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Introduction

The ongoing evolution of supramolecular chemistry has
been, and still is, inextricably linked to the study of recep-
tors for ionic substrates.[1] Historical developments in the
field of cation recognition and sensing[2] have been recently
emulated in the emergence of a large number of systems for
the recognition and sensing of anions.[3] The continued inter-
est in such receptor systems is stimulated by the multifarious
roles of ions in natural and artificial systems, in both benefi-
cial and deleterious manners. However, the designs of ion
receptors studied to date are almost universally focused on
the selective recognition of either a cation or an anion,
which may be achieved through careful consideration of the

size, geometry, and solvation properties of the target guest
species. This approach, therefore, implicitly neglects the ob-
viously important role of the counterion in controlling the
strength and selectivity of the recognition process; such a
shortcoming is commonly compensated for by making the
counterion “non-coordinating”.

An alternative paradigm for ion recognition exists, howev-
er, and involves the design of systems wherein the binding
of both the cation and anion, an ion pair, can be achieved.
Such an approach offers considerable benefits as the overall
receptor/ion-pair complex is charge neutral and should, thus,
prove advantageous in salt solubilization, extraction, detec-
tion, and membrane-transport applications.[4] Currently, this
approach is reliant on two key motifs (Figure 1), wherein
ion-pair recognition is achieved either through the cascade
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Figure 1. Different approaches for ion-pair recognition. a) Cascade,
b) heteroditopic, and c) contact motifs.
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approach or the use of heterotopic receptors. The former
(Figure 1a) utilizes the recognition of two ions of one
charge by a receptor to mediate the “trapping” of the coun-
terion between the two recognition sites.[5] The latter (Fig-
ure 1b) relies on the incorporation of distinct anion and
cation binding sites within the same molecule to achieve the
recognition of multiple ions.[6] The ion-pair recognition pro-
cess is ideally cooperative in nature, such that the binding of
one ion enhances the binding of the other and vice versa.

The design of these heteroditopic receptors commonly
relies on the separation of the two ions, which incurs an un-
favorable Coulombic energy penalty. To circumvent this
event, it is desirable to coordinate the ion pair such that the
components are in contact (Figure 1c). Such a requirement
places severe restrictions on the receptor design that can be
employed, and consequently such systems are extremely
rare, but recently Smith et al.[7] and Rissanen et al.[8] demon-
strated the power of such an approach.

We report herein the design, synthesis, ion-binding prop-
erties, and solid-state and computational analysis of a new
class of contact ion-pair receptors reliant on the proximal in-
clusion of calix[4]diquinone cation binding and isophthala-
mide-based anion binding fragments, within the same mac-
robicycle. In addition to supporting a contact ion-pair bind-
ing process, some of these receptors demonstrate an unpre-
cedented binding behavior consistent with AND logic,[9] in
which the receptor displays no affinity for either of the
“free” cation or anion yet binds the cation and anion ion
pair strongly.[10]

Results and Discussion

Receptor design and synthesis : The designs of heteroditopic
receptors 1–5 (Scheme 1) have certain key features in
common. They may all be generally described as polyether-
based macrocycles that are capped at one end by an iso-
phthalamide-based anion-binding fragment, which has been

shown previously to bind halide anions in nonpolar organic
solvents,[11,12] and anchored at the other end to a calix[4]di-
quinone moiety. Such calix[4]diquinone fragments have re-
ceived attention previously because of their ability to bind
cation species through the provision of a convergent array
of electron-rich oxygen donor atoms.[13] The size of the poly-
ether macrocycles increases in the order 1, 2<3, 4<5 ; pre-
liminary molecular mechanics simulations indicated that the
smaller macrocycles 1 and 2 should provide an optimal spa-
tial arrangement of the cation- and anion-binding sites for
the binding of simple alkali halide ion pairs (e.g., KCl),
while it was hoped that the tuning of selectivity could be
achieved by increasing the macrocycle size in 3–5. Finally,
receptors 2 and 4 incorporate a nitro functionality into the
anion-binding cleft of the macrocycle, which should lead to
increased anion, and therefore ion pair, affinity by increas-
ing the acidity of the amide protons.

The syntheses of these new receptors were accomplished
by employing a general strategy for the formation of amide-
containing macrocycle derivatives at the lower rim of the
calix[4]arene and calix[4]diquinone species (Scheme 2). This
strategy relies first on the selective 1,3-disubstitution of a
para-tert-butylcalix[4]arene with a suitable asymmetric pre-
cursor (i.e., 6–8), followed by hydrazine-mediated cleavage
of the phthalimide protecting groups. The resulting bisa-
mines 12–14 were cyclized with suitable bis(acid chloride)s
in moderate to high yields to afford the macrobicycles 15–
19. Oxidation of these macrobicycles with thallium ACHTUNGTRENNUNG(III) tri-
fluoroacetate[14] gave the new heteroditopic calix[4]diqui-
none receptors 1–5 in yields of 42–89%.

Single-crystal X-ray structures of 1 and 2 : Crystals of 1 suit-
able for single-crystal X-ray structure determination were
grown by slow diffusion of diethyl ether into a solution of
the receptor in acetonitrile (Figure 2). The calix[4]arene
does not adopt the cone conformation, but exists instead as
a partial cone. The two tert-butylphenyl rings are approxi-
mately parallel, with an angle between them of 1.08. The

two quinone rings are not par-
allel, however, and are oriented
divergently with an interplanar
angle of 30.58. Interestingly, the
polyether loop of the pendant
macrocycle adopts an extended
conformation such that the two
amide NH groups can form rel-
atively long intramolecular hy-
drogen bonds to one of the
oxygen atoms in the quinone
unit (N···O distances: 3.171 and
3.237 O). This intramolecular
interaction suggests that the
ion-binding properties of recep-
tors 1–5 may be restricted by
hydrogen-bond-mediated self-
inhibition (see below).

Scheme 1. Design of receptors 1–5 and proton labeling.
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Single crystals of 2 were grown at the interface of a bipha-
sic mixture of a solution of 2 in dimethyl sulfoxide (DMSO)
and diisopropyl ether. The crystal structure is illustrated in
Figure 3. It is notable that in the solid state 2 adopts a some-
what different structure to that of 1. Once again the calix[4]-
diquinone unit adopts a partial-cone conformation, as the
two tert-butylphenyl rings are virtually parallel and have an
interplanar angle of 2.9o, while the quinone C6 rings are ar-
ranged divergently, with an interplanar angle of 43.9o. In this
case, the nitrophenyl ring undergoes p stacking over one of
these quinone rings, with a separation between the two rings
of approximately 3.4 O. Importantly, this p-stacking interac-
tion arranges the anion and cation binding sites in proximity,
which is vital to support the ion-pair recognition process.
The existence of such a conformation in solution for recep-

tors 1 and 5 (and by inference 2) is also suggested by solu-
tion NMR spectroscopic evidence (see below). Furthermore,
the oxygen atom of a guest molecule of solvent DMSO is
forms hydrogen bonds with the amide group and aromatic
CH donors of the receptor, with N···O separations of 3.123
and 3.07 O, and an unusually short C···O distance of 3.04 O.

Solution-state ion-binding properties : The study of ion-pair
binding by heteroditopic receptors is complicated by the
possibility of numerous solution equilibria, some of which
are displayed in Scheme 3.[15] The affinity of the receptor for
a single ion is defined by the processes K1(cation) and K3(anion),

Scheme 2. Synthesis of receptors 1–5.

Figure 2. Single-crystal X-ray structure of 1. Note the partial-cone confor-
mation of the calixarene center and the presence of hydrogen-bonding
interactions between the downwards facing quinone unit and isophthala-
mide NH units. All protons aside from those involved in hydrogen bond-
ing have been omitted for clarity. Figure 3. Single-crystal X-ray structure of 2·DMSO. The guest DMSO

molecule arises from the solvent mixture of crystallization; no DMSO
was present when conducting the binding studies. Another molecule of
DMSO is disordered within the structure (not shown). Hydrogen atoms
not involved in hydrogen bonding have been omitted for clarity.
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in which the counterion is non-
coordinating, for example tetra-
butylammonium (TBA) or per-
chlorate. The observed associa-
tion constant Kobs(ion) is general-
ly assumed to be defined solely
by these individual equilibria,
in which the energetic cost of
separating the anion and cation
may be neglected, thus allowing
the derivation of the anion and
cation association constants by
measuring the changes in a
macroscopic observable of the
receptor on addition of the ana-
lyte. Herein, such binding is as-
sumed to represent pure cation

or anion binding. The counterion is treated as completely
“innocent” and therefore the anion and cation may be treat-
ed as being “free”, although obviously even these non-coor-
dinating counterions will influence ion binding to an extent.
When both the cation and anion coordinate, however, these
simplifications may no longer be applied, as it is no longer
possible to assume that Kobs is representative of either K1 or
K3, as both these processes and the extra ion-pair associa-
tion equilibrium defined by K2 are now in operation. Fur-
thermore, the “free” ion binding properties of the receptor
will be hindered in this case as the stronger ion pairing in
MX renders the separation of charge implicit in the process-
es defined by K1 and K3 less likely. The commonly observed
result of this is a decrease in the value of Kobs(ion) relative to
the case in which the counterion is non-coordinating; such
anti-cooperative behavior occurs when the receptor design
is not optimal for ion-pair binding.[16] However, when the re-
ceptor is capable of binding an ion pair, Kobs(ion) may in-
crease. Such a phenomenon must a result from a binding
process defined by K2, in which, for example, Kobs(anion) may
be thought of as a conflation of K2 and K3. This cooperative
behavior indicates that the receptor is capable of binding an
ion-pair species, with this capability compensating for the
decrease in the single-ion affinity otherwise expected
through ion pairing outside the receptor. Importantly, the
direct measurement of K2 cannot be achieved in this
manner. To assess the ability of the receptors presented
above to bind ion-pair species, it was therefore necessary to
measure their anion and cation binding properties in the
presence and absence of coordinating counterion species.

