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The supramolecular chemistry of the cucurbit[n]uril family[1]

(CB[n]) of molecular containers has undergone rapid devel-
opment in recent years including the development of a
homologous series of CB[n] hosts (n= 5, 6, 7, 8, 10),[2]

diastereomeric inverted CB[n],[3] and most recently bis-nor-
seco-CB[10].[4] These new CB[n] compounds have cavity
volumes (V= 82–870 *3) that span and exceed those avail-
able with a-, b-, and g-cyclodextrin and are therefore capable
of interacting with a wide range of chemically and biologically
interesting guest species including gases, chromophores and
fluorophores, anti-cancer agents, peptides, and neurotrans-
mitters in water.[5] The extremely high affinity (Ka up to
1012m�1) and very high selectivity that are characteristic of
CB[n] hosts[6] has been exploited in the creation of molecular
machines, supramolecular vesicles, artificial ion channels, self-
assembled dendrimers, and complex self-sorting systems.[7]

Chiral recognition—a property readily achieved inside chiral
cyclodextrins—has been challenging to reproduce using
achiral CB[n].[2e,8] Herein we report the isolation of a chiral
nor-seco-cucurbituril (� )-bis-ns-CB[6] and demonstrate its
ability to undergo enantio- and diastereoselective recognition
inside its cavity (Scheme 1).

The conversion of glycoluril (1 equiv) and formaldehyde
(2 equiv) into CB[n][2] is a remarkably complex process

involving the formation of 4n bonds and n rings with complete
stereochemical control. Based on the hypothesis that the
mechanism of CB[n] formation[2c,9] involved step-growth
polymerization, we decided to starve the reaction of one of
its monomers, namely formaldehyde, to access mechanistic
intermediates on the path to CB[n] that might display exciting
recognition properties. From a reaction mixture consisting of
glycoluril (1 equiv) and paraformaldehyde (1.5 equiv) in
concentrated hydrochloric acid at 80 8C we isolated the
methylene-bridged glycoluril trimer 1 and (� )-bis-ns-CB[6]
(Scheme 1). Fortunately, we were able to obtain X-ray crystal
structures of 1 and (� )-bis-ns-CB[6] (Figure 1) which con-

clusively established their structures.[10] A number of features
of the structure of (� )-bis-ns-CB[6] deserve comment: 1) the
exclusive connection between homotopic NH groups of the
two constituent glycoluril trimer fragments,[11] 2) the idealized
presence of three mutually perpendicular C2-axes which leads
to overallD2-symmetry, and 3) the presence of intramolecular
hydrogen bonds between the NH groups and the C=O group
on an adjacent glycoluril ring.

After the structure of (� )-bis-ns-CB[6] was elucidated,
we decided to study its abilities as a host in aqueous solution.
We sought to experimentally determine the effective cavity
volume of (� )-bis-ns-CB[6] by 1H NMR spectroscopy com-

Scheme 1. Structures and numbering of compounds used in this
study.

Figure 1. Cross-eyed stereoviews of the crystal structures of: a) 1,
b) (� )-bis-ns-CB[6]·CF3CO2H, and c) (� )-bis-ns-CB[6]�3 with ellip-
soids set at 30% probability. Solvating CF3CO2H and H2O molecules
have been removed for clarity.
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plexation experiments. Similar to CB[6] itself, we found that
(� )-bis-ns-CB[6] forms inclusion complexes with 2–5 but not
with the larger adamantane amine 6 (see Scheme 1) which
binds with high affinity to CB[7] (Supporting Information).
Unlike CB[6], (� )-bis-ns-CB[6] does form an inclusion
complex with methyl viologen (7) which allows us to bracket
the cavity volume as follows (CB[6]< (� )-bis-ns-CB[6]<
CB[7]). We measured the values of Ka for (� )-bis-ns-CB[6]
toward guests 2–5 and 7. For this purpose, we performed a
UV/Vis spectroscopic titration between (� )-bis-ns-CB[6] and
3 (Ka= 2.5 A 103m�1, Figure 2). Taking advantage of the slow
chemical exchange displayed by many (� )-bis-ns-CB[6]
complexes, we performed 1H NMR spectroscopy competition
experiments[6a,b] (Supporting Information) to determine the
affinity of (� )-bis-ns-CB[6] toward 2 (1.3 A 105m�1), 4 (3.6 A
104m�1), 5 (320m�1), and 7 (9.9 A 103m�1).

