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The cucurbit[n]uril (CB[n]) family of macrocycles occupies a prominent role in molecular recognition
and self-assembly studies despite the current inability to access specific cucurbit[n]uril homologues,
derivatives, and analogues by straightforward tailor-made synthetic procedures. In this paper, we
explore an approach that circumvents the challenges posed by the tailor-made synthesis of
macrocyclic CB[n] by preparing 1, which functions as an acyclic CB[6] congener. The o-xylylene
connections to the glycoluril rings preorganize 1 into the (a,a,a,a)-1 conformation required for binding
and reduce its tendency to undergo self-association. We surveyed the binding properties of 1 toward
16 amines (K, < 1.52 x 10* M%) and diol, diacid, guanidinium, and pyridinium species in pD 7.4
phosphate-buffered D,O. We find that the recognition properties of 1 parallel those of CBJ[6], binding
tightly to alkaneammonium species in water and exhibiting length-dependent selectivity and
competitive binding with alkali metals present in solution. Compound 1 binds hexanediammonium
ion only 180-fold less tightly than CB[6]. The modular synthesis of 1 suggests synthetic methods
toward the preparation of acyclic CB[n] congeners with complex functional groups on the edges of
their aromatic rings and cavity volumes similar to CB[7] and CB[8]. In combination, these results
suggest that acyclic CB[n] congeners hold promise in molecular recognition and self-assembly studies

that complements that of macrocyclic CB[n].

I. Introduction

Cucurbituril (CB[6]) is a macrocyclic hexamer com-
posed of six glycoluril rings and twelve methylene
bridges.>? The molecular structure of CB[6] defines a
hydrophobic cavity with a diameter of 5.8 A and a volume
of 164 A33 Access to this cavity is provided by two ureidyl-
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carbonyl-lined portals 3.9 A in diameter. In accord with
these structural parameters, CB[6] binds to alkanedi-
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FIGURE 1. lllustration of the binding of alkanediammonium
species and metal ions to CB[6].

ammonium ions in aqueous solution with high affinity
(Kg ~ 1 uM) driven by the hydrophobic effect and ion—
dipole interactions (Figure 1).# The carbonyl-lined portal
also functions as a ligand for a variety of metal cations.
In addition to good affinity, CB[6] exhibits high selectivity
in its binding processes as a result of the rigidity of its
macrocyclic structure. As a result of these outstanding
recognition properties, CB[6] has been used in a variety
of applications, including the catalysis of dipolar cycloaddi-
tions,>~7 as a molecular bead in molecular necklaces and
polyrotaxanes,®® molecular bowls,!® DNA complexation,*.1?
and for the removal of contaminants from agueous waste
streams.'3
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a Conditions: (a) DMSO, t-BuOK (15 min) and then Ce¢H2(CH2Br)4; (b) CH30H, H20, LiOH, 80%.

Despite the wide range of applications in which CBJ[6]
has proved to be useful, there are a number of factors
that have prevented its more widespread use. For ex-
ample, concentrated aqueous solutions of CB[6] can only
be obtained by the addition of high concentrations of acid
(e.g., HCO,H or HCI) or salts (e.g., Na,SO,4, KCI, CsCl,
and CacCl,).**19 In addition, the rigid and relatively small
cavity of CB[6] does not allow for the complexation of
large molecular guests. To date, two lines of inquiry have
been pursued to address these deficiencies. To change the
size of the hydrophobic cavity, the groups of Kim and Day
conducted the cucurbituril forming reactions under mild,
kinetically controlled conditions that resulted in the
isolation of the new cucurbituril homologues CBI[5],
CB[7], and CBJ[8].214~16 More recently, Day has isolated
CB[10] as its CBJ5] inclusion complex (CB[5]@CB[10])."
To improve the solubility of cucurbiturils, the groups of
Stoddart, Kim, Day, and Nakamura have reported the
use of substituted glycolurils in cucurbituril-forming
reactions that allowed the isolation and characterization
of CB[n] derivatives Me;oCBJ5], CysCB[5], CysCB[6], Ph,-
CB[1,5], and MesCB[3,3].1872! Both lines of inquiry
require control over the formation and relative stereo-
chemistry of the methylene-bridged glycoluril dimer
substructure?? (bold in CB[6]), which is the fundamental
building block of CB[n] and its derivatives. Several
challenges remain to be addressed before the tailor-made
synthesis of CB[n] derivatives can be achieved.