Receptors 1 and 2 were expected to provide optimal size
and shape complementarity to contact ion-pair species,
namely alkali metal halides. The anion-binding properties of
these heteroditopic receptor systems were first assessed by
1H NMR spectroscopic titration methods in [D3]acetonitrile,
and the addition of one equivalent of tetrabutylammonium
chloride (TBACl) was found to induce only very small
(Dd=0.01 ppm) downfield shifts in the signals arising from
the amide (d) and isophthalyl C�H (c) protons of the re-
spective receptors. The dependence of the chemical shift on

the concentration of the added chloride revealed a linear re-
lationship, thus indicating that no anion binding was occur-
ring; the change in chemical shift was attributed to an in-
crease in the ionic strength of the solution. However, on the
addition of one equivalent of TBACl to 1:1 mixtures of 1 or
2 and a Group 1 metal or ammonium salt, the signals arising
from the amide (d) and isophthalyl (c) protons were found
to broaden and shift downfield considerably (Dd�1 ppm).
This 1:1 interaction was too strong (logK>4) to allow the
accurate determination of the association constant through
winEQNMR[17] analysis of the titration binding curves. The
same was found to be the case for sodium, potassium, and
ammonium cationic guest species, although importantly no
chloride ion recognition was observed in the presence of
one equivalent of a non-coordinating cationic species, such
as TBA or tetramethylammonium. The results illustrate a
“switching on” of chloride recognition in both receptors,
which appear to display absolutely no affinity for chloride in
the absence of a suitable cationic guest, but which bind the
halide anion very strongly when this coordinating cationic
species is present.

The cation-binding properties of these systems were also
probed by UV/Vis spectroscopic analysis of the respective
n–p* absorption of quinone in solution with acetonitrile.
With the exception of 1 and potassium, no response to the
metal salts of non-coordinating anions was observed. How-
ever, when the cation salts were added to a 1:1 solution of
the receptor and TBACl, significant perturbations were seen
(Figure 4). SPECFIT[18] analysis of the spectra obtained al-
lowed the calculation of 1:1 association constant values
(Table 1). The cooperativity effect for 1 is most noteworthy
for the binding of ammonium and sodium ions, as in these
cases cation binding can only be detected in the presence of
the chloride anion. No significant changes in the absorption
spectra of 1 were induced on the addition of TBACl. Thus,
the chloride ion can be said to “switch on” the recognition
of sodium and ammonium cations through the quinone
groups of 1. Furthermore, it seems that 1 will, in some cases
(e.g., for NH4Cl and NaCl), bind the ion pair very strongly
where no affinity for either of the discrete ions is observed
(Scheme 3). This behavior is to our knowledge unprecedent-

Figure 4. Enhancement of the n–p* absorbance in response to the ammo-
nium cation. a) Absorbance response of 1 to ten equivalents of NH4PF6

and b) absorbance response of 1·TBACl to ten equivalents of NH4PF6.
Solvent: CH3CN, temperature: 298 K, [1]i=0.0001 moldm�3.

Scheme 3. Some potential solu-
tion equilibria of the interac-
tion of a heteroditopic recep-
tor (L) with a salt (MX). Note
that further processes that cor-
respond to the solution separa-
tion of the ion pair have been
excluded for the sake of sim-
plicity, as has the possibility of
precipitation.

Chem. Eur. J. 2008, 14, 2248 – 2263 J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 2251

FULL PAPERRecognition of Ion Pairs Using Calixarene–Diquinones

www.chemeurj.org


ed and can be treated through Boolean logic to show that
this receptor behaves in a manner consistent with an AND
gate. This finding may be rationalized thus: in the absence
of a guest, 1 may be said to be in the OFF state and remains
in this state (there is no perturbation of the NMR or UV/
Vis spectral behavior) on the addition of the salts of “free”
anions or cations with non-coordinating counterions. How-
ever, when both the cation and anion are coordinating, a
strong spectral response is observed. Such behavior is con-
sistent with the receptor functioning as an AND logic gate
in which the inputs are coordinating ions.[19] A possible
reason for this phenomenon could be the self-inhibition of
the cation- and anion-binding sites of the molecule by intra-
molecular hydrogen bonding of the quinone unit with the
isophthalamide motif (illustrated in the solid-state structure
of 1; Figure 2), which is disrupted only by interaction with a
suitable ion pair. The enthalpic gain associated with the
binding of either the anion or cation alone is not sufficient
recompense to disrupt this intramolecular hydrogen-bonding
interaction. Similarly for 2, “switching on” of the cation rec-
ognition properties of the receptor occurs when the chloride
anion is present. It is also interesting to note that the cation
binding properties of 2·TBACl are stronger than those of
1·TBACl (Table 1). This behavior is most likely because of
the increased acidity of the amide groups of 2, which en-
hance chloride recognition, therefore leading to an improve-
ment in the association of the MCl ion pair.

The ion-pair binding of both receptors in [D3]acetonitrile
detailed above was too strong to allow quantitative analysis
of the 1H NMR spectroscopic titration binding isotherms ob-
tained. Changing to the more competitive solvent system
98:2 [D3]acetonitrile/D2O decreased the strength of the
host–guest interaction, thus allowing the calculation of asso-
ciation constants. Peak broadening was also decreased sig-
nificantly. Unsurprisingly, 1 demonstrated no affinity for
TBA salts in this solvent system, as minute changes in the
chemical shift arising from the amide proton (d) were ob-
served. However, in the presence of one equivalent of a
range of coordinating cations, significant downfield shifts
were observed on anion addition (Figure 5), and the associa-
tion constants for the 1:1 interaction could be calculated
through winEQNMR analysis (Figure 6).[17]

A number of trends may be observed in these data. First,
the cooperative binding of simple metal halide salts is ach-

ieved by 1 in this more competitive solvent mixture. Second,
this enhancement occurs for all of the coordinating cations
studied, with the halide affinity of 1 remaining chloride >

bromide> iodide in all cases, as was expected on electrostat-
ic and size–fit grounds. For iodide-containing ion pairs, only
small alterations in the anion-binding properties are induced
by varying the nature of the coordinated metal cation. For
the anion binding of the chloride and bromide ions, howev-
er, important cation-dependent trends can be discerned. The
strength of the anion association is dependent on the nature
of the cation in the order TBA+ !Li+<Rb+<Cs+ <K+ <

Na+ <NH4
+ . Lithium induces the smallest enhancements in

anion binding, which is probably as a result of a combina-
tion of the strong solvation of “free” Li+ and a strong LiX
ion-pairing competing interaction that leads to ion-pair asso-
ciation outside of the receptor. There is less order to the re-
mainder of the series; such trends arise presumably as a
result of the interplay of three factors: the strength of the
ion pairing of MX, hydration energies, and the size–fit rela-
tionship between the contact ion-pair MX and 1. Thus, rubi-
dium and cesium ions lead to weaker anion binding than po-
tassium and sodium ions, as the latter match the size of the
receptor more closely and the enthalpic gain on contact ion
pairing is maximized. Through this argument, cesium chlo-

Table 1. Enhancement of cation recognition by cobound chloride ions in
1 and 2 (logK11).

[a]

Na+ [b] K+ [c] NH4
+ [c]

1 –[d] –[d] –[d]

1·TBACl 3.13 4.13 4.65
2 –[d] –[d] –[d]

2·TBACl 4.34 4.57 5.06

[a] Measurements carried out at 298 K in dry CH3CN, spectra analyzed
using the SPECFIT computer program. Errors <15%. In the case of lith-
ium, SPECFIT analysis of the titration data failed to give an association
constant. [b] Perchlorate salt. [c] Hexafluorophosphate salt. [d] Insuffi-
cient changes in the absorption spectrum to infer cation binding.

Figure 5. 1H NMR spectra of a) 1·NH4PF6 and b) 1·NH4Cl in D2O/
CD3CN (2:98) at 298 K. See Scheme 1 for proton assignments.

Figure 6. Anion-binding behavior of 1·M+ in D2O/CD3CN (2:98) at
298 K. WinEQNMR association constants of 1:1 were derived from mon-
itoring proton c; error: <10%. See the Supporting Information for a full
tabulation of the chemical shifts and binding constants.
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ride and cesium bromide should be bound more weakly
than the rubidium analogues, but this is not the case. This
behavior may be as a result of the weaker ion pairing in
CsX, thus providing a less effective competing pathway to
binding, or as a result of the weaker solvation of the “free”
Cs+ ion, thus allowing this large cation to bind more readily.
Finally, ammonium halides are the most strongly bound,
which is because of extra hydrogen-bonding interactions in
the contact ion-paired species 1·NH4X between the bound
ammonium cation and the halide anion.

Analogous 1H NMR spectroscopic titration experiments
with 2 produced similar results. The 1:1 association constant
data derived from the winEQNMR analysis (Table 2)[17]

reveal that 2 binds anions more strongly than 1 in the pres-
ence of coordinating cations, which is of course as a result
of the incorporation of the electron-withdrawing nitro-func-
tionality increasing the amide acidity. As for 1, chloride
anions are bound most strongly, followed by bromide then
iodide anions, on the grounds of size and basicity. It is clear
from these anion- and the above cation-association experi-
ments (Table 1) that 2 can also behave as an AND receptor
for contact ion-pair binding, for example, binding ammoni-
um bromide where no affinity for free bromide or ammoni-
um ions is observed. In this case, however, the behavior ap-
plies also to potassium chloride ion pairs.

The anion-binding properties of receptors 3–5 were
probed in [D6]acetone, as initial investigations using
[D3]acetonitrile-based solvent mixtures did not produce
meaningful chemical-shift data. The addition of TBA salts
to these receptors in [D6]acetone induced downfield shifts in
the amide (d) and isophthalyl (c) protons, thus revealing a
1:1 receptor/anion stoichiometry. The treatment of the con-
centration dependence of these shifts on the added anion
salt yielded values of the association constants through
winEQNMR analysis (Table 3).[17] These values revealed
that all four receptors bound halide anions with varying
strengths, although always in the expected order of Cl�>
Br�> I�.

