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This paper reports the application of a high-throughput 1H
NMR screening method to the evaluation of potential
anion receptors, and the results of the screening indicate
that catechol is a surprisingly good host for chloride
anions.

Over recent years, there has been intensifying interest in the
design, synthesis and investigation of receptors for anions.1

This interest is partly driven by the undoubted importance of
anions in biological systems.2 A large number of neutral
organic receptors capable of binding anionic guests have been
developed using amides, ureas and pyrroles as hydrogen bond
donor groups to bind the anion.3 The thermodynamic affinity
of these receptors for anions has often been determined by
NMR titration techniques,4 but such experiments are time-
consuming, tedious and require excessive amounts of instru-
ment time. In this paper we illustrate how a calibrated competi-
tive approach, recently developed by us to investigate potassium
cation binding,5 can rapidly indicate the approximate affinities
of a range of receptors for a given anion – in this case chloride.
We illustrate that applying this methodology to anion binding
enables efficient receptors to be rapidly identified. Using this
screening method we have discovered that catechol (15) is a
remarkably good host for chloride anions (Fig. 1).

In order to screen a series of compounds for chloride bind-
ing, it was first necessary to calibrate a binding event against
which the other receptors would compete. Given that simple
amides are well-known to bind anionic guests through the
formation of N–H � � � anion hydrogen bonds,3 we decided
to use commercially available compound 1 as a reference recep-
tor. Compound 1 was titrated against tetrabutylammonium
chloride (TBACl) in CD3CN in the usual way (maintaining [1]
constant) and the resonances for the N–H and ortho Ar–H pro-
tons were followed (Fig. 2). Fitting the data for both protons to
a 1 : 1 binding profile using HypNMR,6 gave a reproducible
binding constant of 31 M�1 (±10%). The data fitted 1 : 1
stoichiometry unambiguously, and there was no evidence for
complexes of higher stochiometry being formed under the con-
ditions of the NMR titration. Using the binding constant value,
it is possible to calculate the concentration of complex present
at each point in the titration,5 and there is a straight line
relationship between [1�Cl�] and the observed chemical shifts
of N–H and Ar–H, allowing calibration graphs for the binding
event to be generated (Fig. 3 illustrates the calibration graph for
the N–H proton).

Binding constants can then be determined for novel receptors
of interest in the following way. A single NMR spectrum is
measured, in which the sample contains a known concentration
of reference receptor 1 (the same as in the calibration titration),
a defined amount of TBACl, and a known concentration of the

† Electronic supplemenary information (ESI) available: calibration
graphs for the binding process between receptor 1 and chloride, and a
worked example illustrating the use of this calibrated competitive
method to determine the binding constant between receptor 15 and
chloride. See http://www.rsc.org/suppdata/ob/b3/b310455a/

receptor of interest. If the receptor of interest is able to com-
pete with compound 1 for the chloride anions, the chemical
shifts of the N–H and Ar–H protons of compound 1 will be
perturbed (see Fig. 4 for an example of how this is manifested in
the NMR spectra). The perturbed chemical shift values can be
used with the calibration graph to determine the concentration
of complex 1�Cl� present in the competition. Using the method
explained in detail previously,5 and outlined in the ESI†, it is
then possible to use this value to calculate the binding constant
for the receptor of interest.

Only a single NMR spectral measurement is necessary,
and therefore this method is much faster than a traditional
NMR titration (although the competition measurements were
repeated to reduce errors). It should be noted that the binding
constants from this method only provide an approximate guide
(ca. ±25%) given the limited information used for their
determination. They are, however, of considerable use for high
throughput screening purposes, as they clearly indicate which
receptors are best able to compete with reference receptor 1.

We were concerned about the possibility that both compound
1 and the receptor of interest may simultaneously bind to the
anionic guest forming a 1 : 1 : 1 complex, hence invalidating
the screening method. However, under the conditions at which

Fig. 1 Compounds screened for chloride binding.
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the experiments were performed, and in the control NMR titra-
tions, only 1 : 1 complexes were ever observed, and there was
never any evidence for the presence of complexes of higher
stoichiometry, with multiple receptor molecules binding to a
single anion.