To circumvent the challenges posed by the formation
of macrocyclic CB[n] derivatives, we targeted the syn-
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thesis and molecular recognition properties of acyclic
congeners of cucurbituril. The use of acyclic analogues
of complex macrocyclic hosts can be traced back to the
chemistry of podands and lariat ethers.?32* These acyclic
hosts are not preorganized?® and often show reductions
in binding affinity of 10°—10° M~* compared to the related
macrocycles.?®?7 In this paper, we report the synthesis
of a conformationally biased acyclic CB[6] congener 1
(Scheme 1), whose recognition properties toward al-
kanediammonium ions parallel those of CB[6] with only
moderate reductions in binding affinity.

Compound 1 bears a structural and functional similar-
ity to several classes of hosts other than CB[6]. For
example, the use of polyoxygenated molecules (crown
ethers, aza crowns, and podands) as hosts for alkaneam-
monium, alkanediammonium, and viologens is well-
known in the literature.?>282° Of particular relevance to
our studies is the pioneering work of Nolte, who used
glycoluril-based crown ethers and aza crowns as hosts
for ammonium ions and viologens.® In a series of elegant
papers, Klarner has reported the preparation of diben-
zonorbornane-based molecular tweezers and their use as
hosts both for electron-deficient aromatic guests in
organic solution and for N-alkylpyridinium salts in
aqueous solution.3!

1. Results and Discussion

A. Design of Compound 1. We designed 1 as an
acyclic congener of cucurbituril to circumvent the syn-
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FIGURE 2. (a) Schematic representation of the possible conformations of 1 and their AM1 calculated relative heats of formation.
The descriptors “a” and “s” refer to the anti or syn relationship between the xylylene rings and the carboxylic acid groups on the
convex face of the molecule. R = CO;H. (b) Plot of the relative heat of formation versus the number of syn conformations.

thetic issues that complicate CB[n] synthesis, namely,
methylene-bridged glycoluril dimer formation and mac-
rocyclization, while enhancing its aqueous solubility and
preserving its recognition properties.®?> To enhance the
solubility properties, we used glycoluril derivatives bear-
ing CO,Et groups that impart organic solubility and can
be deprotected to the water-soluble carboxylic acid form.
To preserve the recognition properties of CB[6] in an
acyclic CB[6] congener requires a high degree of preor-
ganization. We chose o-xylylene groups as the linking
groups between glycoluril rings because this substructure
was known to prefer the anti conformation,®¥35 which
would result in preorganization, and because efficient
synthetic protocols were available from the work of Nolte
and Rebek.3¢~4! These o-xylylene groups also obviate the
need for methylene-bridged glycoluril dimer formation.
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B. Synthesis of Compound 1. The synthesis of 1 is
shown in Scheme 1. Deprotonation of 222 with t-BuOK
in DMSO followed by alkylation with 1,2,4,5-tetrakis-
(bromomethyl)benzene yielded S-shaped 3S and its C-
shaped diastereomer 3C. The assignment of the relative
stereochemistry of 3S and 3C was not possible spectro-
scopically. Fortunately, we were able to obtain single
crystals of both diastereomers and their structures were
solved by X-ray crystallography. We deprotected 3C by
treatment with LiOH and isolated the free tetracarboxyl-
ic acid by acidification with PTSA followed by washing
with MeOH to remove PTSA and it salts.

C. Conformational Analysis of Compound 1. Each
of the four pairs of methylene bridges of 1 can adopt two
different conformations. These conformations differ in the
disposition of their o-xylylene rings with respect to the
carboxylic acid substituents on the convex face of the
adjacent glycoluril rings. Following the convention of
Nolte,*® we denote these conformations as syn (s) when
the conformation of the methylene bridges of the substi-
tuted o-xylylene ring orients the ring in the same
direction as the adjacent carboxylic acid groups and anti
(&) when they point in opposite directions. Figure 2a
shows schematic representations of 10 different confor-
mations of 1. These conformations are arranged from left
to right as the number of syn conformations is increased
from zero to four. Figure 2b shows a plot of relative heats
of formation (AM1) as a function of the number of syn
conformations. The heat of formation of the (a,a,a,a)-1
conformation is ~4 kcal/mol lower than either of the
conformations containing a single syn conformation.
Conformers containing larger number of syn conforma-
tions are significantly less stable. The conformational
preference of the o-xylylene rings were, therefore, ex-
pected to bias 1 toward the (a,a,a,a)-conformation re-
quired to act as an acyclic congener of cucurbituril.