The anion-binding constants increase in the order 3<5<
4. The observation that receptor 4 binds halides most strong-
ly out of these systems is not particularly surprising, given
that the hydrogen atoms of the amide group in this com-
pound are rendered more acidic by the presence of the nitro

group and thus are more available for hydrogen-bond dona-
tion. That 5 binds more effectively than 3 is interesting as it
runs contrary to expectation based on preorganization argu-
ments. It was postulated that the carbonyl functionality of
the quinone acted as an effective hydrogen-bond acceptor
unit, and thus bound to the amide hydrogen-bond donors of
the isophthalamide cleft, as seen in the single-crystal X-ray
structure of 1 (Figure 2). The energetic cost of folding the
longer ether macrocycle in the latter receptor will decrease
the likelihood of this competing intramolecular hydrogen-
bond interaction, which should be weaker and therefore
easier to break on ion binding.

As in the other ion-pair receptors described above, the
halide affinities of 3–5 were probed by 1H NMR spectro-
scopic methods in [D6]acetone, in the presence of one equiv-
alent of various coordinating cation salts. On the addition of
chloride ions, the observed spectral changes were not simple
to interpret. Rather than inducing a downfield shift in the
protons involved in anion binding, the amide and isophtha-
lamide signals arising from protons c and d broadened then
disappeared completely after the addition of one equivalent
of TBACl. New broad signals, which presumably arise from
these protons, then reappeared slightly downfield after the
addition of an excess of anion. This behavior could be ascri-
bed to the equilibration between receptor and receptor·MCl
being slow on the NMR timescale.[20] No chloride ion-pair
association constants could therefore be obtained.

Conversely, on the addition of TBABr and TBAI salts to
1:1 mixtures of receptors 3–5 and metal cation salts, down-
field shifts in the amide and isophthalyl protons d and c
were observed. These shifts were larger than the corre-
sponding changes in the chemical shift induced on the addi-
tion of the anion to the free receptors, thus suggesting an in-
creased strength of interaction. Job-plot analysis indicated a
1:1 binding stoichiometry, and by monitoring the depend-
ence of the chemical shift of the amide proton d as a func-
tion of the added anion concentration it was possible to
obtain values for winEQNMR-derived association constants
(Figure 7).[17]

It is immediately apparent from these association con-
stants that, as for 1 and 2, a dramatic enhancement of bro-
mide and iodide recognition is achieved by 3–5 when a suit-
able coordinating cation is present. The trends in these asso-
ciation constants are less simple to explain, although a con-
sideration of the cooperativity factors, which are defined by

Table 2. Change in chemical shift induced in the 5-nitroisophthalyl H2

proton (c) on addition of one equivalent of anion to 2 and 2·M+ and the
relevant association constants K11.

[a]

Chloride Bromide Iodide
Dd

ACHTUNGTRENNUNG[ppm]
K11

ACHTUNGTRENNUNG[m�1]
Dd

ACHTUNGTRENNUNG[ppm]
K11

ACHTUNGTRENNUNG[m�1]
Dd

ACHTUNGTRENNUNG[ppm]
K11

ACHTUNGTRENNUNG[m�1]

2 0.03 – 0.05 – 0.01 –
2·NaClO4 0.56 >104 0.33 2000 0.09 380
2·KPF6 0.95 >104 0.53 2760 0.13 400
2·NH4PF6 0.90 >104 0.58 3320 0.10 320

[a] Interaction: 1:1, solvent: D2O/CD3CN (2:98), temperature: 298 K; as-
sociation constant errors: <10%.

Table 3. Change in chemical shift induced in the amide proton (d) on ad-
dition of one equivalent of TBA salt to receptors 3–5 and the relevant as-
sociation constants K11.

[a]

3 4 5
Dd

ACHTUNGTRENNUNG[ppm]
K11

ACHTUNGTRENNUNG[m�1]
Dd

ACHTUNGTRENNUNG[ppm]
K11

ACHTUNGTRENNUNG[m�1]
Dd

ACHTUNGTRENNUNG[ppm]
K11

ACHTUNGTRENNUNG[m�1]

chloride 0.42 280 0.86 1150 0.73 690
bromide 0.12 120 0.27 250 0.19 140
iodide �0.01 –[b] 0.01 45 0.03 35

[a] Interaction: 1:1, solvent: [D6]acetone, temperature: 298 K; associa-
tion-constant error: <10%. [b] No association.
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the division of Kobs(anion, ion pair) by Kobs(anion, free), is informative
(Table 4). For the bromide-containing ion pairs, 4 binds very
strongly, which is explicable as a result of the increased acid-
ity of the amide units of the anion-binding cleft. It is, howev-
er, notable that the cooperativity factors exhibited by 4 are
lower than for either of the other quinone-based receptors
as it has the highest anion affinity to begin with. The binding
properties of 3 and 5, which differ only in the sizes of the
cavities of the polyether macrocycle, are very similar. For
potassium-, rubidium-, and cesium-containing ion pairs, 3
binds more strongly, while bromide binding by 5 is depen-

dent on the metal cation in the order ammonium� sodium<

potassium< rubidium�cesium. This order is roughly size
dependent, presumably as a result of a combination of a
better size–fit relationship and decreased ion pairing outside
of the macrocycle cavity. Recognition of iodide-containing
ion pairs does not seem to follow any real trends, although
it is notable that 3 binds ammonium iodide particularly
strongly, which potentially arises as a result of the cavity
size being readily amenable to a hydrogen-bond interaction
between the two bound ions.

The n–p* absorbance bands of 3–5 observed in UV/Vis
spectroscopic analysis were altered by the presence of
bound cations, and the perturbations observed were large
enough to allow the calculation of the association constants
through the use of the SPECFIT[18] computer program.
(Table 5). Unfortunately, when cation salts were added to a

1:1 mixture of these quinone receptors and TBA salts (chlo-
ride, bromide) in a variety of solvents (acetone, acetonitrile,
4:1 acetonitrile/dichloromethane) SPECFIT analysis of the
resulting spectral perturbations did not yield acceptable as-
sociation-constant data. Thus, for these systems this method
of investigating ion-pair binding cooperativity was not possi-
ble. Unlike 1 and 2, 3–5 do not demonstrate AND receptor
characteristics.

This cooperative ion-pair binding by heteroditopic cal-
ix[4]diquinone-based receptors is, therefore, a general phe-
nomenon and tolerant of changes in the macrocycle size
and/or ion-binding functionality. The strength of the ion-pair
binding, coupled with the additional solid-state and solu-
tion-phase evidence detailed below, is consistent with the re-
ceptors interacting with a contact ion pair.

Single-crystal X-ray structure of 1·NH4Cl : The existence and
mechanism of the contact ion-pair binding process were
probed further through comparison of the single-crystal X-
ray structures of the free receptors (see above) and the
structure of the ion-pair complex 1·NH4Cl. Orange single
crystals of 1·NH4Cl were grown by slow evaporation of a so-
lution of the receptor and ion pair in acetonitrile/water to
give the single-crystal X-ray structure (Figure 8). This struc-
ture has a number of interesting features. The calix[4]diqui-
none portion of 1 is in a pinched-cone conformation, thus
orienting the oxygen donor moieties of the quinone towards
the bound cation, with interplanar angles of 2.78 between

Figure 7. WinEQNMR-derived 1:1 association constants [m�1] for the as-
sociation of 3–5 with anions in the presence and absence of one equiva-
lent of the metal salt of a non-coordinating anion. Solvent: [D6]acetone,
temperature: 298 K, error: <10%. Association constants of a) bromide
and b) iodide ions in the presence of various cations. In certain cases
binding was too strong to be calculated accurately (K11>104). See the
Supporting Information for a full tabulation of the chemical shifts and
binding constants.

Table 4. Cooperativity factors for anion association.[a]

3 4 5
Br� I� Br� I� Br� I�

lithium – –[b] 1.0 0.0 1.7 2.9
sodium 29.1 79.0[b] 16.8 16.9 28.1 12.4
potassium >83.0 95.0[b] >40.0 11.7 49.6 30.1
rubidium >83.0 74.0[b] >40.0 21.1 65.6 22.1
cesium >83.0 108.0[b] >40.0 21.1 72.2 21.7
ammonium 25.5 265.0[b] 20.6 15.6 23.1 24.6

[a] Calculated by Kobs, ion pair/Kanion, free. [b] As the binding of iodide ions by
3 was very weak, an arbitrary value of K11=5m

�1 was assigned for the
purpose of this analysis.

Table 5. UV/Vis logK11 values for the interaction of 3–5 with various cat-
ions.[a]

Lithium[b] Sodium[b] Potassium[c] Ammonium[c]

3 –[d] –[d] 3.84 3.60
4 –[d] –[d] 3.56 3.40
5 –[d] 4.06 4.91 4.21

[a] Solvent: CH3CN/CH2Cl2 (4:1), temperature: 298 K; spectra were ana-
lyzed using the SPECFIT computer program; error: <15%. [b] Perchlo-
rate salt. [c] Hexafluorophosphate salt. [d] Insufficient changes in the ab-
sorption spectrum to infer cation binding.
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the phenyl rings and 53.98 between the quinone C6 units.
The cation resides in proximity to the oxygen atoms in the
quinone unit with ammonium N···O distances of 2.85 and
2.68 O, although this interaction is not supported by hydro-
gen bonding and is purely electrostatic in nature. However,
hydrogen bonds do exist between the ammonium cation and
the oxygen atoms of the macrocycle ether unit, with N···O
distances of 2.98 and 3.00 O. The chloride anion is coordi-
nated through two amide NH···Cl and one isophthalyl
CH···Cl hydrogen bonds (N···Cl: 3.29 and 3.39 O; C···Cl:
3.49 O), which is the expected mode of interaction within
this binding cleft.[12] Furthermore, the macrocycle unit is not
“planar”, as initially forecast, but instead bends round to
allow a p-stacking interaction between the isophthalamide
aryl unit and the quinone C6 ring. The interplanar separa-
tion is approximately 3.45 O. This bent macrocycle allows
the orientation of the cation- and anion-binding sites to
allow an extremely close, or contact, ion-pair interaction be-
tween the ammonium and chloride ions (ammonium N···Cl:
3.24 O). This close range interaction is supported by a
simple hydrogen bond, with the hydrogen atom residing be-
tween the two nuclei. The chloride anion is additionally co-

ordinated by a water molecule, with an O···Cl distance of
3.16 O. The water molecule also forms hydrogen bonds to
an oxygen atom of the quinone unit of another receptor
molecule (O···O: 2.78 O), which forces the adoption of a
chain-like structure. Most remarkably, the crystal structure
also demonstrates the ion-pair-mediated centrosymmetric
dimerization of two molecules of receptor 1. This dimeriza-
tion occurs through two identical ammonium NH···Cl hydro-
gen bonds, with N···Cl distances of 3.16 O. Coupled with the
hydrogen bonding between the ion pairs bound by the indi-
vidual macrocycles, this motif can be described as a
“square” with the formula (NH4Cl)2, although the vertex
angles are slightly off perpendicular (N-Cl-N: 84.58 ; Cl-N-
Cl: 95.58). Two molecules of 1 are then arranged about this
“ionic square”. Such a “dimerization” of ion-paired species
is not unprecedented, but is rare.[8] Each chloride anion,
thus, accepts six hydrogen bonds in total, in a pseudo-octa-
hedral manner.

