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Abstract: We describe here the synthesis and characterization of a molecular receptor that forms kinetically
and thermodynamically stable host—guest complexes in water. This cavitand-based host is composed of
a preorganized aromatic pocket whose rim is decorated with four negatively charged carboxylate groups.
1H NMR and isothermal titration calorimetry have been used to characterize the behavior of the resulting
complexes in response to changes in pH, buffer identity, and salt concentration and in the presence of

sodium dodecyl sulfate micelles.

I. Introduction

Synthetic receptors are attractive targets that provide funda-o.N

mental understanding of molecular recognition. When this
recognition occurs in water, the noncovalent forces on offer
include electrostatic, catiefir, CH—x, and van der Waals
interactions as well as the hydrophobic effect. Previous atrtificial
receptors have been based on cyclophaneslefts®-10
calixarened!~17 porphyrins®-20 and metat-ligand clusterg!
These constructs have provided hegtiest complexes with
varying degrees of thermodynamic stability, but it has proven
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Scheme 1. Synthesis of Water-Soluble Cavitand 5
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more difficult to develop kinetically stable complexes in wafer.

To date this goal has been achieved only with the aid of mé&tals.
We recently communicated the synthesis and initial binding
studies of a water-soluble, cavitand-based host bearing four
carboxylates along its upper ritd This host forms kinetically
stable complexes in water with guests of the appropriate size,
shape, and charge.

II. Synthesis

Known octanitro cavitand?* was reduced with tin chloride
in the presence of hydrochloric acid to afford octaamine cavitand
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Figure 1. Top: side and top views o0& in the C4, vase conformation
displaying the water-containing hydrogen-bonding seam along the cavity’s
upper rim. Bottom:H NMR spectrum 6a 1 mM solution of host5 in

D,O at 25°C: 4, resonances of encapsulated TH®, resorcinarene
methine proton resonating at5.5 ppm. Structures were minimized using
Maestro (AMBER force field). Some hydrogens and the pendant ethyl
groups have been omitted for clarity.

2 (Scheme 1). Condensation with the imidate of ethylcyanoac-
etate B)%° provided tetrabenzimidazole estdr which was
subsequently saponified under standard conditions to give the
target compoun® as the tetrasodium salt.

Ill. Host Properties in Water

Compouncdb is soluble in water up to concentrations-e10
mM. The'H NMR spectrum 6a 1 mM solution of hosts in
D-,0O reveals that the flexible walls of the host exist in a well-
defined “vase” conformation. The diagnostic methine protons
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Figure 2. 'H NMR spectra of 1 mM hosb in D,O before addition of
guest (a) and in the presence of 1 equiv of tetramethylammonium bromide
(6) (b), acetylcholine chloride1@) (c), andL-carnitine (3) (d). Marked
resonances indicate free hoat)( bound host @), and bound guesi).

T
0 7.5

Table 1. Association Constants and Thermodynamic Data
Determined by *H NMR for Complexation of Host 5 with a Variety
of Tetraalkylammonium Salts

Guest K (M)
Me,NBr (6) 4300
ELNBr (7) >108
EtMesNBr (10) >10*
choline chloride {1) >10*
acetylcholine chloridel2) >10
L-carnitine (L3 140

likely that the remainder of the cavity is occupied by several
water molecules. Collectively, these data suggest the conforma-
tion for host5 shown in Figure 1: that of a preorganized binding
pocket occupied by solvent molecules, prepared to bind guests
of the appropriate size and shape.

IV. Guest Binding and Selectivity in Water

resonate at 5.5 ppm, and sharp signals for host protons indicate

that the aggregating “kite” conformation observed for other
cavitandsf-28 is not present in significant amounts (Figure 1).
Itis likely that hosts is held in this conformation by a hydrogen-
bonding seam composed of four water molecules bridging the
nitrogens of the benzimidazole walls. Investigations into this

1. Tetraalkylammonium Salts. The addition of a suitable
guest to a solution of hostresults in the displacement of bound
THF, and new signals for both free and bound guest and host
appear in theH NMR spectrum (Figure 2). The hoestjuest
complex is kinetically stable on th#d NMR time scale. The

proposed hydrogen-bonding seam are precluded as the host isipfield shift of guest signals\o 4.4—4.9 ppm) is characteristic

insoluble in other polar solvents (MeOH, THF, DMF, DMSO)
in the absence of water. However, a similar motif has been
shown to stabilize a related cavitand in wet chlorof@frithe
benzimidazole walls tautomerize rapidly on the NMR time scale
at temperatures as low as°€, giving the host overalCy,
symmetry.