D. X-ray Crystallographic Characterization of 3C
and 3S. Figure 3 shows the structures of 3C and 3S in
the crystal. The most unusual feature of these crystal
structures is observed in the structure of 3C (Figure 3a).
Compound 3C crystallizes in the (a,s,a,a)-3C conforma-
tion that is predicted to be ~4 kcal/mol less stable than
the (a,a,a,a)-conformer. We attribute this unusual result
to crystal packing forces and the presence of solvating
toluene rings. To the best of our knowledge, this is the
first direct experimental observation of the anti confor-
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FIGURE 3. ORTEP representations of the molecular struc-
tures of: (a) 3C and (b) 3S in the crystal. Thermal ellipsoids
are drawn at the 50% probability level. The solvating PhCHj3
and CHCI; have been removed for clarity. Some of the CO-
Et groups adopt two orientations in the crystal; here, the major
orientation component is depicted. C, gray; H, green; N, blue;
O, red.

mation in o-xylylene-substituted glycolurils.3*3 The re-
maining structural features of this class of compounds
are quite similar to those determined previously for
compounds containing substituted glycoluril rings. The
distances between the ureidyl O-atoms of each glycoluril
ring are not unusual (3C, 5.46 and 5.66 A; 3S, 5.64 A).
These distances do, however, define the cavity depth of
the cucurbituril congener and are smaller than those
measured for CB[5] (6.17—6.22 A) and CBJ[6] (5.98—6.04
A).23 Individual molecules of 3C and 3S dimerize in the
crystal by 7— interactions,*?*3 which results in discrete
dimers and an infinite tape-like motif, respectively.*445

E. Compound 1 is an Acyclic CB[6] Congener. The
following sections compare and contrast the recognition
properties of 1 and CBJ[6] toward ammonium, diol, diacid,
guanidinium, and pyridinium species.

1. Effect of Buffer Concentration on the Self-
Association of 1. Water-soluble glycoluril derivatives

JOC Article

bearing two o-xylylene walls are known to undergo self-
association in aqueous solution.394046-48 \We studied the
self-association of 1 to ensure that it would not impinge
on the planned ammonium ion binding studies. Accord-
ingly, we performed 'H NMR dilution experiments in
phosphate-buffered D,O (pD 7.4) and observed the change
in chemical shift of several protons as a function of the
concentration of 1. Fitting of these changes in chemical
shift versus concentration*® allowed us to determine self-
association (Ks) constants of 115 4 4 and 196 4+ 19 M™!
in 100 and 5 mM sodium phosphate-buffered DO,
respectively. In unbuffered D,0O, the self-association
constant increases (Ks = 1127 4= 129 M~1). We were not
able to observe intermolecular NOEs in the 1-1 dimer
that would allow us to elucidate its geometry, although
the geometry seen in its crystal structure (Supporting
Information, Figure S1) is a reasonable hypothesis. Our
rationale for the observed decrease in K as the buffer
concentration increases rests on the known affinity of
sodium ions for the carbonyl-lined portals of CB[6]
(Figure 1). We believe that the (a,a,a,a)-1 shows similar
affinity for Na® ions in aqueous solution, whereas
(a,s,a,a)-1 would not be expected to bind Na*'. Increasing
the concentration of Na*, therefore, sequesters increasing
amounts of 1 as the (a,a,a,a)-conformer, which is not
expected to undergo self-association.

2. Effect of Cation and Buffer Concentration on
the Ability of 1 to Bind 1,6-Hexanediammonium lon
in Aqueous Solution. Mock and co-workers have stud-
ied the binding of mono- and diamines to CB[6] in aq
HCO,H.* Among the numerous amines studied, the
complex between CB[6] and 1,6-hexanediamine (4) is one
of the strongest (K4 = 0.36 uM). We therefore decided to
start our investigation of the recognition properties of 1
by examining its interaction with 4 in pD 7.4 phosphate-
buffered D,O. In these experiments we fixed the concen-
tration of 1 at 100 «M, since at this concentration greater
than 96% of 1 is present as the free monomer when the
phosphate buffer concentration is between 5 and 100 mM.
Figure 4 shows a plot of the change in chemical shift of
several protons of 1 as a function of 1,6-hexanediamine
concentration. The solid line represents the best fit of
these changes in chemical shift to the model governing
1:1 binding (K, = 15200 M~1; K4 = 65 uM). We confirmed
the 1:1 stoichiometry by performing a Job plot that shows
a clear maximum at x(1) = 0.5 (Figure 5). We hypoth-
esized above that the concentration of the buffer effects
the self-association constant of 1 by sequestering it in
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FIGURE 5. Job plot analysis of the stoichiometry of the
interaction between 1 and 4. The solid lines are intended to
guide the eye. H,, W; Hg, @; Hy, @,