Solution-state conformational analysis: The preceding solu-
tion-phase and solid-state studies raise questions about the
mechanism of the contact ion-pair interaction. In particular,
the crystal structure of 1·NH4Cl suggests that the solution-
state binding phenomenon may be controlled by p stacking
of the receptor to arrange the anion- and cation-binding
sites in proximity, coupled with dimerization of two receptor
units around an ion-pair “square”. The former hypothesis
was tested by 1H NMR ROESY experiments conducted on
1, 1·NH4Cl, and 5. In all three cases, coupling interactions
could be observed between the isophthalamide aromatic
and calixquinone CH protons (see the Supporting Informa-
tion). As such interactions have a distance dependence re-
lated to r�6, where r is the internuclear separation, these
couplings strongly suggest that the “folded” conformation of
these cyclic receptors, wherein the isophthalamide unit
forms p stacks above the quinone calix[4]diquinone func-
tionality, is dominant in solution in the both “free” and ion-
pair bound species. It should also be noted, however, that
the single-crystal X-ray structure of 1 clearly indicates that
other conformations in which hydrogen bonding rather than
p stacking is the key energetic directing factor also exist.
This p stacking seems to be vitally important in aiding the
ion-pair recognition process by closely aligning the anion-
and cation-binding motifs.

To ascertain whether or not the recognition phenomenon
in solution was dimeric in nature, as suggested by the crystal
structure of 1·NH4Cl, DOSY NMR spectroscopic experi-
ments were carried out. The diffusion properties of two sol-
utions of 1 and 1·NH4Cl in [D3]acetonitrile were measured
by using this method, which depends on the signal decay of
individual peaks as a function of different pulsed-field gradi-
ent strengths. It was expected that if the species was dimeric
in solution the diffusion coefficients measured by this
method would vary considerably as a result of the considera-
ble difference in the size of the two species. The diffusion
constants obtained from the decay of different proton sig-
nals within the molecule (see the Supporting Information)

Figure 8. Single-crystal X-ray structure of 1·NH4Cl illustrating a) one re-
ceptor unit, NH4Cl shown in stick representation and b) the full dimeric
nature of the complex, with NH4Cl represented as space-filling. Noninter-
acting hydrogen atoms have been excluded for clarity.
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clearly demonstrate that there is very little difference be-
tween the diffusion properties of 1 and 1·NH4Cl, therefore it
can be inferred that the species are of similar size. This find-
ing strongly suggests that the receptor binds the ion pair in
a monomeric fashion in solution, possibly as a result of sol-
vation of the bound ion pair, but dimerizes on crystallization
to maximize electrostatic and hydrogen-bonding interac-
tions.

These NMR experiments, therefore, suggest that any cal-
ix[4]diquinone macrocycle containing an aromatic anion-
binding cleft should be capable of supporting a contact ion-
pair binding process through the proximal arrangement of
anion- and cation-binding sites by p stacking. No evidence
for the solution-state dimerization of the receptors was ob-
served. A computational investigation into the process was
carried out to gain further insight into the mechanism of
ion-pair recognition and the trends in the observed ion-pair
association.

Computational studies : Molecular modeling simulations
were performed with receptors 1, 3, and 5 using the
AMBER9[21] software package (Gaff force field).[22] The
binding affinity of these three receptors towards the halide
ion pairs was investigated in the gas phase and in solutions
of acetonitrile or acetone by conventional molecular dynam-
ics and free-energy calculations
using the thermodynamic-inte-
gration method.

Conformational analysis in the
gas phase : The lowest-energy
conformations of receptor 1
and complexes 1·KCl, 1·NH4Cl,
3·KBr, and 5·KBr were ob-
tained through molecular-dy-
namics simulations at high tem-
perature, followed by molecu-
lar-mechanics minimization.
Free-receptor 1 demonstrated numerous accessible low-
energy structures, consistent with a conformationally mobile
species. However, in the bound ion-pair systems a striking
commonality was observed between the ground-state con-
formations in all four cases. These confirmations were ob-
served to be directly analogous to the single-crystal X-ray
structure of 1·NH4Cl (Figure 8), with the ion pair bound by
hydrogen bonding from the isophthalamide moiety and
cation coordination by the oxygen units of the calix[4]diqui-
none species and polyether loop. Furthermore, even in the
case of the long polyether macrocycles 3 and 5, the iso-
phthalamide unit forms p stacks above one of the calix[4]di-
quinone rings, thus allowing the close arrangement of
cation- and anion-binding sites and thus the binding of con-
tact ion-pair species. These results and the above-outlined
experimental evidence suggest that this conformation is
adopted on ion-pair binding, although the free receptors are
conformationally mobile.

Molecular-dynamics simulations : The binding interaction of
the ion pairs to receptors 1, 3, and 5 was investigated by mo-
lecular-dynamics simulations, wherein ion-pair MX (M=

Na+ , Li+ , K+ , Rb+ , Cs+ , and NH4
+ ; X=Cl�, Br�, and I�

for 1 and X=Br� and I� for 3 and 5) was inserted into the
cavity of the macrocycle of the lowest-energy conformation,
as found from the conformational analyses of 1·KCl,
1·NH4Cl, 3·KBr, and 5·KBr, and allowed to equilibrate for
150 ps. The choice of the ion-pair complexes to be simulated
was governed by the available experimental data (see
above). Simulations were carried out in a solution of aceto-
nitrile for 1 and acetone for 3 and 5 over 2 ns at 300 K using
a NPT (constant number of particles, pressure and tempera-
ture) ensemble and a timestep of 2 fs. During the entire
time of simulation, all the cations were connected to 1, 3,
and 5 through M···O intramolecular interactions established
with two carbonyl groups and two oxygen atoms of the
ether unit from the calix[4]diquinone and M···O interactions
with one or two oxygen atoms of the ether species from the
loops. The recognition of the halides occurred through hy-
drogen-bonding interactions established with two N�H
binding sites of the isophthalamide cleft. The average M···O,
M�X, and N�H···X distances calculated over the simulation
period are given in Tables 6–11, which were measured as il-
lustrated in Figure 9 for the 1·KCl complex.

Table 6. Average M···O distances [O] to the carbonyl groups of the calix[4]diquinone moiety.[a]

1 3 5
Cl� Br� I� Cl� Br� I� Cl� Br� I�

Li+ 2.30(28) 2.37(38) 2.19(3) – 2.30(21) 2.24(6) – 2.25(9) 2.19(5)
Na+ 2.60(25) 2.50(9) 2.51(8) – 2.53(11) 2.50(5) – 2.51(5) 2.49(3)
K+ 2.83(13) 2.84(13) 2.83(6) – 2.81(7) 2.83(6) – 2.76(2) 2.76(3)
Rb+ 3.00(16) 2.98(13) 2.95(6) – 2.96(5) 2.95(1) – 2.88(1) 2.91(5)
Cs+ 3.18(10) 3.19(14) 3.16(6) – 3.14(3) 3.14(4) – 3.16(8) 3.14(1)
NH4

+ 2.92(12) 2.90(9) 2.89(6) 2.91(9) 2.93(12) 2.90(7) 2.87(2) 2.85(1) 2.85(4)

[a] Obtained from 2 ns of molecular-dynamics simulations in solution. Values in parenthesis correspond to the
standard deviation of the mean, with n=10000. For the definition of the distances, see Figure 9.