Additional resonances at0.6 and—3.2 ppm indicate the
presence of one molecule of THF bound within the cavity (
= 4.6 ppm). Attempts to remove this adventitious solvent under
high vacuum €1 Torr) and high temperature (ca. 10Q)
proved futile. Molecular modeling shows that a single THF
molecule is of insufficient size to fill the cavity @&, so it is

(25) Church, T. J.; Cutshall, N. S.; Gangloff, A. R.; Jenkins, T. E.; Linsell, M.
S.; Litvak, J.; Rice, K. D.; Spencer, J. R.; Wang, V. R. (Axys Pharma-
ceuticals Corp.). PCT Int. Appl. WO 97-US21849, 1998; p 108.

(26) Cram, D. J.; Choi, H.-J.; Bryant, J. A.; Knobler, C. B.Am. Chem. Soc.
1992 114, 7748-7765.

(27) Haino, T.; Rudkevich, D. M.; Rebek, J.J.Am. Chem. S0d.999 121,
11253-11254.

(28) Haino, T.; Rudkevich, D. M.; Shivanyuk, A.; Rissanen, K.; Rebek, J. J.
Chem—Eur. J.200Q 6, 3797-3805.

(29) Far, A. R.; Shivanyuk, A.; Rebek, J.J.Am. Chem. So2002 124, 2854~
2855.

of binding deep within the shielding aromatic cavity of the host,
as opposed to association with the solvent-exposed tetracar-
boxylate upper rim. Cationic guests such as tetramethylammo-
nium (%) and tetraethylammoniuni’{) are of suitable size
and shape to fill the cavity and thus form stable complexes
(Table 1, Figure 3). Tetrapropylammoniur@"j and tetrabu-
tylammonium @) fail to form such complexes simply because
they are too large to fit inside the preorganized cavity.

Isothermal titration calorimetry (ITC) data reveal that complex
formation is both enthalpically and entropically favorable for
most guests (Table 1, Supporting Information). In additon to
electrostatic attraction between the cationic guest and the host's
anionic upper rim, cationt and CH-x interactions between
these tetraalkylammonium guests and the interior aromatic
surfaces of the host likely contribute favorable enthalpy for
complex formatiort® Displacement of solvent molecules sur-
rounding the guest and interior surfaces of the cavity upon

(30) Diederich, F.Cyclophanes: Monographs in Supramolecular Chemjstry
The Royal Society of Chemistry: Cambridge, U.K., 1991.
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Figure 4. 'H NMR spectra of hosb at 1 mM in D,O: (a) before addition

of guest, and in the presence of ca. 1 equiv of (b) amantadine hydrochloride
(26) and (c) rimantadine hydrochlorid®7); (d) changes in amantadine
(left) and rimantadine (right) proton resonances observed upon encapsulation
within host5, indicating the guest’s orientation in the cavity.

Figure 3. Minimized structures (viewed from the top and side) of host
guest complexes involving compouBdand tetraalkylammonium salts (a)
MesN, (b) choline, and (c).-carnitine. Structures were minimized using
Maestro (AMBER force field). Some hydrogens and the pendant ethyl

groups have been omitted for clarity. potential guests for this system. Much to our surprigé\,N-