its (a,a,a,a)-1 conformer. If this hypothesis is correct, then
Na* should compete with 4 for binding to 1. Figure 6
shows the values of K, measured for the interaction of 1
with 4 at different phosphate concentrations. As the
phosphate buffer concentration is increased, the value
of K, decreases rapidly and reaches a value of 866 + 40
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FIGURE 7. (a) Portion of the selective one-dimensional
ROESY spectrum obtained for 1-:4 (10 mM, 298K, 500 MHz)
upon irradiation of the OCHj; group (3.6 ppm). The resonance
marked “X” arises due to incomplete suppression of residual
HOD. The protons are labeled as in Figures 4 and 5. (b)
Proposed geometry of the 1-4 complex.

M~1in 100 mM phosphate buffer. This result suggests
that 1 binds Na* at its carbonyl and methoxy group-lined
portal in a manner similar to that of CB[6]. CB[6] is also
known to interact with several other mono- and divalent
cations in aqueous solution. To determine the effect of
cation on the affinity of 1 for 4, we performed titrations
in 5 mM lithium and potassium phosphate buffers. In
these two buffers, the values of K, for the interaction of
1 with 4 are 20170 + 370 and 24400 4+ 500 M1,
respectively.

3. Geometry of the 1-4 Complex. Figure 7b shows a
line drawing of the proposed three-dimensional structure
of the 1-4 complex. This structural suggestion is based
on the structural similarity of 1 and CB[6], the computed
conformational preferences of 1, the 1:1 stoichiometry
based on the Job plot analysis, and two additional pieces
of evidence. For example, the methylene protons of the
4 experience significant complexation-induced changes
in chemical shift (Adsa:: Ho —0.64 ppm; Hg —1.70 ppm;

, —2.11 ppm), which suggests that these protons are
in the shielding region defined by the three aromatic
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TABLE 1. Thermodynamic Data for Host—Guest Complexes of Substituted Ammonium lons with 1 and CB[6]

entry guest 1Ky (M1 AG® (kcal/mol) CB[6] Ky (M~1)b
1 H2N(CH2)4NH, (5) 7.24 x 102 -3.9 1.54 x 105
2 H2N(CH2)sNH; (6) 5.96 x 103 5.1 2.44 x 106
3 HaN(CH2)sNH2 (4) 1.52 x 10* —5.7 2.78 x 108
4 H>N(CH2)7NH3 (7) 6.46 x 108 —5.2 4.35 x 104
5 H2N(CH2)sNH, (8) 7.06 x 103 5.2 9.09 x 103
6 CH3(CH2)2NH> (9) 1.05 x 102 2.8 1.22 x 104
7 CHa(CH2)sNH; (10) 2.60 x 102 -3.3 1.00 x 105
8 CH3(CHy)sNH; (11) 5.56 x 102 -3.7 2.38 x 104
9 CH3(CH3)sNH> (12) 2.20 x 102 —-3.2 2.27 x 108
10 CH3NH(CH32)sNHCHS3 (13) 1.22 x 10* —5.6 1.72 x 108
11 (CH3)2N(CH2)sN(CHa), (14) 4.25 x 103 —4.9 9.09 x 103
12 (2-C4H30)CHzNH, (15) <10 1.14 x 105
13 p-H2NCH2(CsH4)CH,NH; (16) 4,96 x 102 —3.7 nd
14 (CH3),CHCH>NH, (17) 1.28 x 102 -2.8 2.17 x 10*
15 (CH3)2CH(CH).NH; (18) 1.24 x 102 -2.9 3.57 x 104
16 HaN(CH,)2SS(CH2)NH, (19) 7.94 x 102 —4.0 nd
17 HO(CH,)sOH (20) <10 nd
18 HO,C(CH2)sCOzH (21) <10 1.69 x 102°)
19 H2N(CH2)sNHC(NH)NH, (22) 1.40 x 104 -5.7 nd
2.06 x 108 —4.5 nd