Figure 9. Molecular-mechanics structure of the 1·KCl complex showing
the measured distances: a) M···O ACHTUNGTRENNUNG(carbonyl) b) M···O ACHTUNGTRENNUNG(ether) of the cal-
ix[4]arene moiety, c) M···O ACHTUNGTRENNUNG(ether) of loop 1, d) M···O ACHTUNGTRENNUNG(ether) of loop 2,
e) M�X, and f) N�H···X. CH hydrogen atoms have been excluded for
clarity.
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For the three macrocycles
and all the alkali cation ion
pairs the distances between the
metal center and the oxygen
donor atoms of the calix[4]di-
quinone unit increase when
going from Li+ to Cs+ , thus re-
flecting the fitting between the
cavity size of this moiety and
the ion size of each cation. The
cation interactions with the car-
bonyl groups were stronger
than those with the oxygen
atoms of the ether species
along the course of the simula-
tions. Consequently, the aver-
age M···O ACHTUNGTRENNUNG(carbonyl) distances
were approximately 0.4 O
shorter than the average M···O-
ACHTUNGTRENNUNG(ether) distances, thus following
the general trend found in our
previous molecular-dynamics
simulations between alkali cat-
ions and bis ACHTUNGTRENNUNG(calix[4]diquinone)-
related receptors.[23] An equiva-
lent trend in the M···O intramo-
lecular distances was observed
for the ammonium complexes,
which formed N�H···O hydro-
gen bonds during the course of
the simulation. Furthermore,
for both types of M···O distan-
ces (Tables 6 and 7), it is evi-
dent that these distances are
almost independent of the
halide ion and the dimensions
of the macrocycle, which is con-
sistent with the apparently rigid
cavity of the calix[4]diquinone
unit. Indeed, the most pro-
nounced variation in the aver-
age M···O distances is found in
the LiBr complexes, thus result-
ing in a decrease in the M···O-
ACHTUNGTRENNUNG(ether) and M···O ACHTUNGTRENNUNG(carbonyl)
distances as the macrocyclic di-
mensions increase, (ca. 0.07 O
for both distances). The distan-
ces found for the M···O interac-
tions (Tables 8 and 9), with
oxygen atoms from both ether
linkages, show clearly that in
the three receptors the Li+ ion
is not bonded to these donor
atoms, no matter the size of the
ion pair. In contrast, the M···O-
ACHTUNGTRENNUNG(ether) distances between re-

Table 7. Average M···O distances [O] to the oxygen atoms of the calix[4]diquinone ether moieties.[a]

1 3 5
Cl� Br� I� Cl� Br� I� Cl� Br� I�

Li+ 2.81(54) 2.87(64) 2.73(37) – 2.82(65) 2.81(3) – 2.75(44) 2.71(25)
Na+ 2.96(22) 2.96(23) 2.96(23) – 2.98(3) 2.96(6) – 2.90(13) 2.89(8)
K+ 3.19(16) 3.21(25) 3.18(2) – 3.18(15) 3.21(5) – 3.10(3) 3.13(2)
Rb+ 3.31(25) 3.31(23) 3.30(23) – 3.29(21) 3.32(8) – 3.21(1) 3.23(14)
Cs+ 3.49(12) 3.50(25) 3.48(21) – 3.46(18) 3.51(6) – 3.45(2) 3.45(1)
NH4

+ 3.24(1) 3.23(13) 3.22(15) 3.22(1) 3.23(7) 3.23(11) 3.17(5) 3.16(1) 3.17(7)

[a] Obtained from 2 ns of molecular-dynamics simulations in solution. Values in parenthesis correspond to the
standard deviation of the mean, with n=10000. For the definition of the distances, see Figure 9.

Table 8. Average M···O distances [O] to the oxygen atoms of the ether unit in loop 1.[a]

1 3 5
Cl� Br� I� Cl� Br� I� Cl� Br� I�

Li+ 4.25(39) 4.12(54) 4.19(46) – 4.88(36) 4.79(45) – 4.26(50) 4.86(46)
Na+ 3.08(38) 3.80(58) 3.84(67) – 3.92(55) 4.18(71) – 3.27(55) 3.46(69)
K+ 3.18(38) 3.53(59) 3.58(61) – 4.45(62) 3.60(73) – 3.20(36) 3.29(37)
Rb+ 3.50(54) 3.40(48) 3.61(55) – 3.75(66) 4.36(92) – 3.25(36) 3.38(42)
Cs+ 3.67(33) 3.36(26) 3.43(32) – 3.63(50) 3.44(44) – 3.83(59) 3.52(55)
NH4

+ 3.37(69) 3.37(58) 3.42(58) 3.17(47) 3.08(36) 3.18(61) 3.12(43) 3.15(35) 3.41(83)

[a] Obtained from 2 ns of molecular-dynamics simulations in solution. Values in parenthesis correspond to the
standard deviation of the mean, with n=10000. For the definition of the distances, see Figure 9.

Table 9. Average M···O distances [O] to the oxygen atoms of the ether unit in loop 2.[a]

1 3 5
Cl� Br� I� Cl� Br� I� Cl� Br� I�

Li+ 4.59(26) 4.16(29) 4.47(31) – 4.63(34) 4.66(58) – 4.79(51) 5.38(36)
Na+ 4.61(50) 4.90(29) 4.52(33) – 4.81(44) 4.97(48) – 4.90(51) 5.18(51)
K+ 4.91(40) 4.49(31) 4.62(35) – 4.84(45) 5.16(45) – 3.86(71) 4.7 ACHTUNGTRENNUNG(1.1)
Rb+ 4.39(44) 4.50(31) 4.59(31) – 5.02(42) 4.34(83) – 4.43(86) 4.7 ACHTUNGTRENNUNG(1.1)
Cs+ 4.41(40) 4.49(31) 4.61(30) – 5.07(43) 4.53(73) – 3.54(54) 6.15(40)
NH4

+ 4.54(79) 4.78(47) 4.68(31) 4.86(53) 4.91(51) 5.11(45) 3.9 ACHTUNGTRENNUNG(1.1) 3.06(38) 5.91(35)

[a] Obtained from 2 ns of molecular-dynamics simulations in solution. Values in parenthesis correspond to the
standard deviation of the mean, with n=10000. For the definition of the distances, see Figure 9.

Table 10. Average M···X distances [O].[a]

1 3 5
Cl� Br� I� Cl� Br� I� Cl� Br� I�

Li+ 2.18(6) 2.20(6) 2.55(9) – 2.21(6) 2.54(9) – 2.21(6) 2.55(9)
Na+ 2.48(7) 2.49(7) 2.78(9) – 2.49(7) 2.77(9) – 2.50(7) 2.79(9)
K+ 2.74(8) 2.75(8) 3.00(10) – 2.75(8) 2.99(10) – 2.75(8) 2.99(10)
Rb+ 2.84(9) 2.85(9) 3.10(10) – 2.84(9) 3.08(10) – 2.84(8) 3.08(10)
Cs+ 3.02(9) 3.02(10) 3.25(12) – 3.00(9) 3.23(11) – 3.00(9) 3.23(11)
NH4

+ 3.00(8) 3.04(8) 3.39(11) 3.01(8) 3.04(8) 3.40(11) 3.01(8) 3.04(8) 3.40(11)

[a] Obtained from 2 ns of molecular-dynamics simulations in solution. Values in parenthesis correspond to the
standard deviation of the mean, with n=10000. For the definition of the distances, see Figure 9.

Table 11. Average X···H distances [O] to the amide hydrogen atoms.[a]

1 3 5
Cl� Br� I� Cl� Br� I� Cl� Br� I�

Li+ 2.53(1) 2.55(8) 4.93(18) – 2.53(3) 2.90(4) – 2.63(13) 2.99(1)
Na+ 2.50(21) 2.55(4) 2.92(5) – 2.49(1) 2.91(7) – 2.58(7) 2.95(4)
K+ 2.49(11) 2.54(11) 2.91(6) – 2.50(4) 2.90(11) – 2.60(1) 2.93(1)
Rb+ 2.50(8) 2.53(8) 2.90(4) – 2.50(2) 2.87(1) – 2.58(1) 2.92(1)
Cs+ 2.50(2) 2.52(7) 2.89(5) – 2.49(3) 2.88(11) – 2.54(1) 2.92(4)
NH4

+ 2.50(7) 2.53(6) 2.89(6) 2.45(7) 2.49(8) 2.85(1) 2.54(5) 2.58(1) 2.94(8)

[a] Obtained from 2 ns of MD simulations in solution. Values in parenthesis correspond to the standard devia-
tion of the mean, with n =10000. For the definition of the distances, see Figure 9.
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ceptor 5 and the NH4Br ion pair suggest it is likely that both
oxygen atoms contribute to the cooperative binding in this
case. In the remaining complexes, the interactions of the cat-
ions with the polyether linkages occur mainly through one
oxygen atom. The average X···H intramolecular distance
shows that the halides are bonded to the N�H binding sites
of the isophthalamide moiety through N�H···X hydrogen-
bonding interactions. A unique exception is reported for the
1·LiI complex, in which the binding of the iodide ion to the
cleft fragment is interrupted after the first 800 ps of the sim-
ulation. The bonding interaction between the cations and
halide anions is of an electrostatic nature and is therefore
independent of the receptor dimensions, as clearly shown by
data in Table 10. Thus, for the alkali metals, the M···Cl,
M···Br, and M···I distances in the complexes increase as the
size of the cation increases.

In addition to the oxygen atoms of the receptor and the
halide anion, there are a significant number of acetonitrile
or acetone molecules present in the first solvent shell, which
can be bonded to the complex. The coordination numbers
of the cations (metal or nitrogen atom of the ammonium
ion) were therefore determined by establishing limits for the
bond distances of 3.4 O to the oxygen atoms of the carbonyl
groups and solvent donor atoms and 3.8 O to the oxygen
atoms in the polyether linkage.[24] Three important observa-
tions may be made from these results for receptors 1, 3, and
5 (see the Supporting Information): First, for Li+-containing
ion-pair complexes, the coordination number of the metal
cation is low (ca. 5) when considering only donors from the
receptor and halide anion. This low coordination number is
because the small size of this cation prevents the concomi-
tant coordination of the oxygen atoms of the calix[4]diqui-
none unit and the polyether linkages. Second, bromide-con-
taining ion pairs (except for lithium) are more tightly bound
to 5 than to the smaller receptors 1 and 3, with coordination
numbers in the range 6–7. This behavior is because the mac-
rocycle flexibility allows the adoption of a p–p-stacked con-
formation, which permits cooperative ion-pair binding. Fi-
nally, 1–2 solvent molecules on average form part of the
cation coordination sphere, except for complexes of 1 with
NH4Cl, NH4I, and NH4Br, in which the ammonium cation is
not coordinated by acetonitrile.

The analyses of the intramolecular bonding distances and
coordination numbers show that the binding affinity of 1, 3,
and 5 to the ions pairs is not primarily dictated by a rigid fit-
ting between the receptor cavity and ion-pair size. For a fur-
ther understanding of the binding affinities of different ion
pairs to these macrocycles, it is necessary to obtain accurate
estimates of the relative binding free-energy values in solu-
tion, as described below.