trimethylethylenediaminel@?") and its hexamethyl counterpart
binding (the hydrophobic effect) is likely responsible for this (15*; Chart 1) failed to produce kinetically stable complexes
favorable entropic terrdt with the host on the NMR time scale. Molecular modeling of
We investigated a variety of trimethylammonium-containing the hypothetical complexes (with the trimethylammonium
guests capable of presenting different functionalities to the moiety deep in the pocket) places the second cation of the guest
tetraanionic upper rim. Neutral functional groups such as ethyl among the anionic carboxylates of the host, poised to provide
(ethyltrimethylammonium10%) hydroxyethyl (choline,11"), additional electrostatic attraction. The highly solvated nature
and acetoxyethyl (acetylcholiné2") attached to this anchor  of these compact dications in water may override their desire
all produce kinetically stable complexes on the NMR time scale to seek encapsulation within the cavity of the host. These
with relatively high association constants (Table 1). Presentationcompounds could also be engaged in strong electrostatic
of a negatively charged carboxylate moiety to this upper rim interactions with the host's tetraanionic upper rim and suspended
(L-carnitine, 13), however, resulted in the formation of a above the cavity.
kinetically stable complexbut with a 100-fold diminished 2. Other Cationic Amines.Primary amines ethylamind §)
association constant relative to those of the other tetraalkylam-and glycine methyl ester (17) show no indication of kinetically
monium derivatives. In the case pfcarnitine, the carboxylate ~ stable complex formation in their respectité NMR spectra
moiety of the guest is in proximity to the negative upper rim of (Chart 1). Neither pyrrolidinel) nor N-methylpyrrolidine (9)
the host, resulting in electrostatic repulsion between host andcan be enticed to enter the cavity of hastntil the nitrogen
guest (Figure 4). A portion of the difference in binding may center is exhaustively methylateédN-Dimethylpyrrolidine 20)
also be attributed to the more favorable solvated state of and the more hydrophobic quinuclidinium hydrochlori@é®)
zwitterionic L-carnitine than the singly charged counterparts both form kinetically stable complexes with hds{(Table 2).
107—12*, resulting in a lower thermodynamic gain upon These results demonstrate that complementarity of size, shape,
complexation within the hydrophobic cavity of the host. and charge is not sufficient to drive guest binding. Primary and
Compounds possessing a positively charged moiety attachedsecondary amines (presumably protonated at neutral pH) are

to a tetramethylammonium anchor were also examined asrejected by the hydrophobic hespossibly due to their reluc-
tance to give up their waters of hydration. Aromatic amines

(31) Two guests, choline chloridé1) and tetraethylammonium bromid&Q), idi " idini imi
generated negative entropic values, with choline’s being strongly negative such as pyrldlne2(2), N mgthylpyrldlnlum 23+)’ and imidazole
at —10.0 cal/(mol K). As this guest also gave am’ ‘value of 0.6, it is (24) also fail to form kinetically stable complexes, although they

possible there may be another association process occurring in solution ; i T
which is not detectable by NMR. Please see the Supporting Information are approximately the correct size and shape to fit inside the

for raw ITC data and other thermodynamic values. cavity.
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Chart 1. Cationic Amines Tested for Complexation with Host 52
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aThe protonation states shown are the major species present in aqueou

solution under experimental conditions (pD 7.8).

Table 2. Association Constants of Amines in D,O2

guest Kain D,0 (MY
N,N-dimethylpyrrolidine(20") 5x 1¢°
quinuclidinium @1%) >10*
Snicotine @5%) >10*

a All association constants were determined by NMR of solutions
containing 0.5-1.0 mM host5 and 1 equiv of guest.

Interestingly,S-nicotine @5) and host5 form a kinetically
stable complex with an association constantaf* M~1. This
guest is composed of the structural eleméhtaethylpyrrolidine
and pyridine-neither of which forms a complex with hoSt

formation of a 1:1 kinetically stable complex between adaman-
tane and hosb, much like those described above. Since this
guest does not offer catiefrr or electrostatic interactions, the
binding is likely driven by a large hydrophobic component as
well as CH-x interactions.