23)

a Conditions: 5 mM sodium phosphate-buffered D,O (pD = 7.4); [1] = 100 uM, 25 °C; error bars < 10%; nd = not determined. ° Ref 4b:
conditions: D,0/85% HCO,H (1:1, v/v), 40 °C. ¢ Ref 52: conditions: H,O/HCO,H (1:1, v/v), 25 °C.

rings in the cavity of the (a,a,a,a)-1 conformer. The
smaller value of Ad observed for H, suggests that these
protons reside at the ends of the complex in a less
shielded environment near the OMe groups. We per-
formed selective one-dimensional ROESY experiments to
provide further structural information. For example,
when the OCH; group of 1 was irradiated, we observed
an intramolecular NOE to H, and an intermolecular NOE
to the a-methylene group (C(H.):NH3") of the guest 4
(Figure 7a).5° Similarly, irradiation of the a-methylene
group of guest 4 leads to intramolecular NOEs with Hg
and H, and an intermolecular NOE to H. (not shown).
These important NOEs support the geometry depicted
in Figure 7 and further suggest that the OCHj; groups
may be oriented toward the center of the 1-4 complex.

4. Compound 1 Binds a Variety of Alkaneammo-
nium lons in Aqueous Solution. After establishing
that 1 behaves as an acyclic congener of CBJ[6] in its
binding behavior with 4, we wanted to determine if 1
binds to a wide range of alkanediammonium and alkane-
ammonium ion in water just like CBJ[6] itself. Table 1
shows the binding constants (K,) determined for the
interaction of 20 guests with 1 in phosphate-buffered D,O
by *H NMR titrations and the corresponding values of
AG°®. Table 1 also gives the values of K, measured for
their interaction with CBJ[6] for comparison.

a. Length-Dependent Selectivity. Compound 1,
similar to CB[6], binds tightly to alkanediammonium ions
by a combination of ion—dipole interactions and the
hydrophobic effect with values of AG® up to —5.7 kcal
mol~1. Table 1 shows that 1 exhibits length dependent
affinity for alkanediammonium ions 4 — 8 (entries 1-5)
and alkaneammonium ions 9 — 12 (entries 6—9) that is
similar to CB[6] (Figure 8). Both 1 and CBI[6] exhibit
highest affinity for hexanediammonium ion (4) whose

(50) Remainder of the protons on 1 are oriented toward its convex
face and are not expected to show NOEs with protons on 4.
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FIGURE 8. Plots of K, versus chain length for the binding
of: (a) *"H3N(CH2),NH3" and (b) H(CH,),NH3" to 1 (®) and
CBI6] (#).

chain length matches the depth of their cavities (Figure
8a). In the alkaneammonium series (Figure 8b), 1 exhib-
its a preference for binding to pentylammonium ion (11)
whereas CB[6] prefers butylammonium ion (10). This
change in preference is probably due to the relatively
hydrophobic OCHj; groups on the rim of 1 compared to
the carbonyl lined portal of CB[6]. The selectivity ob-
served for 1 is less pronounced than for CB[6] presumably
due to the greater flexibility of the acyclic host. The
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greater flexibility of 1 is also reflected in its diminished
affinity toward ammonium ions relative to CB[6]. For
example, the CB[6] binds ~ 180-fold more tightly toward
its most tightly bound ammonium (10) and diammonium
(4) species than 1. The 180-fold reduction in affinity
between cyclic CB[6] and acyclic 1, while substantial, is
significantly less than has been observed in related
acyclic hosts (e.g. crown ethers versus podands) where
preorganization is important.?3-27 This relatively small
difference in affinity demonstrates that the o-xylylene
bridges between the glycoluril rings efficiently biases 1
into the (a,a,a,a)-1 conformation required for binding.

b. Effect of N-Methylation. Table 1 (entries 3, 10,
and 11) demonstrate the influence of N-methylation on
binding affinity toward 1 and CBJ[6]. The binding modes
shown in Figures 1 and 7b depict the formation of only
two hydrogen bonds; accordingly, the affinity of secondary
diammonium ion 13 (Table 1, entry 10) toward 1 and CB-
[6] is similar to that of primary diammonium ion 4 (entry
3). In contrast, tertiary diammonium ion 14 (Table 1,
entry 11) binds only 3-fold less tightly than 4 to 1 but
189-fold less tightly to CB[6]. This difference reflects the
reduced importance of formation of H-bonds in the
recognition behavior of 1 compared to CB[6] and its
greater flexibility.5!