Free-energy calculations: Molecular dynamics coupled to in-
tegration methods have been successfully used to estimate
the relative binding affinities of single ions towards a signifi-
cant number of synthetic receptors. The values found in-
clude the binding of H2PO4

� and halide (Cl�, Br�, and F�)
anions to calix[4]pyrrole and octafluorocalix[4]pyrrole[25] in

water and organic solvents (CH2Cl2 and CH3CN) and the
binding of alkali cations to bis ACHTUNGTRENNUNG(calix[4]diquinone) iono-
phores in DMSO.[23] Herein, we extend the perturbation-
energy calculations to the cooperative-recognition phenom-
enon of ion pairs by 1, 3, and 5. To the best of our knowl-
edge, our modeling study is the first example in which this
methodology is used extensively for this purpose.

The differential binding affinities of 1, 3, and 5 to the MX
ion pairs (M=Na+ , Li+ , K+ , Rb+ , Cs+ , and NH4

+ ; X=Cl�,
Br�, and I� for 1 and X=Br� and I� for 3 and 5) were ob-
tained by means of thermodynamic integration and standard
thermodynamic cycles. Receptor 1 was examined in acetoni-
trile and 3 and 5 in acetone. The alkali cations were mutat-
ed, thus keeping the anions unchanged in solution (ion pair
in the unbound state) and in complexes (ion pair in the
bound state; see the Supporting Information), following the
perturbation order: Na+!Li+,Na+!K+!Rb+!Cs+, and
NH4

+!K+ . Equivalent mutations were performed for the
anions (keeping the cation constant) in the following se-
quence Cl�!Br�!I� for 1 and Br�!I� for 3 and 5. The
choice of the ion pairs to be mutated was governed by the
available experimental binding data. To check the hysteresis
of the perturbation simulations, selected complexed ion pairs
(i.e., 3·LiI!LiBr, 3·CsI!RbI!KI!NaI, 5·LiBr!NaBr,
5·CsBr!RbBr, and 5·CsI!RbI) were mutated in the reverse
mode.[26] Identical interaction free-energy values, within
0.3 kcalmol�1, were obtained for the forward and reverse sim-
ulations. In addition, the NaCl!KCl transformation was re-
peated in solution and in complexes (with 1) with a longer
equilibration period of 50 ps. The differences in solvation and
interaction free-energy values for this ion-pair mutation, not
exceeding 0.5 kcalmol�1, were negligible. These outcomes are
a clear indication of the accuracy obtained in each mutation
simulation. Indeed, the use of a sufficiently large collection
window allows the system to span a large amount of configu-
rations and thus be statistically representative. Furthermore,
the 20-ps equilibration period used resulted in small correla-
tion times (average 0.1 ps) which, coupled to large data col-
lection intervals (100 ps), led to small errors associated to the
free-energy values of each window.[27]

The combination of the free-energy values obtained from
the individual molecular-dynamics simulations allowed the
construction of thermodynamic cycles for complexed and
uncomplexed ion pairs (see the Supporting Information). It
was therefore also possible to estimate the relative solvation
energy (DGsolvation) and interaction free-energy (DGinteraction)
for each transformation using at least two independent
values. The values of these energies obtained from both
direct simulations and thermodynamic cycles are given in
the Supporting Information. The agreement between these
two sets of results obtained for DGsolvation and DGinteraction is
excellent, with energy discrepancies not exceeding
0.7 kcalmol�1. An estimate of the relative free energy of
binding of the receptor to the ion pair (DDGbinding) could
then be obtained from these results. The resulting DDGbinding

values of 1, 3, and 5 to the halide ion pairs are summarized
in Figures 10 and 11.
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Overall, there is good general agreement between the
DDGbinding values directly obtained from perturbation simu-
lations and the experimental quantitative binding-constant
data.[28] For example, perturbation studies in acetonitrile in-
dicate that the selectivity for receptor 1 towards the halide
ion pairs follows the order NH4

+>Na+ >K+ >Rb+>Cs+ >

Li+ , which is consistent with the experimental results for the
MCl and MBr ion-pair complexes. However, the theoretical
values for the Rb+!Cs+ mutation for the chloride and bro-
mide ion pairs are contrary to those observed experimental-
ly, which shows that the receptor has a binding preference
for CsCl over RbCl and CsBr over RbBr. This inconsistency
between the experimental and theoretical data was also
found for the binding affinities of 3 to RbI and CsI and 5 to
RbBr and CsBr. However, it is important to note that the
experimental DDGbinding values for all RbX!CsX transfor-
mations are marginal (small), and therefore such discrepan-

cies do not allow great discussion. The calculated relative
free-energy values for the 1·RbI!CsI and 5·RbI!CsI
transformations follow the same trend as the experimental
data. Concerning the NH4X!KX mutations, the theoretical
results are again largely consistent with experiment (al-
though overestimated by ca. 1 kcalmol�1) except for the bro-
mide complexes of 3 and 5 and iodide complexes of 5, in
which the preference of the receptor for the ion pair is the
opposite of that given by experiment. The theoretical calcu-
lations indicate that the NH4X complexes are systematically
more stable than the KX complexes, which was expected as
the interactions between the ammonium cation and the cal-
ix[4]arene unit are moderated by electrostatic interactions
and N�H···O hydrogen bonds, namely, with the oxygen
atoms of the carbonyl groups, as seen from the molecular-
dynamics simulations (see above), whereas interactions with
the K+ ion are only electrostatic.

It can therefore be clearly seen that apart from certain
RbX!CsX and NH4X!KX mutations the calculated and
experimental DDG values that correspond to the cationic
mutation are in clear agreement (Figure 10). Other impor-
tant trends may be discerned. Thus, for the LiBr!NaBr mu-
tation, the theoretical results clearly reflect the cavity size of
the receptor, since the DDG values decrease on going from
1 to 5. In fact, this size is further reflected in the most stable

Figure 10. Relative free-energy values of binding of 1 (left column), 3
(center column), and 5 (right column) to a) MCl, b) MBr, and c) MI ion
pairs (mutating cation). Values obtained directly from simulations (sim.)
and the experimentally (exp.) determined binding constants. In certain
cases no experimental values could be obtained. Binding constants for 1
in acetonitrile and for 3 and 5 in acetone. See the Supporting Information
for the error.

Figure 11. Relative free-energy values of binding of 1 (left column), 3
(center column), and 5 (right column) to a) MCl, b) MBr, and c) MI ion
pairs (mutating anion). Values obtained directly from the simulations
(sim.) and experimentally (exp.) determined binding constants. In certain
cases no experimental values could be obtained. Binding constants for 1
in acetonitrile and for 3 and 5 in acetone. See the Supporting Information
for the error.
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complex of each receptor (i.e., 1·NaBr, 3·KBr, and 5·RbBr),
in which the receptor accommodates a larger cation as the
cavity size increases.

The results obtained from anion mutation are similarly
concordant with experiment. For example, the theoretical
DDG values for the 1·MCl!MBr transformations shown in
Figure 11a are in perfect agreement with the experimental
values. In all mutations, the discrepancy between the values
is typically within 0.4 kcalmol�1, and both results indicate
that the MCl complexes are more stable than the MBr com-
plexes. Note that in the NH4Cl!NH4Br mutation, in which
the NH4

+ ion is kept unchanged, the calculated DDG value
is now underestimated by only 0.34 kcalmol�1. This is not
the case for the NH4Br!NH4I mutations within 1, 3, and 5
(Figure 11b), with the calculated DDG values for all these
mutations being systematically overestimated by approxi-
mately 3 kcalmol�1. As for the other results, however, these
transformations agree with experiment, since both indicate
that the MBr complexes are the most stable.

These modeling results therefore show that 1 is the most
appropriate receptor for the efficient recognition of small
ion pairs, such as NaX and LiX (X=Cl�, Br�, and I�) de-
spite suggesting that the recognition of the latter is not ther-
modynamically favored relative to NaX. For larger ion
pairs, such as KX (X=Br� and I�), receptor 3 is revealed to
be the most suitable for selective recognition but is not ca-
pable of distinguishing KX from RbX. The preferential
binding of the RbBr ion pair occurs with the largest recep-
tor 5. The efficient recognition of NH4

+ halide ion pairs
occurs almost identically by all three receptors.

Conclusion

Novel heteroditopic calix[4]diquinone receptors 1–5 demon-
strate a new general motif for the cooperative recognition of
ion pairs, with the interaction strength mediated by contact
between the anion and cation. For receptors 1 and 2, an un-
precedented new phenomenon of ion-pair cooperativity
termed AND recognition was discovered to operate, in
which the receptor bound certain ion pairs extremely strong-
ly (such as 1·NH4Cl and 2·NaBr) where no affinity for either
of the “free” ions was observed. The AND nature of the
recognition is postulated to arise from the self-inhibition of
the receptor by intramolecular hydrogen bonds, which may
only be disrupted by the presence of both a suitable cation
and anion. Although changing the ring size of the macrocy-
cle and nature of the anion-binding site did lead to subtle
differences between the binding properties of receptors 1–5,
the contact ion-pair interaction was not particularly discrim-
inative between different anions. Molecular-dynamics simu-
lations, however, provided a rationalization of the trends in
the observed strength of the ion-pair binding, with the
larger macrocycles preferring larger ion pairs. Further solu-
tion-phase, solid-state, and computational analyses of the re-
ceptors and the receptor/ion pair interactions provided ex-
planation and corroboration of these results by elucidating

the mechanism of ion-pair binding. This process involves the
folding of the receptors to allow p-stacking interactions be-
tween the calix[4]diquinone unit and the isophthalamide
fragment, thus leading to the proximal arrangement of the
anion- and cation-binding sites independently of the size of
the appended macrocycle. The ion pair may then bind in
contact, with the differences in selectivity being determined
by small differences in the rearrangement energies of the re-
ceptors. Although the solid-state evidence indicated that the
process may involve dimerization of two receptors around a
“square” of formula (MX)2, no evidence for this arrange-
ment could be discerned in solution. Therefore, a new class
of ion-pair receptor has been elucidated. These receptors
are capable of the recognition of contact ion pairs and dem-
onstrate unprecedented AND binding behavior in certain
cases.

