
Influence of linker structure on the anion binding affinity of

biscyclopeptideswz
Carsten Reyheller,a Benjamin P. Hayb and Stefan Kubik*a

Received (in Montpellier, France) 8th May 2007, Accepted 18th July 2007

First published as an Advance Article on the web 13th August 2007

DOI: 10.1039/b706932d

A systematic analysis is presented on the influence of the linking unit between two cyclopeptide

rings on the affinity of such biscyclopeptide-based anion receptors in aqueous solvent mixtures.

Although the differences in the affinity and selectivity of these receptors towards a given anion are

not very pronounced, there are profound differences in the thermodynamics of anion

complexation. Enthalpic and entropic contributions both (1) play a role in determining the

binding affinity and (2) show significant variation as the linking structure is changed. A decrease

in conformational rigidity of the linker improves the entropic advantage for complex formation,

but not necessarily the overall complex stability. This effect may be due, in part, to the fact that

structural constraints within more rigid linkers might prevent efficient interactions between the

host and guest. The optimal linker, which exhibits both favourable enthalpic and entropic

contributions, was identified using de novo structure-based design methods as implemented in the

HostDesigner software.

Introduction

Criteria for the evaluation and comparison of synthetic re-

ceptors are selectivity and affinity in the solvent or solvent

mixture in which substrate binding takes place. While affinity

is expressed in terms of association constant Ka, dissociation

constant Kd, or free energy of complex formation DG, a

measure of selectivity of a receptor for substrate A over

substrate B is the ratio of the binding constants Ka(A)/Ka(B)

of the respective complexes. Ideally, synthetic receptors should

be highly selective and strong binding to the substrate can be

advantageous. The design of efficient synthetic receptors is,

however, not trivial. Preorganisation, a strategy pioneered by

Cram,1 is an important approach, but has its limitations

because the exact positioning of converging binding sites on

a rigid three-dimensional receptor scaffold complementary to

the substrate is difficult. In addition, high enthalpy of binding

arising from strong interactions between a well preorganised

host and its substrate is often accompanied by a considerable

loss of entropy thus reducing the overall gain in binding free

energy (enthalpy–entropy compensation).2 Optimisation of the

binding properties of synthetic receptors has therefore often

proceeded in incremental steps by systematically changing

receptor structures. Only recently, with the advent of combi-

natorial techniques3 as well as powerful molecular modelling

programs,4 have alternatives to this traditional approach to

receptor optimisation emerged. Although impressive results

have thus been achieved, the corresponding investigations

often lack detailed insight into the factors governing the

binding process that is provided by a comparison of the

behaviour of structurally closely related receptors. Particu-

larly, trend analyses using calorimetric techniques have been

shown to be very useful in revealing how the finely tuned

interplay between binding enthalpy and binding entropy in-

fluences receptor selectivity as well as affinity.5 Here, we

present a related study in which we have investigated the

effects of structure and conformational rigidity of the linker

between two cyclopeptide rings on the receptor properties of

such anion binding biscyclopeptides.

The investigations are based on our finding that cyclic

hexapeptide 1 (Chart 1) is able to bind halides and sulfate

anions in highly competitive aqueous solvent mixtures by

forming a 2 : 1 complex in which the anion is sandwiched

between two cyclopeptide rings.6a,b By covalently linking two

cyclopeptide rings together via an adipic acid linker we con-

verted these 2 : 1 complexes into 1 : 1 complexes.6c Although a

significant improvement of receptor efficiency could thus be

achieved6d one can expect that anion affinity and selectivity of

these biscyclopeptides sensitively depend on structural

characteristics of the linker such as length and conformational

flexibility. Indeed, by using dynamic combinatorial chemistry

we identified several biscyclopeptides, for example 3a and 3b,

with even higher anion affinity than 2a indicating that adipic

acid is by far not the best linker.6e Assignment of the structural

factors responsible for the different affinities of 2a, 3a and 3b is

difficult, however, because the linkers in the three receptors are

not easily comparable. We therefore decided to synthesise a

series of biscyclopeptides containing structurally more closely

related linkers and study the effects of the systematic change in
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linker structure on receptor properties. Biscyclopeptides 2b

and 2c have thus been prepared containing, respectively, 2,20-

(1,2-phenylene)diacetic acid and 4,40-dinitrobiphenyl-2,2 0-di-

carboxylic acid. These biscyclopeptides contain the same

number of atoms in the linker as 2a but become increasingly

more rigid. In addition, biscyclopeptide 2d, which was identi-

fied with a de novo structure-based design approach, was

included in the investigations. Spectroscopic and mass spectro-

metric characterisation of the anion complexes of 2b–d demon-

strated that the complexes of all three biscyclopeptides are

structurally closely related to those of 2a. Despite these

similarities, a calorimetric analysis of the binding equilibria

revealed substantial effects of linker structure on the thermo-

dynamic parameters of complex formation.