c. Effect of Branching and Width. We investigated
the influence of the alkyl branching and guest width on
binding within 1. Since the cavity of 1 is shaped by only
two glycoluril and three aromatic rings, it is slightly
narrower than that of CB[6]. Accordingly, ammonium
ions containing furyl (15) and aryl (16) rings bind
relatively poorly to 1 when compared to their straight-
chain analogues (ex: Table 1, entry 12 versus 8, and
entry 13 versus 3). In contrast, branched alkylamines 17
and 18 bind with similar affinity to 1 as their linear
counterpart, a trend also seen for CB[6] (Table 1, entry
14 versus 7, and entry 15 versus 8).

d. Effect of Functional Groups. We also investi-
gated the influence of several functional groups (disulfide,
alcohols, acids, pyridinium, and guanidinium) on the
relative affinity. For example, the disulfide based complex
(1-19) is 19-fold weaker than the 1-4 complex (Table 1,
entries 16 and 3). Such differences were seen previously
in CB[6] thioether complexes and attributed to the
greater hydrophobicity of the methylene group.*® Even
though diols and diacids are known®? to bind weakly to
CB[6] we were unable to detect related complexes of 1
(Table 1, entries 17 and 18). The lack of binding of 20
and 21 within 1 highlights the importance of ion—dipole
interactions in the formation of complexes between 1 and
ammonium ions. Accordingly, the guanidinium complex
1.-22 is as strong as the corresponding ammonium
complex 1-4 (Table 1, entries 19 and 3). Last, the affinity
of 1 for methyl viologen is surprisingly large (—4.5 kcal/
mol) given the relatively small size of the cavity of

(51) Compound 1 behaves as a CB[6] congener in that it binds tightly
to alkanediammonium ions in water and exhibits length-dependent
selectivity and and competitive binding with alkali metals present in
solution. Compared to CB[6], the glycoluril rings of 1 play a relatively
minor role in the binding process. Consider, for example, the 3.5-fold
difference in affinity observed for 1-4 versus 1-14 compared to the 305-
fold difference in affinity observed for CB[6]-4 versus CB[6]-14 (Table
1, entries 3 and 11).]

(52) Buschmann, H.-J.; Jansen, K.; Schollmeyer, E. Acta Chim. Slov.
1999, 46, 405—411.
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(a,a,a,a)-1, suggesting that the binding mode of the 1-23
complex may differ from that suggested above (Figure
7).

I11. Conclusions

Cucurbituril (CB[6])%% and its homologues (CB[5], CB-
[7], and CBJ8]) have found widespread application in both
molecular recognition and self-assembly studies. The
prominence of CB[n] in these fields is particularly notable
given the fact that the tailor-made preparation of cucur-
bit[n]uril derivatives and analogues, despite significant
synthetic and mechanistic work, remains an unsolved
problem 314-1921.2254-56 | this paper, we explored an
approach that circumvents the synthetic challenges posed
by the synthesis of macrocyclic CB[n] based on acyclic
CBJ6] congener 1.

Acyclic CB[n] congeners have the potential for broad
utility in supramolecular chemistry, provided that their
recognition properties and binding affinities are similar
to those of CB[n]. We achieve this similarity in practice
through the use of the o-xylylene linking groups, which
simultaneously preorganize 1 into the (a,a,a,a)-1 confor-
mation required for binding and minimize unwanted self-
association. We find that the recognition behavior of 1
parallels that of CB[6]. For example, compound 1 binds
to a wide variety of alkaneammonium and alkanediam-
monium ions in water (K, < 1.52 x 10* M™1), exhibits
length-dependent selectivity, and is competitively bound
by alkali metal cations in the phosphate buffer. The
binding affinity of 1 is only 180-fold lower than that of
CBJ6]. This reduction in affinity of acyclic 1 versus cyclic
CBIJ6] is significantly smaller than has been observed in
other systems and highlights the conformational bias
imposed by the o-xylylene rings. These results suggest
that macrocycle formation is not necessary to preserve
much of the binding affinity and selectivity of CB[6] and
that acyclic CB[6] congeners may extend the range of
applications of CB[6].