Experimental Section

All commercial-grade chemicals were used without further purification.
TBA, metal hexafluorophosphate, and perchlorate salts were stored prior
to use under vacuum in a desiccator containing phosphorus pentoxide
and self-indicating silica. Where quoted as dry, solvents were degassed by
purging with nitrogen then dried by passing through a column of activat-
ed alumina using Grubbs apparatus. Elemental analyses were carried out
by the service at the Inorganic Chemistry Laboratory, University of
Oxford. Mass spectra were obtained on a Micromass LCT (ESMS) in-
strument. NMR spectra were recorded on a Varian Mercury 300, Oxford
Instruments Venus 300, or Varian Unity Plus 500 spectrometer with the
solvent serving as the lock and internal reference.

The syntheses of compounds 1, 6, 9, 12, and 15 have been described pre-
viously.[10]

2-Nitroisophthalamide diether calix[4]diquinone macrobicycle (2): This
material was prepared in an analogous manner to the preparation of 1
from 16 (0.15 g, 0.15 mmol) and [Tl ACHTUNGTRENNUNG(O2CF3)3]·TFA solution (4 mL). The
crude product was purified by recrystallization from CH2Cl2/hexane to
give the desired product 2 as a yellow solid (0.11 g, 79%). 1H NMR
(300 MHz, CDCl3): d =1.23 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 3.29 (d, 2J =12.9 Hz, 4H;
ArHinHoutQu), 3.68–3.73 (m, 12H; CH2OCH2 and ArHinHoutQu), 3.81 (m,
8H, ArOCH2 and CH2NH), 6.84 (s, 4H, QuH), 7.06 (s, 4H; ArH), 8.56
(br, 2H; NH), 9.05 (s, 2H; isoph ArH4 and ArH6), 9.12 ppm (s, 1H,
isoph ArH2); 13C NMR (75.5 MHz, CDCl3): d =197.15, 190.73, 185.48,
165.35, 154.395, 149.05, 147.47, 146.64, 135.95, 133.25, 129.27, 128.87,
126.68, 74,24, 71.59, 70.11, 41.37, 34.09, 32.58, 31.40 ppm; ESMS: m/z
calcd for C52H59N4O12: 931.4136; found: 931.4129 [M+NH4]

+ ; elemental
analysis (%) calcd for C52H55N3O12·2/3CH2Cl2: C 65.2, H 5.9, N 4.3;
found: C 65.3, H 5.9, N 4.1.

Isophthalamide triether calix[4]diquinone macrobicycle (3): This material
was prepared in an analogous manner to the preparation of 1 from 17
(0.33 g, 0.32 mmol) and Tl ACHTUNGTRENNUNG(O2CF3)3·TFA solution (5 mL). The crude
product was recrystallized from diethyl ether to give the yellow receptor
3 (0.20 g, 60%). 1H NMR (300 MHz, CDCl3): d=1.07 (s, 18H; C ACHTUNGTRENNUNG(CH3)3),
3.25 (d, 2J=13.2 Hz, 4H; ArCHinHoutAr), 3.71 (m, 20H;
CH2OCH2CH2OCH2CH2N), 3.81 (m, 8H; ArOCH2, ArCHinHoutAr), 6.77
(s, 4H; QuH), 6.86 (s, 4H; calix ArH), 7.42 (s, 2H; NH), 7.54 (t, 3J=

7.7 Hz, 1H; isoph ArH5), 8.07 (d, 2J=7.7 Hz, 2H; isoph ArH4 and
ArH6), 8.10 ppm (s, 1H; isoph ArH2); 13C NMR (75.5 MHz, CDCl3): d=

31.41, 33.12, 34.02, 40.46, 69.69, 70.13, 70.28, 70.59, 73.22, 73.28, 123.77,
127.18, 128.98, 129.08, 131.25, 132.85, 134.40, 146.17, 147.46, 166.95,
186.59, 190.02 ppm; ESMS: m/z : 979.44 [M+Na]+ ; elemental analysis
(%) calcd for C56H64N2O12·2H2O: C 67.7, H 6.9, N 2.8; found: C 67.5, H
6.8, N 2.7.
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5-Nitroisophthalamide triether calix[4]diquinone macrobicycle (4): This
material was prepared in an analogous manner to the preparation of 1
from 18 (0.15 g, 0.13 mmol) and [Tl ACHTUNGTRENNUNG(O2CF3)3]·TFA solution (5 mL). The
crude product was recrystallized from diethyl ether to give the yellow re-
ceptor 4 (0.08 g, 50%). 1H NMR (300 MHz, CDCl3): d=1.12 (s, 18H; C-
ACHTUNGTRENNUNG(CH3)3), 3.25 (d, 2J =12.9 Hz, 4H, ArCHinHoutAr), 3.71–3.85 (m, 28H;
ArOCH2CH2OCH2CH2OCH2CH2N, ArCHinHoutAr), 6.80 (s, 4H; QuH),
6.85 (s, 4H; calix ArH), 7.72 (br, 2H; NH), 8.58 (s, 1H; isoph ArH2),
8.93 ppm (s, 2H; isoph ArH4 and H6); 13C NMR (75.5 MHz, CDCl3): d=

31.38, 32.97, 34.02, 40.65, 69.48, 70.05, 70.21, 70.62, 73.31, 125.98, 127.14,
128.89, 128.94, 132.74, 132.82, 136.38, 146.25, 147.68, 154.02, 164.56,
185.51, 190.13 ppm; ESMS: m/z : 1002.49 [M+H]+ , 1024.46 [M+Na]+ ; el-
emental analysis (%) calcd for C56H63N3O14·2H2O: C 64.8, H 6.5, N 4.0;
found: C 65.0, H 6.1, N 3.9.

Isophthalamide tetraether calix[4]diquinone macrobicycle (5): This mate-
rial was prepared in an analogous manner to the preparation of 1 from
19 (0.20 g, 0.17 mmol) and [Tl ACHTUNGTRENNUNG(O2CF3)3]·TFA solution (5 mL). The crude
product was recrystallized from diethyl ether to give the yellow receptor
5 (0.16 g, 89%). 1H NMR (300 MHz, CDCl3): d=1.05 (s, 18H; C ACHTUNGTRENNUNG(CH3)3),
3.18 (d, 2J=13.5 Hz, 4H; ArCHinHoutAr), 3.45–3.72 (m, 36H; CH2O,
CH2N and ArCHinHoutAr), 6.60 (s, 4H; QuH), 6.78 (s, 4H; calix ArH),
7.20 (t, 3J =7.7 Hz, 1H; isoph ArH5), 7.61 (s, 2H; NH), 7.99 (d, 3J=

7.7 Hz, 2H; isoph ArH4 and ArH6), 8.31 ppm (s, 1H; isoph ArH2);
13C NMR (75.5 MHz, CDCl3): d=31.37, 32.77, 34.02, 40.08, 69.69, 69.97,
70.43, 70.49, 70.64, 72.92, 125.19, 126.90, 129.04, 129.25, 130.75, 132.77,
134.62, 146.29, 147.46, 153.73, 167.03, 189.07; ESMS: m/z : 1067.48
[M+Na]+ ; elemental analysis (%) calcd for C60H72N2O14·1.1CHCl3: C
62.4, H 6.3, N 2.4; found: C 62.2, H 6.6, N 2.2.

5,11,17,23-Tetra-tert-butyl-25,27-bis{2-[2-(2-phthalimidoethoxy)ethoxy]-
ACHTUNGTRENNUNGethoxy}-26,28-dihydroxycalix[4]arene (10): para-tert-Butylcalix[4]arene
(4.70 g, 7.24 mmol) and K2CO3 (2.10 g, 15.2 mmol) were suspended in dry
CH3CN (200 mL). Compound 7 (7.85 g, 18.1 mmol) was added, and the
resulting mixture was heated to reflux for four days under a nitrogen at-
mosphere. After this time, the suspension was allowed to cool to room
temperature, and the solvent carefully removed in vacuo to give a solid
which was triturated with 1m HCl(aq) (200 mL). The resulting suspension
was extracted with CH2Cl2 (3S100 mL), after which the aqueous phase
had cleared and the combined organic extracts were washed with H2O
(2S100 mL), dried over MgSO4, filtered, and the filtrate concentrated in
vacuo. Purification by chromatography on silica gel (CHCl3/acetone=

95:5, v/v) gave the pure white solid 10 (4.97 g, 60%). 1H NMR
(300 MHz, CDCl3): d=0.93 (s, 18H; CACHTUNGTRENNUNG(CH3)3), 1.26 (s, 18H; C ACHTUNGTRENNUNG(CH3)3),
3.24 (d, 2J=13.2 Hz, 4H; ArCHinHoutAr), 3.72 (m, 12H;
OCH2CH2OCH2CH2O), 3.85 (t, 3J =6.6 Hz, 4H; ArOCH2), 3.89 (t, 3J =

4.6 Hz, 4H; CH2CH2N), 4.07 (t, 3J=4.6 Hz, 4H; CH2N), 4.31 (d, 2J =

13.2 Hz, 4H; ArCHinHoutAr), 6.75 (s, 4H; calix ArH), 7.07 (s, 4H; calix
ArH), 7.67 (dd, 3J=5.5 Hz, 4J=3.0 Hz, 2H; PhthH), 7.80 ppm (dd, 3J=

5.5 Hz, 4J =3.0 Hz, 2H; PhthH); ESMS: m/z : 1193.61 [M+Na]+ .

5,11,17,23-Tetra-tert-butyl-25,27-bis(2-{2-[2-(2-
phthalimidoethoxy)ethoxy]eth ACHTUNGTRENNUNGoxy}ethoxy)-26,28-dihydroxycalix[4]arene
(11): This material was prepared in an analogous method to the prepara-
tion of 10 from para-tert-butylcalix[4]arene (1.36 g, 2.1 mmol), K2CO3

(0.70 g, 5.1 mmol), and 8 (2.52 g, 5.3 mmol) in CH3CN (75 mL). Purifica-
tion by chromatography on silica gel (CHCl3/acetone=90:10, v/v) gave
the pure white solid 11 (0.79 g, 33%). 1H NMR (300 MHz, CDCl3): d=

