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New “Cholapod” Anionophores; High-Affinity Halide cholapods which show exceptional affinities for chloride and
Receptors Derived from Cholic Acid bromide anions.

The new receptord—10 feature the following developments:
(i) the introduction of urea/thiourea groups in positions 7 and 12
of the steroid, raising the number of H-bond donors to 4 (for
4-7) and 5 (for 8—10); (ii) the use of electron-withdrawing
School of Chemistry, Upérsity of Bristol substituents to raise donor power; and (iii) thg €ide chains,

Cantock’s Close, Bristol BS8 1TS, UK  Which increase solubility and lipophilicity. The urea/thiourea
Department of Chemistry, Trinity College ~ groups are axially disposed which, as noted previously2for
Dublin 2, Ireland aids preorganization by restricting rotation about the C(7#1\)
) bonds. The favored planar, ahti-urea conformation transmits
Receied August 8, 2001  thjs effect, so that all four (thio)urea-\H groups are positioned
The study of anion recognition is one of the more active areas for anion bindi_ng: E_qually, intramolecqlar H-b_onding Is sup-
f yl | h 'gtl’*yA ; tant subset of ani pressed. Modelingndicates that no such interactions are possible
of supramolecuiar chemistry An Important SUDSEt of anion ¢4, 47 |y 8—10 the sulfonamide oxygens can make hydrogen

receptors are _designed to operate in organic solvents thlrothbonds to the NHAr groups, but these involve distortion of ureas
H-bond donat!on by electroneutral functional .groﬁlpthese from planarity and are probably intrinsically we#k.
neutral, organic hosts may be seen as the anion-binding coun-

terparts of the classical cation-binding crown ethers, cryptands,
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and spherands. However, in terms of affinity, the anionophores : o
have yet to match the cationophores. While association constants N X OCy0H4
>10'° M~ are not uncommon for cryptands and spherands, N *)'( Y
reported binding constants to neutral organic anionophores rarely H Y H.N@
exceed 1OM~14 uN R
Recently, we described the synthesis and binding properties D
of the steroid-based tripodal recept@rand?2, both derived from
cholic acid3.5 The steroidal framework preorganizes the H-bond R
4 R=H,X=0
0o 5 R=CF;,X=0 8 R=CFyX=0
. e 6 R=NO,X=0 9 R=NO, X=0
) oOT/o 7 R=NO,X-8 10 R=NO, X=$
¥~ N
15 H )\l/ H ﬁ 1 7" H T 2 Receptors4—10 were synthesized fronB8 via protected
H aminosteroids11 and 12° as described in the Supporting
Information. Despite their arrays of polar functionality, all were
GO 0 freely soluble in CHG The!H NMR spectra oft and5 in CDCl
Y Ow OH were well-resolved, while those 06—10 were broadened.
3 OH However, all receptors gave well-resolved spectra after addition
OH 3 of excess bromide or chloride (as tetraethylammonium or tetra-

phenylphosphonium salts). In a titration ®fvith E4,N*CI~, the

donor groups, largely prevents intramolecular hydrogen bonding, NH resonances broadened initiqlly then sharpened after addition
and promotes solubility in nonpolar mediaand2 were found  ©of 1 equiv, having moved downfield by 1-&.1 ppm. Although

to bind tetrabutylammonium chloride witt, = 7200 and 92 000 the signals could not be followed accurately, their motions
M-1in CDCl; respectively. These initial “cholapodsfiad clear ~ appeared to be roughly linear with Jit"CI~]. Additional halide
potential for improvement; further H-bond donors could be added, (Up to 10 equiv) produced little further changed( < 0.09 ppm,

and stronger (more acidic) donor groups could be used. We haven0 evidence of saturation). In titrations®&nd10 with the same

now incorporated such changes and report a new series ofsrl‘JbStr?tte: spectra again sharpened at 1 equiv with minor changes
thereafter.
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Table 1. Extraction Data, Derived Association Constants, and Binding Free Energies of Recepl@$o E4NTCI~ and EfNTBr~ in
Water-Saturated CHel

EuN*CI~ Eu4NTBr-
[substrate]y equivalents —AG® [substrate], equivalents —AG®

receptor (M) extracted Ka (M~Ye (kJ mol?) (M) extracted Ka(M™Y)e (kJ mol?)
4 0.07 0.50 1.62< 10 —41.84 0.03 0.66 9.79 10° —40.57