In contrast to the current state-of-the-art in CB[n]
synthesis, the synthesis of 1 is modular and amenable
to substituents on both the terminal and central aromatic
rings and on the convex face of the glycoluril skeleton.
Furthermore, the CO,Et functional groups on the convex
face of the glycoluril rings provide excellent solubility
characteristics and handles for subsequent derivatization
and allow straightforward chromatographic purification.
The use of longer terminal and central aromatic rings
would result in acyclic CB[n] congeners with larger cavity
volumes that may function as CB[7] and CB[8] sur-
rogates. Furthermore, the opportunity to tune the rec-
ognition behavior of this class of molecules by appending
functional groups to the edges of the aromatic rings
suggests that acyclic CB[n] congeners hold promise that
complements that of macrocyclic CB[n].

1V. Experimental Section

A. Compounds 3C and 3S. Compound 2% (0.90 g, 2.0
mmol) was dissolved in anhydrous DMSO (10 mL) under N,

(53) Mock, W. L. Top. Curr. Chem. 1995, 175, 1—-24.

(54) Day, A. |.; Blanch, R. J.; Coe, A.; Arnold, A. P. J. Incl. Phenom.
Macrocycl. Chem. 2002, 43, 247—250.

(55) Blanch, R. J.; Sleeman, A. J.; White, T. J.; Arnold, A. P.; Day,
A. I. Nano Lett. 2002, 2, 147—149.

(56) Lee, J. W.; Samal, S.; Selvapalam, N.; Kim, H.-J.; Kim, K. Acc.
Chem. Res. 2003, 36, ASAP.
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and t-BuOK (0.60 g, 5.0 mmol) was added. After the mixture
was stirred for 15 min, 1,2,4,5-tetrakis(bromomethyl)benzene
(0.45 g, 1.00 mmol) was added in one portion and stirring was
continued for 3 h. The reaction mixture was poured into 0.1
N HCI (1 L) and extracted with EtOAc (3 x 400 mL). The
extracts were washed with brine (2 x 300 mL) and dried over
anhydrous MgSO,. After filtration and rotary evaporation, the
residue was purified by flash chromatography (SiO,, CHCIg/
CH3CN, 3:1) to give compound 3C (0.130 g, 0.127 mmol, 13%)
and compound 3S (0.030 g, 0.029 mmol, 3%). Compound 3C.
Mp >350 °C (dec). TLC (CHCIs/MeOH, 25:1) R 0.32. IR (KBr,
cm™): 2979w, 2926w, 2838w, 1725s, 1461s, 1420s, 1260s,
1146m, 1081s, 1019m. *H NMR (400 MHz, CDCl3): ¢ 7.14 (s,
2H), 6.68 (s, 4H), 5.29 (d, J = 15.8, 4H), 4.59 (d, J = 15.3,
4H), 4.31 (d, J = 15.3, 4H), 4.11 (d, J = 15.8, 4H), 4.10 (q, J =
7.1, 4H), 4.00 (g, J = 7.1, 4H), 3.75 (s, 12H), 1.20 (t, J = 7.1,
6H), 1.14 (t, J = 7.1, 6H). 13C NMR (100 MHz, CDCls): ¢ 166.0,
165.9, 156.3, 151.2, 135.6, 131.4, 126.5, 112.5, 80.6, 79.8, 63.2,
63.1, 57.0, 45.4, 37.2,13.9, 13.8. MS (FAB, Magic Bullet): m/z
1023 (44, [M + H]*), 750 (100). HR-MS (FAB, Magic Bullet):
m/z 1023.3804 ([M + H]+, 050H55N3016, calcd 10233736) X'ray
crystal structure, crystallized from toluene/CHCI;. Compound
3S. Mp > 350 °C (dec). TLC (CHCI3/MeOH, 25:1) R 0.35. IR
(KBr, cm™1): 2977w, 2935w, 2906w, 2834w, 1722s, 1460s,
1422s, 1256s, 1080m, 1018m. 'H NMR (400 MHz, CDClg): ¢
7.18 (s, 2H), 6.68 (s, 4H), 5.29 (d, J = 15.9, 4H), 4.68 (d, J =
16.2, 4H), 4.28 (d, J = 15.9, 4H), 4.26 (q, J = 7.1, 4H), 4.16 (q,
J=7.1,4H), 4.14 (d, J = 16.2, 4H), 3.75 (s, 12H), 1.29 (t, I =
7.1, 6H), 1.25 (t, J = 7.1, 6H). 3C NMR (100 MHz, CDCl3): 6
165.3, 165.3, 155.0, 150.4, 136.6, 130.5, 126.9, 112.0, 79.9, 79.8,
63.4,63.3,56.5,44.1, 36.2, 13.7, 13.7. MS (FAB, Glycerol): m/z
1023 (6, [M + H]"), 103 (100). HR-MS (FAB, glycerol): m/z
1023.3755 ([M + H]*, CsoHssNgO16, calcd 1023.3736). X-ray
crystal structure, crystallized from CH,Cl,. Anal. Calcd for
C50H54N8016 (102302) C, 5870, H, 5.32. Found: C, 5840,
H, 5.27.

