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In recent years, the recognition of anions has become an
intensively-studied area of supramolecular chemistry.1 How-
ever, there are still quite few anionophores which parallel the
classical cation receptors (e.g., crown ethers and cryptands) in
being electrically neutral, lipophilic, and essentially organic in
nature.2 Anion receptors which fulfill these criteria usually rely
on the cooperative action of neutral H-bond donor groups.2c-r

For strong and selective binding, these groups should be
comparatively acidic, preorganized to complement the target
anion and minimize intramolecular hydrogen bonding, and
embedded in lipophilic structures which maintain solubility in
nonpolar media. We have previously illustrated the potential
of cholic acid (1) in anionophore construction, through its
elaboration into a “cryptand” able to bind halide anions using
a well-dispersed but convergent 3D array of H-bond donor
functionality.2r,3 We now present an alternative, more “tunable”,
strategy which has yielded a receptor with exceptional affinity
for chloride anion in a nonpolar organic solvent.
The new receptors are based on a podand-type architecture,

shown schematically as2. Anion recognition is achieved
through (at least) three NH-containing groups attached to the
steroid through positions 3, 7, and 12. Options which we have
explored thus far are (a) carbamates -OCONHR, which may be
introduced by treatment of the hydroxyls in1 with isocyanates
and (b) amides -NHX (X) COR or SO2R), for which steroidal
OH f NH2 conversions are required. Unlike the earlier
cryptand, receptors2 may not fully surround their substrates.
However, this disadvantage is countered by the versatility of

the system, including the potential for tuning NH acidity to
optimize H-bond donor properties.4

In this paper, we focus on two versions of2, the bis-
carbamoyl sulfonamide3 and the tris-sulfonamide4. Both
feature TsNH groups as H-bond donor units, chosen for their
chemical stability and relatively high acidity.2e,f Receptor3was

synthesizedVia methyl 3R-azido-7R,12R-bis(formyloxy)chol-
anoate, which could be accessed from1 using our previously-
described double-inversion procedure.3h Receptor4 was pre-
pared by sulfonylation of methyl 3R,7R,12R-triaminocholanoate
(5), an “azaequivalent” of methyl cholate.5 Molecular modeling6

on 4 highlighted a particular advantage of the 7R- and 12R-
sulfonamido groups. Their axial disposition restricts rotation
about the steroidal C-N bond, such that the N-H bonds are
forced to point inward, preorganized for anion recognition (eq
1). Intramolecular hydrogen bonding between these groups is

clearly impossible, while the 3R-NHTs group (although free to
rotate) can form, at best, very weak interactions with either.7
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The three NH protons can be positioned to form H-bonds of
ca. 2.5 Å to a centrally-located substrate atom. Although the
bis-carbamate3 is less preorganized than4, its opportunities
for intramolecular H-bonding are limited to SdO‚‚‚HsN
interactions (ca. 2 Å). Assuming an unstrained, planar con-
formation for the carbamate groups, it can form a slightly larger
binding pocket with potential NH‚‚‚substrate distances ofca.
2.7 Å.
The addition of tetrabutylammonium salts of inorganic anions

to 4 and5 in CDCl3 caused changes in the receptor1H NMR
spectra, indicative of anion binding (Vide infra). All signal
movements, where examined, were consistent with 1:1 complex
formation. Analysis of the data gave the binding constants listed
in Table 1. Among the halides, receptor3 showed the expected
preference for fluoride and modest binding of iodide but did
not discriminate between bromide and the more basic chloride.8

In contrast, receptor4 exhibited good selectivity for chloride
vs bromide, binding the former with remarkable affinity.9 The
tripodal anion tosylate was bound by both receptors with
moderate efficiency. Control experiments established that the
generally high binding constants were due to cooperative action
of the three H-bond donor groups in each receptor. For
example, sulfonamide6 and bis-carbamate7 bound bromide
under the same conditions with Ka ) 40((1) and 17((3) M-1,
respectively. Comparison of4with the flexible tris-sulfonamide
8, previously studied by Reinhoudt and co-workers,2ehighlighted
the importance of preorganization. Under our standard condi-
tions,8was found to bind chloride and bromide with Ka values
of just 4400((470) and 420((17) M-1, respectively.
The complexation-induced chemical shifts could be used to