The amino-substituted adamantanes amantadine hydrochloride
(26) and rimantadine hydrochlorid@7) also form stable 1:1
complexes withb in water with binding constants of 14 10°
and >10* M™%, respectively. TheH NMR spectra of these
complexes show that the hydrophobic adamantane base is bound
deep within the cavity, while the primary amines are directed
toward the tetracarboxylate rim and solvent (Figure 4). The
addition of a negatively charged phosphonate, as in the case of
adamantan-1-yl phosphonate, results in no observable binding
on the NMR time scale. Within this series of monoionic
substituted adamantanes the binding orientation, hydration, and
hydrophobicity of each guest are expected to be similar. The
rejection of the phosphonate-containing guest by the host
demonstrates that charge complementarity between the host’s
carboxylates and the guesinbe a determining factor in guest
selectivity.

V. pH-Dependent Behavior of the Host

Throughout the course of our experiments we noticed that
addition of more than ca. 1.5 equivalents of ammonium chloride
Zalts resulted in the precipitation of h@sfThe distance between
the carboxylates of this host resembles those of pyromellitic
acid (1,2,4,5-tetrabenzoic acid) and 1,2,4,6-tetracarboxylcy-
clooctatetraenes. In both cases, the third and fouftwvplues
of these carboxyl groups are4.5 and~5.7, respectively+3>
As ammonium chloride salts are addeda 1 mMsolution of
host5 in DO (pD?® 8.2), initial protonation events most likely
occur at the tetracarboxylate upper rim. Schrader and co-workers
have shown that calixarenes bearing four anilinium groups on
their upper rim precipitate from methanol/water solutions upon
deprotonation of two or more acidic sit€dt is reasonable that
protonation of one or two of the carboxylates decorating Bost
would have a substantial effect on its solubility.

In an attempt to solve this problem we carried out binding

Raymond and co-workers have also observed this binding trendexperiments in the presence of two buffers (Tris and sodium
with metal-ligand clusters in aqueous solutioR©ne explana- ~ phosphate), with pD values ranging from 6.2 to 11.2. At neutral
tion for this anomalous behavior may be found in the experi- or slightly basic pD, the presence of the buffers in 10-fold excess
mental log P values for each component. In the familiar relative to the host results in precipitation of the host (and
hydrophobicity model using 1-octanol/water partition, nicotine consequently loss of guest binding). Adjusting each buffer
(experimental logP = 1.17) is more hydrophobic than its System to pD= 9 restores host solubility at the concentrations
structural constituents pyridine ahmethylpyrrolidine (logP required for NMR measurements (1 mM). Unexpectedly, the
values of 0.65 and 0.92, respectivelj)The magnitude of these ~ guest-binding behavior of the host is not only dependent on
partition values cannot fully account for the differences observed pD, but also dependent on the identity of the buffer. A solution
for binding by hosb. Nevertheless, it seems likely that the host's 0f host5 with guest EtMgN* (1 mM each) at pD 10 shows
discrimination between guests with similar charges and shapesgood binding in the presence of Tris (10 mM), while an
is not to be derived from specific hesguest contacts, but from  equivalent sample in phosphate buffer (10 mM) provides no
differences in guest hydration and hydrophobicity. evidence of complex formation.

3. Adamantanes.Sonication of a solution 0% in water in In general, binding constants measured in the presence of
the presence of solid adamantane results in the extraction ofTris buffer are of the same order of magnitude as those measured
the insoluble hydrocarbon into watéH NMR analysis shows in unbuffered RO. However, competition experiments between

(32) Johnson, Darren W. Personal communication. For nicotine binding, please (34) Leto, J. R.; Leto, M. FJ. Am. Chem. Sod.961, 83, 2944-2951.

see: Terpin, A. J.; Ziegler, M.; Johnson, D. W.; Raymond, KANgew.
Chem, Int. Ed. 2001, 40, 157-160.

(33) Hansch, C.; Leo, AExploring QSAR: Fundamentals and Applications in
Chemistry and BiologyAmerican Chemical Society: Washington, DC,

1995.

(35) Imai, H.; Yaehashi, Y.; Misuno, Wippon Kagaku ZassHi969 90, 1048
1050.

(36) Glasoe, P. K.; Long, F. Al. Phys. Chem196Q 64, 188.