B. Compound 1. A mixture of compound 3C (0.086 g, 0.084
mmol), LiOH (0.035 g, 1.46 mmol), deionized H,O (35 mL),
and MeOH (35 mL) was heated at 70 °C for 120 h. Excess H,O/
MeOH was removed by rotary evaporation, and the residue
was dried under high vacuum. The residue was combined with
PTSA-H,0 (0.302 g, 1.59 mmol) in H,O (10 mL) and then dried
under high vacuum. The resulting solid was washed with
MeOH (3 x 7 mL), dried under high vacuum, redissolved in
H»0O, and finally lyophilized to give 1 (0.061 g, 0.067 mmol,
80%) as a white solid. Mp > 295 °C (dec). TLC (CHCI3z/MeOH/
HCOOH, 10:10:1) R¢ 0.16. IR (KBr, cm™%): 3430s, 2980w,
2930w, 2836w, 1715s, 1484s, 1384s, 1258s, 1080m. *H NMR
(400 MHz, D,0): ¢ 7.01 (s, 2H), 6.66 (s, 4H), 5.09 (d, J = 16.2,
4H),4.40 (d, J = 16.2, 4H), 4.21 (d, 3 = 16.2, 4H),3.90 (d, J =
16.2, 4H), 3.56 (s, 12H). 3C NMR (100 MHz, DMSO-dg): ¢
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176.7, 166.3, 156.4, 150.7, 135.1, 131.9, 126.6, 112.4, 80.3, 80.0,
56.7, 44.3, 36.3. MS (FAB, Magic Bullet): m/z 911 (6, [M +
H]*), 302 (100). HR-MS (FAB, Magic Bullet): m/z 911.2470
([M + H]+, C42H39N3016, calcd 9112484)

C. AM1 Calculations. All computations were performed
on a personal computer running PC Spartan Pro. The overall
structure was created with Spartan’s graphical user interface
and then minimized by MMFF94 or SYBYL molecular me-
chanics calculations. These minimized structures served as the
input files for the AM1 calculations.

D. NMR Experiments. For the *H NMR titrations and self-
association experiments, the temperature was maintained at
298 + 0.5 K with a temperature control module that had been
calibrated using the separation of the resonances of methanol.
A series of spectra were collected at different host concentra-
tions (100 uM < [1] < 10 mM) for self-association or at constant
host concentration ([1] = 100 M) and guest concentrations
ranging up to 50 mM for 1:1 binding. The NMR samples were
adjusted to pD 7.4 after preparation when necessary. The
tabulated values of chemical shift versus concentration were
fitted using self-association and 1:1 binding models imple-
mented within Scientist (MicroMath Scientific Software, Salt
Lake City, Utah). Selective one-dimensional ROESY spectra
were acquired using standard pulse sequences. All spectra
were referenced relative to external sodium 3-trimethylsilyl-
propionate-da.

E. X-ray Crystal Structures for 3S and 3C. Detailed
descriptions of the data collection and solution and refinement
of the structures can be found in Supporting Information.
Crystal data for 3C: [C57_56H53C|10_57N3016_22] (115002), rhom-
bohedral, space group R-3; colorless rod, a = 47.427(5) A, b =
47.427(5) A, ¢ = 12.6667(18) A; V = 24674(5) A%, Z =18, T =
153(2) K; R(F) = 0.0529; GOF on F2 = 1.144. Crystal data for
3S: [CH29CI2N4Og] (596.43); triclinic, space group P-1; color-
less block, a = 10.5291(7) A, b = 10.7853(8) A, ¢ = 12.3102(8)
A,V =1390.78(17) A3, Z = 2; T = 193(2) K; R(F) = 0.0444;
GOF on F? = 1.107.

Acknowledgment. This work was supported by the
National Institutes of Health (GM61854) and the Uni-
versity of Maryland. L.I. is a Cottrell Scholar of Re-
search Corporation.

Supporting Information Available: Crystallographic
data for 3C and 3S, packing diagrams of 3C and 3S in the
crystal (Figures S1 and S2), the self-association and 1:1 models
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