infer quite detailed pictures of the binding geometries. As
expected, substantial downfield movements of the NH signals
were observed in all experiments. However, the degrees of
movement varied considerably, as illustrated for the TsNH
signals in Table 2. For the binding of halides to4, the figures

suggest short contacts to the 7R- and 12R-NH groups ac-
companied by weaker interactions with the 3R-NH. The
inability of the latter to participate fully in complex formation
may be due to the spacing between the NH groups, or perhaps
to steric interference from the 2R and 4R hydrogens.10 Either
way, the problem appears to be circumvented by the larger,
pyramidal tosylate anion. Downfield motions of steroidalR-H
signals were discernible in many cases, implying close contact
between the anions and the underside of the steroid nucleus.11

The 4R-H signal was especially susceptible, moving through
0.8 and 0.5 ppm, when either chloride or bromide was added
to 3 and4, respectively. Additional motions of up to(0.5 ppm
for aromatic CH signals and 0.15 ppm for the steroidal 19-CH3

were ascribed to conformational alterations in the side chains
and were often useful for determining the binding constants (see
Table 1).
In conclusion, our studies on3 and4 have shown that steroid-

based tripodal anionophores can display exceptional potency,
with selectivities which are nicely sensitive to variations in
receptor structure. The preorganization inherent in our strategy
should facilitate the rational design of further examples with
improved and/or complementary anion recognition properties.
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(8) Evidence from a range of studies suggests that in nonpolar solvents

the halide anions will tend to associate with H-bond donors according to
their basicity (i.e., in the order F- > Cl- > Br- > I-. For example, see:
refs 4a, 2g, 2i, 2q, and 2r. For3, the lack of Cl-/Br- selectivity probably
implies a particular complementarity to bromide.

(9) The complex between4 and chloride was also detectable by negative-
ion FAB MS.

(10) These two axial hydrogens form a “steric ridge”, which separates
the 3R- from the 7/12R-NH groups and may impede H-bond formation by
the three groups to a spherical anion.

(11) Similar effects are documented in refs 2d and 2r.

Table 1. Association Constants (Ka, M-1) of 3 and4 with
Tetrabutylammonium Salts in CDCl3

a

anion complex with3 complex with4

F- 15400((1500) b
Cl- 7200((660) 92000((28000)c
Br- 7200((760) 9200((700)
I- 930((70) 525((45)
TsO- 865((120) 950((80)

a Bu4N+ salts were added to receptors (1-10 mM) in CDCl3 which
had been partially dried and deacidified over K2CO3. Salts and
receptors were dried under vacuum for at least 3 h before solution
preparation. The titrations were performed at 298 K. Binding constants
Ka were calculated using an iterative nonlinear least-squares curve-
fitting program. Figures in parentheses represent standard deviations
of the binding constant values calculated from each point on the curve.
Although the NH signals generally moved further than any others, they
were broad and, in many cases, hard to follow. The sharper signals
due to Ar-H or 19-CH3 gave more accurate data and were therefore
used in the analyses. Dilution studies on3 and4 indicated that self-
association was insignificant at the concentrations used for the binding
studies.bNot determined.c The concentration of4was 1.2 mM. This
binding constant is near the upper limit accessible through NMR
titration and is therefore relatively uncertain. A second titration with
[4] ) 1.5 mM gaveKa ) 140 000((76 000) M-1. The high affinity
for Cl- was confirmed by a competition experiment in which Bu4N+Cl-
was added to4 in the presence of Bu4N+Br- (7 equiv). Although
quantitative analysis was hampered by limited movements of the
observable NMR signals, the data implied a selectivity consistent with
the figures in this table.

Table 2. Chemical Shift Changes (ppm) for TsNH Signals in3
and4 Induced by Anion Recognitiona

anion 3 (3R-NH) 4 (3R-NH) 4 (7R-NH) 4 (12R-NH)

Cl- 2.37 0.6 2.3 1.55
Br- 1.95 0.35 1.7 1.0
TsO- 2.16 2.0 1.45 0.85

a Extrapolated to 100% saturation. Assignments are from HH-
COSY.
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