Results and discussion

Structures and synthesis

Biscyclopeptides 2b and 2c contain, respectively, 2,20-(1,2-

phenylene)diacetic acid (oPA) and 4,40-dinitrobiphenyl-2,2 0-

dicarboxylic acid (DBA) as linkers. These linkers are structu-

rally related to adipic acid in that they contain the same

number of atoms between the carboxyl groups. Whereas all

bonds between the carboxyl groups in adipic acid are single

bonds and thus rotatable, in oPA rotation around one bond

and in DBA rotation around two bonds is prevented by

phenylene rings. The linkers thus become increasingly less

flexible on going from receptor 2a to 2b to 2c, a property

which might cause anion binding of the corresponding bis-

cyclopeptides to become entropically more favourable in the

same direction. DBA was introduced into 2c instead of

unsubstituted biphenyl-2,20-dicarboxylic acid because 2c

proved to be significantly more soluble in the solvent mixtures

used for the characterisation of binding properties than the

analogue lacking the nitro groups.

The linker in receptor 2d was identified using a de novo

structure-based design approach as implemented in the

HostDesigner software.4b The successful application of this

computational method to design ion receptors recently has

been demonstrated.7 The starting point for the calculations

performed here were the coordinates of the crystal structure of

the iodide complex of 1.6a Assuming that this structure

represents an optimal complex geometry, HostDesigner was

used to search for linking fragments taken from a database

that optimally bridge the two cyclopeptide rings. This search

was restricted to fragments linking the C4 of a proline residue

in one cyclopeptide ring and another proline C4 of the second

ring via amide groups. The resulting biscyclopeptides were

scored based on geometric factors yielding a list of top

receptor candidates containing linkers depicted in Chart 2.

Of these, 2,20-(1,3-phenylene)diacetic acid (mPA), required for

the synthesis of 2d, is commercially available and was there-

fore included in this study.

All receptors were synthesised by coupling two equivalents

of cyclopeptide 46c to one equivalent of the respective diacid in

the presence of O-(1H-benzotriazol-1-yl)-N,N,N0,N0-tetra-

methyluronium tetrafluoroborate (TBTU) and N-ethyl-

Chart 1
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diisopropylamine (DIEA) in DMF (Scheme 1). After chroma-

tographic work-up the products were isolated analytically

pure in yields between 43 and 62%.

NMR spectroscopic and mass spectrometric characterisation

Anion binding of the newly synthesised receptors 2b–d was

first studied by using electrospray ionisation mass spectro-

metry (ESI-MS) and 1H NMR spectroscopy. Because of the

mild ionisation technique ESI-MS is a particularly useful

method for the characterisation of non-covalently assembled

complexes in solution which can yield information on compo-

sition and on stability.8 Fig. 1 shows the ESI mass spectrum of

a solution of 2d in 1 : 1 (v/v) water–methanol in the presence of

three sodium halides (negative mode).

Practically only three signals are visible in this spectrum in

addition to the signal of the free receptor [2d-H+] (1489.6)

whose m/z ratios can be assigned to 1 : 1 complexes of the

composition [2d + Cl�] (1525.5), [2d + Br�] (1571.5), and

[2d + I�] (1617.5). No signals are detectable that correspond

to complexes of higher stoichiometry. The formation of com-

plexes in which, e.g., two anions bind to two molecules of 2d

can be ruled out on the basis of the isotope patterns of the

signals, a result that is further corroborated by the lack of

signals in the spectrum corresponding to complexes in which

two or more molecules of 2d bind different halides. It is

therefore reasonable to assume that 2d forms similar clam-

shell-like complexes with anions in which both cyclopeptide

rings are involved in complex formation as receptor 2a.

This assumption is supported by our NMR spectroscopic

results. In the 1H NMR spectrum of a solution of 2d in 1 : 1

(v/v) D2O–CD3OH marked downfield shifts are visible of the

receptor’s H(a) signals in the presence of anions. As

an example, the spectrum of free receptor and the one of

its sulfate complex are depicted in Fig. 2. A similar deshielding

of the H(a) protons upon anion binding, which is due to

the spatial proximity of these protons to the anionic guest in

the complex has been observed in the 1H NMR spectrum of

2a.6c It is therefore reasonable to assume that the mode of

inclusion of anions in the cavities of receptors 2a and 2d is

comparable.