To illustrate the application of high throughput sreening to
the determination of thermodynamic data for anion binding,
compounds 2–15 were screened for their ability to bind chloride
anions. Receptors 2–6 were synthesised‡ to help validate the
screening approach, as similar compounds have been previously
reported by Werner and Schneider.7 Commercially available
phenols 7–15 were also screened, as such compounds should be
capable of binding anions via the formation of O–H � � � anion
hydrogen bonds. The approximate binding constants deter-
mined using the calibrated competition experiments are pre-
sented in Table 1. §

Amide containing receptors 2–6

As expected,7 tripodal receptor 6 with three amide groups
bound anions more effectively than bidentate receptors 2–5.
Compounds 2–5 showed moderate chloride binding – it should
be noted that the aliphatic N–H groups have lower acidity than

Fig. 2 NMR titration curves for acetanilide (1, 3.67 mM) on the
addition of tetrabutylammonium chloride (solvent: CD3CN).

Fig. 3 Calibration graph for compound 1 being perturbed by chloride
anions. The graph relates the NMR shift of the N–H proton and the
concentration of complex 1.Cl� that is present in solution.

the aromatic N–H of the reference compound, and should form
weaker hydrogen bonds with the guest anion. Hence it is not
surprising that receptors 2–5 do not offer much improvement
over the reference receptor. On comparing receptors 2–5, which
each contain two N–H groups, compound 2 which has the
shortest spacer chain is the most effective receptor. The relative
magnitudes of these Kapp values are consistent with the results
of Werner and Schneider (in CDCl3)

7 and this gives us some
confidence in applying the high-throughput assay. The decrease
in binding strength from receptor 2 to 5 is indicative of the fact
that the chelate effect for anion binding plays a greater role
in chloride binding when the spacer chain is shorter. As has
previously been pointed out, this is primarily due to entropic
factors.7

Phenolic receptors 7–15

The results obtained with phenols 7–15 were particularly
interesting. Compound 7 (phenol) was able to compete with
calibrant 1 and showed a fair affinity for chloride anions. It is
worth noting that a number of previous receptors for anions
have utilised aliphatic hydroxy groups,8 and phenols have also
been implicated in anion binding.9–12 Hong and co-workers
in particular have made use of azophenols in a range of
chromogenic molecules designed for selective anion sensing.13

Interestingly, tyrosine is also known to play a key biomolecular
role in binding chloride anions in proteins through hydrogen
bond formation, indicating the importance of phenol–anion
interacions in the hydrophobic encapsulated interiors of pro-
teins.14 Phenols have not, however, previously been thoroughly
or systematically investigated in the field of anion binding –
unlike the amide functional group, which has seen extensive
exploitation.3 Obviously, there is considerable scope for the
determination of electronic, steric and structural effects on the
anion binding ability of simple phenolic compounds – and
some of these effects are elucidated below, as a consequence
of the results from our high throughput screening approach.

As might be expected, increasing the acidity (and con-
sequently the H-bond donor ability) of the phenolic O–H
group enhances its ability to interact with an anion, and hence
the binding strength. Receptors 10 (fluorophenol, –I effect of
fluoride group) and 11 (nitrophenol, –M effect of nitro group)
both exhibit significantly enhanced chloride binding when
compared with unfunctionalised phenol. Such electronic effects
on the strength of hydrogen bond formation are well known
when binding anions using amide and urea based receptors.15 It
is noteworthy that nitrophenol in particular shows effective
binding (Kapp = 555 M�1), as such units have previously been
used in anion sensors.12

On the other hand, increasing the steric hindrance close to
the O–H group effectively prevents chloride binding. Com-

Table 1 Apparent, approximate binding constants (Kapp) for receptors
2–15 with chloride anions (calculated from the competition studies in
CD3CN – see ESI and ref. 5)

Competing receptor Kapp/M�1 (CD3CN)

2 45
3 30
4 20
5 12
6 125
7 48
8 40
9 50

10 95
11 555
12 <1
13 <1
14 145
15 1015
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pounds 12 (2,4,6-trimethylphenol) and 13 (2,4,6-tri-tert-
butylphenol) which have bulky groups in the ortho positions to
the phenolic O–H group are unable to compete effectively with
reference receptor 1 and hence do not exhibit significant chlor-
ide anion binding ability (Table 1). Such steric effects play a
dramatic role in anion binding as a consequence of the rel-
atively large size of anionic guests (in particular compared with
their cationic counterparts).