(37) Zadmard, R.; Junkers, M.; Schrader, T.; Grawe, T.; Kraft].Org. Chem.
2003 68, 6511-6521.
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bound free insoluble and, consequently, no guest binding is observed. The

bound guest - ) > o
host  host addition of sodium dodecyl sulfate (SDS) above its critical

a ﬁ . micellar concentration (8 mM) solubilizes hdst Diffusion-
____JL I : : ordered NMR spectroscopy (DOSY) reveals that the host

b. . associates with the micellés,and the!lH NMR shows that
. . o+ se @ within this lipid environment the preorganized vaselike structure
_._JM . is recovered (Figure 6). Given the amphiphilic nature of the
o o5 semm | 06 s 4o s 40 25 wm host, we envision a supramolecular structure in which the

Figure 5. 1H NMR spectra of hosb (1 mM) with equivalent amounts (1~ aromatic walls and aliphatic feet &fare buried in the micelle’s

mM each) of amantadine hydrochlorid®)(and rimantadine hydrochloride  core, while the carboxylate-lined mouth is located at the surface
(#) in (2) DO and (b) 10 mM Tris buffer at pD 11.2. of the micelle, open to bulk solvent and able to bind guests.
. . . ) . Table 3 shows the binding constants under these conditions for
rimantadine hydrochloride2y) and amantadine hydrochloride 5 gejection of guests from each series. Solutions containing only

(26) reveal a dramatic change in the selectivity of hbgor SDS and guest reveal no kinetically stable complexes.
these guests under buffered and unbuffered conditions (Figure

5). In unbuffered RO, host5 (1 mM, pD 7.8) binds only VIII. Conclusions and Outlook

amantadine when given a choice between equal amounts of

amantadine and rimantadine (0.5 mM ea®iJhe addition of Within each structurally related family of guests the host
basic Tris changes the pD of the solution to 11.2 and alters theforms kinetically stable complexes with a few of its favorite
selectivity of the host; both amantadiaed rimantadine are ~ members. Hostguest systems that operate in organic solvents
bound with equal magnitude. Th&pvalues of each of these ~demonstrate guest selectivity based on size, shape, and the
primary amines are similar, and each should be in the samepositioning of complementary chemical functionality. The
protonation state under buffered conditions. As such, the reasorPresent host also exhibits these basic aspects of molecular
for the host’s altered guest-binding selectivity is not readily recognition in guest selection. Within families of related

understood. compounds having similar size, shape, and charge, an extra level
of discrimination is observed. Subtle changes in chemical
VI. Salt-Dependent Host Behavior functionality give rise to examples of unanticipated selection.
The common thread that connects these instances is the relative
The addition of various salteta 1 mMsolution of5 in DO hydrophilicity of the related guests. Even when size, shape, and

causes precipitation of the host. The minimum threshold charge are complementary, a guest that interacts strongly with
concentration depends on the identity of the salt: tetraalkylam- water or buffers will not forsake its solvation shell in favor of
monium chlorides trigger host precipitation at ca. 5 mM, while ' the host's hydrophobic cavity.

NaCl produces a similar result at 1 M. CsCl must be presentat  The structure of this cavitand-based host is reminiscent of
12 M to generate the same effect. This trend follows the cation-binding proteins such as acetylcholinesterase: the guest
Hofmeister series of kosmotropic and chaotropic ions, derived s attracted by anionic carboxylates that line the mouth of the
over a century ago from the effects of different salts on protein pinding cavity, but is bound exclusively through contacts with
solubility 34°This suggests that the host precipitation is driven  aromatic residue® As such, this cavitand-based host offers an
by the salts’ effect on bulk water structure and interfacial entrance into a class of receptors that are soluble in water and
phenomena; a kosmotropic ion (such as tetramethylammoniummimic the behavior of proteins. The host is able to bind
cation) creates order in water, and subsequently increaseSmportant biological targets such as neurotransmitters (the
hydrophobic aggregation and precipitation. These observationscholines) and anti-influenza drugs (the aminoadamanthés),
may also shed light on the sensitivity of hésto the presence  and can function under physiological conditions within lipid
of 10 mM sodium phosphate buffer. Although the sodium cation syperstructures. We are hopeful that this host will prove useful
is a relatively benign agent for inducing host precipitation, for applications in biologically relevant settings.