Finally, in the NOESY NMR spectrum of the sulfate

complex of 2d a crosspeak is visible between the H(a) signal
of a substituted and an unsubstituted proline unit that

indicates a close contact of the corresponding protons in the

complex (see ESIz). For biscyclopeptide 2a, whose NOESY

NMR spectrum of the sulfate complex contains an analogous

crosspeak, it was shown that this contact can only be realised

if the receptor adopts a folded conformation with the two

cyclopeptide rings approaching each other.6c With no anion

included between the cyclopeptide rings 2a and 2d on average

adopt more open conformations as evidenced by the absence

of a crosspeak between the H(a) signals in the spectrum. A

theoretical structure for the iodide complex of 2d, presented in

Fig. 3, is fully consistent with the experimental evidence.

Chart 2

Scheme 1

Fig. 1 ESI mass spectrum of 2d in 1 : 1 (v/v) water–methanol

(0.1 mM) after the addition of 0.33 equivalents of each NaCl, NaBr,

and NaI.
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Similar results have been obtained for receptors 2b and 2c

(see ESIz) and it can therefore be concluded that the mode of

anion binding of all four compounds 2a–d is comparable.

ITC measurements

Isothermal titration calorimetry (ITC) was used to quantita-

tively evaluate the binding properties of biscyclopeptides 2b–d

in 1 : 1 (v/v) water–methanol. One major advantage of this

technique is that a single titration yields all thermodynamic

parameters of complex formation simultaneously, the stability

constant of the complex Ka (and in turn the free energy of

complex formation DG), the binding enthalpy DH as well as

the binding entropy DS.9 In principle, variations in the stabi-

lity of different host/guest systems can thus be traced to

whether they are of enthalpic or of entropic origin. It has to

be considered, however, that the heats measured during an

ITC titration are produced by various processes occurring in

solution simultaneously of which complex formation is only

one. ITC therefore does not directly provide structural infor-

mation, but a careful comparison of results obtained for

structurally closely related complexes can provide a correla-

tion between complex structure and the thermodynamic

signature of its formation.5

The results of our ITC measurements are summarised in

Table 1. The numbers given in the table represent averages

over at least three independent measurements. Standard

deviations are specified in brackets. Sulfate, iodide, bromide,

and chloride were used as guests, with each anion in the form

of its sodium salt. For comparison, Table 1 also contains

the thermodynamic parameters for the corresponding

complexes of biscyclopeptide 2a, which have been determined

previously.6c

With the exception of the chloride complex of receptor 2c,

exothermic complex formation was observed in all cases

accompanied by a favourable positive entropic contribution.

The heat generated during the titration of 2c with NaCl was

too small to allow for a quantitative estimation of complex

stability. Although small enthalpic changes do not necessarily

imply weak binding the results obtained for the other com-

plexes suggest that the chloride complex of 2c is indeed the

least stable one.

Complex formation of a number of host/guest combinations

is dominated by enthalpy with entropy contributing to a

smaller but decisive extent to the overall free energy of

binding. In other cases, the share of entropy is similar or even

larger than that of enthalpy. Trends in the dependence of

enthalpy and entropy of binding on receptor structure can

thus best be analysed by using the graphical representations in

Fig. 4. Graphs for the chloride complexes are not included in

this Figure due to the lack of data for the complex of 2c.

Table 1 and Fig. 4(a) show that anion affinities of all four

biscyclopeptides decrease in the order sulfate 4 iodide 4
bromide 4 chloride. This order differs from expectations

based on intrinsic hydrogen bonding strength, which would

predict sulfate 4 chloride 4 bromide 4 iodide. As we have

noted in our earlier study,6c the fact that iodide is better bound

than the smaller halides whose interactions with amide NH

groups should be stronger indicates that the larger iodide

anion better fits into the cavity between the two receptor

halves.

Clearly the best anion receptor in the series of biscyclopep-

tides investigated is the one identified through computer-aided

molecular design, namely 2d, which possesses the highest

affinity for all anions studied. Stability of the sulfate complex,

for example, amounts to an appreciable logKa of almost 6.0 in

1 : 1 (v/v) water–methanol which makes 2d one of the most

potent neutral synthetic receptors for sulfate in aqueous

solution.10 Direct comparison of the receptor properties of

2d with those of 3a and 3b is not possible on the basis of the

Fig. 2 1H NMR spectrum of 2d in 1 : 1 (v/v) D2O–CD3OD (1 mM)

before (a) and after (b) the addition of 1 equivalent of Na2SO4. The

signals of the H(a) protons are marked with black dots.

Fig. 3 Calculated geometry for the iodide complex of 2d obtained

with the MMFF94 force field as implemented in PCModel, Serena

Software, Inc. Hydrogen atoms at the carbon atoms of the receptor

have been omitted for clarity.
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data collected in Table 1 as complex formation of the latter

two receptors has been evaluated in 2 : 1 (v/v) acetonitrile–

water using potassium salts.6e We therefore also characterized

sulfate and iodide binding of 2d under these conditions. The

results of these measurements are summarized in Table 2.