Compound 14 (resorcinol) possesses two O–H groups and
can hence chelate the anion using two hydrogen bonds. This
increases the strength of binding three-fold when compared to
monodentate 7 (phenol). This increase in binding is particularly
noteworthy given that the second O–H group will have an
unfavourable �M mesomeric effect on the individual hydrogen
bond strength. The most remarkable receptor, however, is com-
pound 15, (catechol) which binds chloride over twenty times
more strongly than simple phenol 7 (Kapp = 1015 M�1). This
strong binding was immediately evident during the screening
process, as catechol induced the largest shift in the N–H proton
of acetanilide in the presence of chloride anion, hence alerting
us to the relatively high affinity of this complex (Fig. 4). This
result indicates that the ortho arrangement of the O–H groups
in catechol is much more appropriate for binding chloride
anions in a chelate mode than the meta arrangement of the
same groups in resorcinol. Furthermore, it is worth noting that
the rigid arrangement of phenolic O–H groups on the aromatic
skeleton of catechol is significantly better than the more flexible
combination of two (or even three) amide N–H groups in com-
pounds 2–6.

To ensure that this approach to finding higher affinity recep-
tors was indeed valid in this case of anion binding, we per-
formed further analysis on the best receptor (15, catechol) using
a traditional 1H NMR titration with TBACl (Fig. 5). As can be
seen from the binding profile, the stoichiometry of the complex
is clearly 1 : 1. Furthermore, the catechol O–H protons
remained visible throughout the titration and this indicates
that the process which occurs is not simply anion induced
catechol deprotonation. The binding constant determined from
the titration data (using HypNMR) 6 was high, with the precise
value (Ka = 1575 M�1) showing reasonable agreement with
that determined using our rapid screening approach (given the
limitations of NMR titrations when used with sharp binding
profiles, and our calibrated competitive assay).

In summary, this communication illustrates that a high-
throughput method 5 can be applied to anion binding in order
to rapidly assess approximate binding constants. Further-
more, this approach has generated an interesting lead structure
(catechol) for further investigation in anion recognition.

Fig. 4 Extracts from the NMR spectra of: (a) 1 (3.67 mM); (b) 1 (3.67
mM) and TBACl (3.57 mM); (c) 1 (3.67 mM), TBACl (3.57 mM) and 7
(phenol) (4.46 mM); (d) 1 (3.67 mM), TBACl (3.57 mM) and 14
(resorcinol) (5.65 mM); (e) 1 (3.67 mM), TBACl (3.57 mM) and 15
(catechol) (5.66 mM). This figure illustrates the relative abilities of these
phenols to compete with receptor 1 for chloride anions, with catechol
15 removing the majority of the chloride anions from reference receptor
1.

Although there have been a few previous reports of interactions
between anions and a catechol framework, the improvements
offered by this struture over simple phenol have not previously
been emphasised.11,12 The binding constant obtained for
catechol with chloride anions in CD3CN is surprisingly high
when the structural simplicity of this building block is taken
into consideration. Catechol based building blocks are wide-
spread in both synthetic and natural systems (e.g. dopamine,
siderophores etc.) and we are confident that such moieties will
go on to find widespread application in anion receptors.
In addition, the ability of this type of structure to bind anions
may be of considerable biomolecular significance. Our
future work will continue to focus on the application of high
throughput methods to supramolecular chemistry and on the
exploitation of catechol-containing receptors with selectivities
for a variety of different anions.

I would like to thank all the current members of my research
group for their help, and for putting up with having me back
in the lab for a while! EPSRC provides funding for our research
in the field of anion binding (GR/N 25046).
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