phosphate anions are strongly kosmotropic, and may be

responsible for the observed precipitation of host 5 at pD 7.2. IX. Experimental Section

1. General Considerations.Deuterated solvents were used as
purchased from Cambridge Isotope Laboratories. All other chemicals

Despite the foreknowledge that buffers and salts can have Were obtained from Sigma-Aldrich or Acros Chemicals and used
deleterious effects on the guest-binding behavior of Bogte without further purification unless otherwise statéd.and**C NMR
attempted to study its ability to bind guests under near spectral data were recorded on a Bruker 600-DRX spectrophotometer.

. . e .~ _Chemical shifts are expressed as parts per millipnrélative to the
physiological conditions. A standard phosphate-buffered saline peak for SiMe (TMS: 6 = 0), and referenced internally with respect

yvas used to approximate the pH and salt concentrations Present; that for the protio solvent impurity. NMR structural studies isCD
in human_b_'OOd (pH 7.4, [NaCH 12_0_mM, [KCI = _2-7 mM). were conducted with water suppression using-8319 pulse sequence
Not surprisingly, under these conditions the host is completely with gradients*4sFor samples requiring accurate integration, no solvent

VII. Guest Binding under Physiological Conditions

(38) It is surprising that the host bindsly amantadine in the presence of both  (41) Trembleau, L.; Rebek, J. Chem. Commur2004 58—59.
adamantane derivatives when the association constant for rimantadine is(42) Kornhuber, J.; Schoppmeyer, K.; RiedererNeurosci. Lett1993 163
at least an order of magnitude greater, and that this binding does not saturate 129-131.
the host. (43) McGahen, J. W.; Neumayer, E. M.; Grunert, R. R.; Hoffmann, GArin.

(39) Hofmeister, FArch. Exp. Pathol. Pharmakol888 24, 247. N. Y. Acad. Sci197Q 173 (Art. 1), 557-567.

(40) Cacace, M. G.; Landau, E. M.; Ramsden, JRe. Biophys.1997, 30, (44) Sklenar, V.; Piotto, M.; Leppik, R.; Saudek, ¥. Magn. ResonSer. A
241-277. 1993 102 241-245.
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Figure 6. *H NMR spectra of 1 mM hosb in phosphate-buffered saline ([phosphatell0 mM, pH 7.4 (pD 7.8) at 25C, [NaCl] = 120 mM, [KCI] =
2.7 mM) in the presence of 40 mM SDS before the addition of guest (a) and after addition of 1 equiv of acetylcholine (b) and after addition of 1 equiv of
rimantadine hydrochloride (c). Keya, SDS; ®, free host;k, bound hostm, free guest®, bound guest.

Table 3. Association Constants for Select Guests under
Physiological Conditions?

guest Ka (M™)
tetramethylammonium bromide 700
acetylcholine chloride 650
rimantadine hydrochloride 7800

aBinding constants for ho$ determined in phosphate-buffered saline
(Sigma) with 40 mM SDS in BD. Solutions contain 1 mM host and 1 mM
guest.

heated at 65C overnight, the reaction was cooled, and most of the
ethanol was removed using a rotary evaporator. Water (50 mL) was
added, and the resulting precipitate was filtered, washed with water,
and dried under high vacuum to give the product as the hydrochloride
salt (1.45 g, 70%), which was used without further purification.

b. Cavitand Tetraester (3).The hydrochloride salt of the cavitand
octaamine (380 mg, 0.36 mmol) and the imid4té (570 mg, 2.91
mmol) were combined in anhydrous EtOH (8 mL, stored over 4 A
molecular sieves) and heated at reflux overnight. The mixture was
cooled to room temperature, concentrated to dryness on a rotary

suppresion pulse was used and the relaxation time (d1) was set to 10evaporator, and taken up in GEl, (20 mL). The suspension was

s (5 times the maximum relaxation time for host protons). Matrix-

filtered and washed with copious GEl; followed by copious water.