0.87 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 1.21 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 3.20 (d, 2J =13.1 Hz, 4H;
ArCHinHoutAr), 3.60 (m, 20H; CH2OCH2CH2OCH2CH2O), 3.81 (m, 8H;
ArOCH2, CH2CH2N), 4.06 (t, 3J =4.7 Hz, 4H; CH2N), 4.27 (d, 2J=

13.1 Hz, 4H; ArCHinHoutAr), 6.69 (s, 4H; calix ArH), 6.96 (s, 4H; calix
ArH), 7.62 (dd, 3J=5.5 Hz, 4J=3.1 Hz, 2H; PhthH), 7.76 ppm (dd, 3J=

5.5 Hz, 4J =3.1 Hz, 2H; PhthH); ESMS: m/z : 1281.62 [M+Na]+ .

5,11,17,23-Tetra-tert-butyl-25,27-bis{2-[2-(2-aminoethoxy)ethoxy]ethoxy}-
26,28-dihydroxycalix[4]arene (13): Hydrazine monohydrate (3 mL,
excess) was added to 10 (3.40 g, 2.9 mmol) was suspended in ethanol
(70 mL). This suspension was then heated under reflux for 18 h, during
which time the solid was seen to dissolve. The reaction mixture was al-
lowed to cool, then added to H2O (200 mL) to give a white suspension,
which was extracted with ethyl acetate (3S50 mL). The combined organ-

ic extracts were subsequently dried over MgSO4, filtered, and concentrat-
ed in vacuo to give the white solid 13 (2.51 g, 95%). 1H NMR (300 MHz,
CDCl3): d=0.78 (s, 18H; CACHTUNGTRENNUNG(CH3)3), 1.23 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 3.06 (m, 4H;
CH2NH2), 3.24 (d, 2J=13.1 Hz, 4H; ArCHinHoutAr), 3.76 (m, 12H;
OCH2CH2OCH2CH2N), 3.85 (m, 4H; ArOCH2CH2), 4.12 (m, 4H;
ArOCH2), 4.26 (d, 2J =13.1 Hz, 4H; ArCHinHoutAr), 6.58 (s, 4H; calix
ArH), 7.02 ppm (s, 4H; calix ArH); ESMS: m/z : 911.61 [M+H]+ , 937.58
[M+Na]+ .

5,11,17,23-Tetra-tert-butyl-25,27-bis(2-{2-[2-(2-aminoethoxy)ethoxy]-
ACHTUNGTRENNUNGethoxy}ethoxy)-26,28-dihydroxycalix[4]arene (14): This material was pre-
pared in an analogous method to the preparation of 13 from 11 (0.79 g,
0.63 mmol), ethanol (25 mL), and hydrazine monohydrate (1 mL, excess).
A white solid 14 was isolated (0.52 g, 91%). 1H NMR (300 MHz, CDCl3):
d=0.83 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 1.23 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 3.05 (t, 3J =4.4 Hz,
4H; CH2NH2), 3.23 (d, 2J=13.5 Hz, 4H; ArCHinHoutAr), 3.52 (m, 4H;
CH2CH2N), 3.60 (m, 8H; OCH2CH2O), 3.68 (m, 4H; CH2O), 3.77 (m,
4H; OCH2), 3.88 (m, 4H; ArOCH2CH2), 4.13 (m, 4H; ArOCH2), 4.26
(d, 2J=13.5 Hz, 4H; ArCHinHoutAr), 6.63 (s, 4H; calix ArH), 7.00 ppm
(s, 4H; calixArH); ESMS: m/z : 999.72 [M+H]+ .

5-Nitroisophthalamide diether calix[4]arene macrobicycle (16): 5-Nitroi-
sophthaloyl dichloride (1.14 mmol) was dissolved in dry CH2Cl2 (175 mL)
and added dropwise to a stirred solution of 9 (0.98 g, 1.19 mmol) and
NEt3 (0.66 mL) in dry CH2Cl2 (225 mL) at 0 8C under a nitrogen atmos-
phere. The reaction mixture was stirred at room temperature for 3 h. The
resulting solution was washed with 1m HCl(aq) (2S100 mL), H2O (2S
100 mL), 1m NaOH(aq) (2S100 mL), H2O (100 mL), and brine (100 mL).
The organic layer was dried over MgSO4 and filtered. The filtrate was
concentrated in vacuo and the residue purified by chromatography on
silica gel (acetone/Et2O=20:80, v/v) to give a pure green solid (0.38 g,
32%). 1H NMR (300 MHz, CDCl3): d =0.95 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 1.15 (s,
18H; C ACHTUNGTRENNUNG(CH3)3), 3.25 (d, 2J =3.24 Hz, 4H; ArCHinHoutAr), 3.64–3.71 (m,
4H; OCH2CH2NH and ArOCH2CH2O), 3.77 (t, 3J =4.5 Hz, 4H;
OCH2CH2N), 4.28–4.34 (m, 8H; ArOCH2CH2O and ArCHinHoutAr), 6.95
(s, 4H; calix ArH), 6.99 (s, 4H; calix ArH), 7.47 (s, 2H; OH), 8.02 (br,
2H; NH), 8.60 (s, 2H; isoph ArH4 and ArH6), 8.95 ppm (s, 1H; isoph
ArH2); ESMS: m/z calcd for C60H76N3O10: 998.5531; found: 998.5521
[M+H]+ , 1020.54 [M+Na]+ ; elemental analysis (%) calcd for
C60H75N3O10·0.2CHCl3: C 70.7, H 7.4, N 4.1; found: C 70.6, H 7.4, N 4.1.

Isophthalamide triether calix[4]arene macrobicycle (17): This material
was prepared in an analogous manner to the preparation of 15: Solutions
of 13 (1.0 g, 1.1 mmol) in dry CH2Cl2 (100 mL) and isophthaloyl chloride
(0.22 g, 1.1 mmol) in dry CH2Cl2 (100 mL) were added to a solution of
triethylamine (1 mL, excess) in dry CH2Cl2 (800 mL). Purification by
chromatography on silica gel (EtOAc/acetone=95:5, v/v) gave the prod-
uct 17 as a white solid (0.79 g, 69%). 1H NMR (300 MHz, CDCl3): d=

0.89 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 1.30 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 3.25 (d, 2J =13.1 Hz, 4H;
ArCHinHoutAr), 3.69 (m, 20H; CH2OCH2CH2OCH2CH2N), 4.03 (m, 4H;
ArOCH2), 4.28 (d, 2J=13.1 Hz, 4H; ArCHinHoutAr), 6.70 (s, 4H, calix
ArH), 7.05 (s, 4H; calix ArH), 7.58 (t, 3J =7.6 Hz, 1H; isoph ArH5), 7.69
(br, 2H; NH), 8.11 (d, 3J=7.6 Hz, 2H; isoph ArH4 and ArH6), 8.39 ppm
(s, 1H; isoph ArH2); ESMS: m/z 1041.63 [M+H]+ , 1063.60 [M+Na]+ ; el-
emental analysis (%) calcd for C64H84N2O10·2H2O: C 71.4, H 8.2, N 2.6;
found: C 71.7, H 7.9, N 2.5.

5-Nitroisophthalamide triether calix[4]arene macrobicycle (18): This ma-
terial was prepared in an analogous manner to the preparation of 15 : Sol-
utions of 13 (0.55 g, 0.60 mmol) in dry CH2Cl2 (75 mL) and 5-nitroisoph-
thaloyl chloride (0.60 mmol) in dry CH2Cl2 (75 mL) were added to a so-
lution of triethylamine (1 mL, excess) in dry CH2Cl2 (400 mL). The crude
product was purified by chromatography on silica gel (EtOAc/acetone=

90:10, v/v) to give the pale-yellow solid product 18 (0.28 g, 50%).
1H NMR (300 MHz, CDCl3): d=0.84 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 1.31 (s, 18H; C-
ACHTUNGTRENNUNG(CH3)3), 3.21 (d, 2J =12.9 Hz, 4H; ArCHinHoutAr), 3.72 (m, 20H;
CH2OCH2CH2OCH2CH2N), 4.02 (m, 4H; ArOCH2), 4.20 (m, 4H; Ar-
CHinHoutAr), 6.62 (s, 4H; calix ArH), 7.02 (s, 4H; calix ArH), 7.78 (br,
2H; NH), 8.62 (s, 1H; isoph ArH2), 8.79 ppm (s, 2H; ArH4 and ArH6);
ESMS: m/z 1086.63 [M+H]+ .

Isophthalamide tetraether calix[4]arene macrobicycle (19): This material
was prepared in an analogous manner to the preparation of 15 : Solutions
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of 14 (0.53 g, 0.53 mmol) in dry CH2Cl2 (75 mL) and isophthaloyl chlo-
ride (0.11 g, 0.53 mmol) in dry CH2Cl2 (75 mL) were added to a solution
of triethylamine (1 mL, excess) in dry CH2Cl2 (400 mL). Purification by
chromatography on silica gel (EtOAc/acetone=70:30, v/v) gave the
product 19 as a white solid (0.43 g, 71%). 1H NMR (300 MHz,
CDCl3): d=0.85 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 1.22 (s, 18H; C ACHTUNGTRENNUNG(CH3)3),
3.19 (d, 2J=13.1 Hz, 4H; ArCHinHoutAr), 3.60 (m, 28H;
CH2OCH2CH2OCH2CH2OCH2CH2N), 3.92 (m, 4H; ArOCH2), 4.22 (d,
2J=13.1 Hz, 4H; ArCHinHoutAr), 6.67 (s, 4H; calix ArH), 6.98 (s, 4H;
calix ArH), 7.48 (t, 3J =7.6 Hz, 1H; isoph ArH5), 7.78 (br, 2H; NH), 8.04
(d, 3J =7.6 Hz, 2H; isoph ArH4 and ArH6), 8.34 ppm (s, 1H; isoph
ArH2); ESMS: m/z 1151.58 [M+Na]+ ; elemental analysis (%) calcd for
C68H92N2O12·0.67CH2Cl2: C 69.6, 7.9, N 2.4; found: C 69.6, H 8.0, N 2.2.
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