To probe the origin of the differences in binding strength
of (� )-bis-ns-CB[6] toward guests 2–7 relative to CB[6][6a,b]

we computed electrostatic surface potential maps for both
CB[6] and (� )-bis-ns-CB[6] (Figure 3). The four intramolec-
ular NH···OH bonds present in free (� )-bis-ns-CB[6] sub-
stantially narrow its carbonyl-lined portals and impart distinct
electrostatic surface potentials to the three chemically non-
equivalent C=O groups (L �66, M �77, H �98 kcalmol�1).
For comparison, the electrostatic surface potential on the
C=O groups of CB[6] is approximately �87 kcalmol�1.
Consequently, the flexibility of (� )-bis-ns-CB[6] and its
shape complementarity toward flatter guests (e.g. 4 and 7)
results in higher affinity for these guests than can be obtained
with CB[6]. Conversely, the affinity of (� )-bis-ns-CB[6]
toward 2 is 3400-fold lower than CB[6], which presumably
arises from differences in the strength of ion–dipole inter-

actions, the degree of aqueous solvation of the C=O portals,
or both.

The first hint that (� )-bis-ns-CB[6] would display useful
levels of chiral recognition toward racemic guests came in our
1H-NMR-spectroscopic studies of the binding of (� )-bis-ns-
CB[6] with achiral guest 2. Intriguingly, the 1H NMR spec-
trum of (� )-bis-ns-CB[6]�2 (Figure 4a) displays a pair of

resonances for the diastereotopic CH2 group (Hi, Hi’) of guest
2 which reflects the asymmetric magnetic environment within
the chiral host–guest complex. Accordingly, we decided to
investigate the ability of (� )-bis-ns-CB[6] to undergo diaste-
reoselective complexation with guests containing one or more
stereogenic centers. Although several chiral aliphatic amines
bind to (� )-bis-ns-CB[6], they do so with fast exchange on
the NMR spectroscopy timescale which precludes detection
and quantitation of the degree of diastereoselectivity within
(� )-bis-ns-CB[6] (Supporting Information). We turned,
therefore, to guests 8–12 (see Scheme 1) which contain
aromatic rings and exhibit slower kinetics of exchange.
Figure 4b shows the 1H NMR spectrum recorded for a
mixture of (� )-bis-ns-CB[6] and excess (+)-8 which shows
resonances for a 50:50 mixture of diastereomers (+)-bis-ns-

Figure 2. a) UV/Vis spectroscopic titration of 3 (60 mm) with (� )-bis-
ns-CB[6] (50 mm NaO2CD3 buffered D2O, pD 4.74), b) plot of absorb-
ance versus [(� )-bis-ns-CB[6]] used to obtain Ka.

Figure 3. Electrostatic surface potential maps (red to blue: �90 to
+31 kcalmol�1) for: a) (� )-bis-ns-CB[6], and b) CB[6]. L low, M me-
dium, H high electrostatic surface potentials.

Figure 4. 1H NMR spectra (400 MHz, D2O) for: a) (� )-bis-ns-CB[6]�2 ;
for numbering scheme see Scheme 1, b) a mixture of (� )-bis-ns-CB[6]
and excess (+)-8, c) a mixture of (� )-bis-ns-CB[6] and excess (� )-8.
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CB[6]�8 and (�)-bis-ns-CB[6]�8. When (� )-bis-ns-CB[6] is
combined with excess (� )-8, however, a moderately diaste-
reoselective process leads to a 72:28 ratio of the diastereo-
mers (Figure 4c).[12] Further studies revealed that (� )-bis-ns-
CB[6] displays moderate to very good levels of diastereose-
lectivity toward amino acids 9 (77:23) and 10 (88:12) and
amino alcohol 11 (76:24). Interestingly, (� )-bis-ns-CB[6] is
even able to distinguish between the enantiotopic groups of
meso-compound 12 (74:26).[13]

In summary, we have reported the isolation of a new
member of the CB[n] family—(� )-bis-ns-CB[6]—which is
formally prepared by condensation of two equivalents of
methylene bridged glycoluril trimer 1 with two equivalents of
CH2O by the exclusive connection between homotopic
glycoluril NH groups.[14] The isolation of (� )-bis-ns-CB[6]—
in combination with bis-ns-CB[10][4]—deepens our under-
standing of the mechanism of CB[n] formation[2c,9] by
establishing the operation of a step-growth polymerization
in this reaction. (� )-Bis-ns-CB[6] undergoes moderately
diastereoselective complexation (up to 88:12) with chiral
amines including amino acids and amino alcohols as well as
meso-diamine 12. Larger (� )-bis-ns-CB[n] (n=7, 8, 10) and
N-functionalized derivatives can be readily envisioned and
are expected to display even higher enantioselectivity.[15]

Access to (� )-bis-ns-CB[6] and other chiral nor-seco-cucur-
bit[n]urils promises to dramatically broaden the scope of the
applications to which the achiral members of the CB[n] family
have already been applied[1,5, 7] by enabling the creation of
enantioselective molecular devices.
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