQ[7] and various equivalents of
CBZ. A faster binding and unbinding exchange rate on the
NMR time scale resulted in average CBZ proton resonances.
The proton signals of the benzimidazole moiety experience a
gradual downfield shift with increasing amount of CBZ,
whereas the methyl proton signal experienced a gradual upfield
shift with an increasing amount of CBZ.
Using a phase solubility method could provide quantitative

data on how the HMeQ[7] host influences the solubility of
these selected drugs. In general, the three drugs are sparingly
soluble in neutral aqueous solution with solubility S0 2.66 mg,
9.46 mg, and 0.588 mg, at 25 °C. The solubility of all three
drugs increased linearly as a function of HMeQ[7] and Q[7]
for comparison (refer to Figure 4). The phase solubility
diagrams are classified as type AL by Higuchi and Connors,
which denoted a linear increase in solubility.25

Compared with the unbinding drug solubility, the concen-
tration in the presence of HMeQ[7] at least reached 22.4 mM
for CBZ, 23.5 mM for FBZ, and 23.2 mM for TBZ, which are
728-, 46-, and 175-fold increases for CBZ, FBZ, and TBZ, over
those in neutral water, respectively (refer to Tables S4−S6,
Supporting Information). Compared with the binding drug
solubility with Q[7], a 31-, 3-, and 10-fold increase in neutral
water results for HMeQ[7]-CBZ, HMeQ[7]-FBZ, and
HMeQ[7]-TBZ, respectively (refer to Tables S4−S6, Support-
ing Information). Thus, the HMeQ[7] could display better
behavior than Q[7] in enhancement of drug solubility, at least
for the drugs used in this work.
On the basis of the phase solubility diagrams, the inclusion

constants (K) for the six inclusion complexes were determined
using eq 1, and assuming a 1:1 stoichiometry. The association
constants (K) of these inclusion complexes are (2.09 ± 0.01) ×
105 for HMeQ[7]-CBZ and (7.58 ± 0.14) × 104 for Q[7]-
CBZ, (1.01 ± 0.01) × 104 for HMeQ[7]-FBZ and (4.31 ±
0.06) × 103 for Q[7]-FBZ, and (9.89 ± 0.01) × 104 for
HMeQ[7]-TBZ and (6.56 ± 0.4) × 103 for Q[7]-TBZ.

=
−

K
S

Slope
(1 slope)a

0 (1)

Figure 3. Titration 1H NMR spectra (400 MHz, D2O) of host
HMeQ[7] (3.97 × 10−3 mol/L) (a) in the absence and in the presence
of (b) 5.56 × 10−4 mol/L, (c) 3.17 × 10−3 mol/L, and (d) 4.21 × 10−3

mol/L of CBZ in D2O at 20 °C; (e) neat CBZ (almost no signals).

Figure 4. Phase solubility of three drugs versus concentrations of (a)
HMeQ[7] and (b) Q[7] obtained in neutral water at 25 °C.
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In summary, we have isolated and characterized a novel
hemimethyl-substituted cucurbit[7]uril (HMeQ[7]) derived
from 3α-methyl-glycoluril. Although the hemimethyl-substi-
tuted cucurbit[7]uril (HemiMeQ[7]s) could adopt 10 geo-
metric isomers due to different orientations of the protruding
methyl groups, fewer were probably formed. The HMeQ[7]
molecule shows extraordinary solubilities in water and DMSO
and excellent host−guest interaction properties, suggesting that
it could be extensively used in drug delivery, anesthesiology,
developing controllable light-harvesting systems, etc. More
detailed investigations of the host−guest chemistry and
coordination chemistry of HMeQ[7] are currently underway.
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