5 0.02 0.59 2.83 1¢¢ —49.05 0.005 0.50 1.84 1C¢° —47.97

6 0.019 0.69 4.7% 1C° —50.37 0.006 0.64 2.26 10° —48.48

7 0.01 0.57 1.05 1¢° —52.36 0.004 0.53 3.24 10° —49.39

8 0.005 0.59 458 10° —56.07 0.0016 0.59 2.68 10° —54.67

9 0.001 0.45 6.60«< 10t° —62.79 0.0006 0.56 1.68 101 —59.34

10 0.001 0.56 1.0 101 —63.92 0.0005 0.57 2.59 10'° —60.44

a Receptor (0.6 mM) in CHGIwas equilibrated with aqueous substrate atG0 After separation and evaporation, extracts were analyzed by
NMR integration (CHCH,N™ vs receptor protons). For further details see Supporting Informatimomplex]/[receptor] in organic phase. Aqueous
substrate concentrations were chosen such that this figure lay between 0.4 &@blcidlated according to the method of Cram éf &xperimental
errors estimated as15%.

yielded a further enhancement. All receptors were moderately
selective for chloride over bromide (although bromide gave the
higher extraction constants, due to its greater lipophilicity).
Especially notable are the very high affinities recorded%or
7 Ny 12 and 10, rising to 16* M~ for 10 + CI~. It is clearly important
to consider sources of error, especially in these cases. The analysis
membranes or the polymer materials used in ion-selective of the extraction data assumes 1:1 substrate:receptor stoichiometry,
electrodes. We therefore decided to retain CH&3 solvent, ~ With no complicating phenomena such as self-association. To
resorting to the classical extraction method of Cfaim measure ~ check for interference from higher stoichiometries (and for
the association constants. Briefly, an organic phase containing al"cOmplete separation of aqueous from organic phases), we
lipophilic receptor (H) is stirred or shaken with an aqueous phase Performed an extraction witl0 and [EiNCl]sq = 0.1 M
containing substrate (A-). The extraction constanKe = (a 1(_)O-f(_)ld increase compared to the conditions in _Table 1); Even
[HAX] ord [H] o A *lad X “laq is determined from the quantity of ~ at this high substrate concentration, only 1.09 equiv gRECI
substrate extracted into the organic phase at equilibrium. The Was detected in the organic phase. The NMR data did suggest
association constant can then be calculated from the equationtat Some of the receptors may self-associate in GHilvever,
Ko = KdKg, Where Ky = [AX] of[A]adX Tag that is, the this is likely to lead to an underestlmate_lo;. Indeed,_for most
distribution constant of the substrate between the two phases in°f these receptors the (appareifvalues increased slightly with
the absence of the receptor. The method is especially useful for"€ceptor dilution. For example, when the concentratiorarid
the determination of high binding constants because the degree!0 Were reduced by a factor of 6 to 0.1 mM, extractions of
of complexation in the organic phase can be controlled by varying EuWN'CI™ implied Ko = 1.02 x 10" and 1.22x 10" M
substrate concentration in the aqueous phase. Receptor saturatioffSPectively.

can therefore be avoided. We have found thafNEEI~ and _In conclusion, by co_mbining Cram'’s extraction methodology
ELN*Br- are convenient substrates for such experiments, with with the cholapod architecture, we have been able to demonstrate

K4 (CHCIyH,0) = 1.27 x 105 and 2.18x 104 M~! respec- electroneutral anionophores which are exceptionally potent while
tively.11 retaining compatibility with nonpolar media. Such molecules may
Application of Cram’s method to receptoss-10 gave the find use in “phase transfer” applications such as sensing and
results shown in Table 1. Note that the binding constants refer to Catalysis, and may also show biological activity. In future work
water-saturated CHEhnd are presumably slightly smaller than We plan to investigate these possibilities, and to improve
the corresponding values in dry solvent. As expected, the receptorsSelectivities by further elaborating the “legs” to create more
were found to be substantially more powerful tharand 2. enclosed and preorganized binding sites.
Affinities increased through the seriés 7, reflecting the electron- Acknowledgment. We thank the European Commission (Marie Curie
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