assisted laser desorption/ionization (MALDI) FTMS spectra were The solid was dried under high vacuum for 48 h to yield the product
determined on an lonSpec FTMS mass spectrometer. Molecular as a buff-colored solid (312 mg, 62%H NMR (THF-dg:D.0 = 2:1,
modeling (molecular mechanics calculations) was carried out using the 600 MHz): 6 1.36 (t, 12H,J = 7.2 Hz), 1.60 (t, 12H]) = 7.2 Hz),
AMBER force field* with the solvation (dielectric) setting for water ~ 2.71 (dgr, 8HJ = 8.2, 7.2 Hz), 4.57 (qr, 8H] = 7.2 Hz), 6.00 (t, 4H,
as implemented by Macromodel or Maestro (Schroedinger, Inc.) on a J = 8.2 Hz), 7.80 (s, 4H), 8.15 (s, 4H), 8.40 (s, 8C NMR (THF-

Silicon Graphics Octane workstation.

2. ITC Studies. ITC data were obtained on a VP-ITC MicroCalo-
rimeter, MicroCal, LLC (Northhampton, MA). Titrations were per-
formed at 25°C with a host concentration of approximately 1 mM in
the cell (1.4348 mL), and a guest concentration of approximately 20
mM in the syringe (25@L). All solutions were prepared with distilled
water. Injection volumes varied from 5 to 140, with a 400 s spacing
between injections. All titrations were performed in triplicate. After

the reference titration was subtracted, the revised data were fitted to a

theoretical titration curve using the One Set of Sites model of the Origin
7.0 software provided by MicroCal, LLC.
3. Synthesis. a. Cavitand Octaamine Hydrochloride (2)Octanitro

cavitandl1?* (2.50 g, 2.0 mmol) and tin(ll) chloride (17.54 g, 46.5 mmol)
were combined in ethanol (180 mL) and 37% HCI (50 mL). After being

(45) Piotto, M.; Saudek, V.; Sklenar, \J. Biomol. NMR1992 2, 661-666.

(46) Mohamadi, F.; Richards, N. G. J.; Guida, W. C.; Liskamp, R.; Lipton, M.;
Caufield, C.; Chang, G.; Hendrickson, T.; Still, W. &.Comput. Chem.
199Q 11, 440.

dg:D,O = 2:1, 151 MHz): 6 12.8, 14.1, 25.8, 36.2, 62.7, 67.9, 110.0,
117.4,124.4, 132.0, 136.1, 149.3, 151.4, 156.8, 168.4. MALDI FTMS
(MH™*, mV2): calcd for GoH7aNgO16 1401.5139, found 1401.5174.

c. Cavitand Tetrasodium Salt (5).The cavitand tetraester (102 mg,
0.073 mmol) was dissolved in a mixture of THF (9 mL) and water (6
mL), and NaOH (96 mg, 2.4 mmol) was added as a solid. After the
mixture was stirred for 1 h, a precipitate had formed. Additional water
(1 mL) gave a clear solution, and stirring was continued at room
temperature for 2 d. The THF was slowly removed from the solution
by rotary evaporation over the course of 1 h, allowing a cohesive
precipitate to form (faster evaporation gives material that is too fine to
allow filtration). The solid was collected by filtration and dried under
high vacuum to give the product as a buff-colored solid (79 mg, 79%).
H NMR (D,O:THF-ds = 3:1, 600 MHz): ¢ 1.17 (t, 12H,J = 7.0
Hz), 2.47 (dqr, 8HJ = 8.2, 7.0 Hz), 3.84 (s, 8H), 5.82 (t, 4d~= 8.2
Hz), 7.51 (s, 4H), 7.83 (s, 4H), 7.92 (s, 8HJC NMR (D,O:THF-ds
=3:1, 151 MHz): 6 12.5, 25.6, 35.8, 38.3, 117.3, 123.4, 135.4, 148.7,
154.0, 156.6, 175.4. MALDI FTMS (acidified sample, [M 4Na +
5H]*, m/z): caled for G,Hs/NgO16 1289.3887, found 1289.3836.
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