Table 2 shows that 2d is a significantly better sulfate and

iodide receptor than 2a also in 2 : 1 (v/v) acetonitrile–water.

Anion affinity is still lower than that of 3a and 3b, however,

showing that dynamic combinatorial chemistry has furnished

more potent receptors than molecular modelling. It is also

evident that the reason for the superior properties of 3a and 3b

is in the more favourable (in the case of sulfate binding the less

unfavourable) enthalpic contribution to complex formation,

which might be caused by a better mutual arrangement of the

receptor subunits allowing strong interactions with the guests.

Comparison of the anion affinity of biscyclopeptides 2a–c in

1 : 1 (v/v) water/methanol shows that 2b is the weakest sulfate

binder while the halides are bound the least strongly by 2c.

Although the differences in the affinity of these receptors

towards a given anion are not very pronounced, the enthalpic

and entropic signatures in anion complex formation of biscy-

clopeptides 2a–c differ profoundly, as illustrated by Fig. 4(b)

and (c). Thus, a pronounced decrease in the enthalpy of anion

binding is observed in the order 2a4 2b4 2c (Fig. 4(b)) while

the entropic contribution to complex formation becomes more

favourable in the same direction (Fig. 4(c)). A possible reason

for the reduced binding enthalpy of the more rigid biscyclo-

peptides could be that these linkers prevent the two receptor

subunits from achieving optimal contacts with the bound

guests. Flexible linkers as in 2a, on the other hand, allow the

biscyclopeptides more easily to adapt to the size and structure

of the substrate. The stronger interactions resulting from this

better fit in turn cause a considerable loss of conformational

mobility in the complex, explaining why entropy of binding is

least favourable for receptor 2a. In contrast, anions are bound

more loosely in the cavities of 2b and 2c which, together with

the progressive reduction of rotational degrees of freedom in

the linkers of these receptors, cause more favourable entropy

terms. The comparable binding strengths observed for recep-

tors 2a–c can therefore best be rationalized on the basis of

enthalpy–entropy compensation.

In light of the trends observed for the thermodynamic

parameters of complex formation of receptors 2a–c it is

interesting to analyse how enthalpy and entropy of binding

of 2d compares with these results. Fig. 4(a) clearly shows that

complex formation of 2d is associated with large enthalpic

contributions similar or even larger than those observed for

complex formation of biscyclopeptide 2b containing the

Fig. 4 Graphical representation of the dependence of the thermodynamic parameters logKa (a), DH (b), and TDS (c) of the sulfate (circles), iodide

(squares), and bromide (diamonds) complexes of biscyclopeptides 2a–d on receptor structure.

Table 1 Association constants, Gibbs energies, enthalpies and entropies of binding of Na2SO4, NaI, NaBr, and NaCl to receptors 2a–da

2a
b

2b 2c 2d

Sulfate logKa 5.28 (0.10) 5.10 (0.05) 5.32 (0.06) 5.97 (0.02)
DG �30.2 (0.2) �29.2 (0.3) �30.3 (0.2) �34.1 (0.4)
DH �15.5 (0.4) �13.5 (0.3) �8.6 (0.5) �13.2 (1.1)
TDS 14.7 (0.6) 15.7 (0.5) 21.7 (0.7) 20.9 (1.2)

Iodide logKa 3.79 (0.26) 4.00 (0.03) 3.61 (0.07) 4.43 (0.11)
DG �21.6 (2.5) �22.7 (0.3) �20.6 (0.4) �25.2 (1.1)
DH �13.2 (1.0) �9.1 (0.2) �4.2 (1.5) �15.4 (0.7)
TDS 8.4 (2.5) 13.6 (0.2) 15.4 (3.4) 9.8 (1.2)

Bromide logKa 3.45 (0.39) 3.30 (0.04) 3.03 (0.14) 4.01 (0.03)
DG �19.7 (2.2) �19.0 (0.2) �17.3 (0.8) �22.9 (0.2)
DH �11.2 (0.9) �6.2 (0.6) �4.0 (0.4) �12.1 (1.7)
TDS 8.5 (3.1) 12.8 (0.8) 13.3 (1.0) 10.8 (1.9)

Chloride logKa 2.51 (0.86) 1.86 (0.14) n.d.c 3.39 (0.08)
DG �14.2 (4.9) �10.6 (0.8) �19.3 (0.5)
DH �10.5 (1.5) �3.4 (1.1) �4.1 (1.2)
TDS 3.8 (6.4) 7.2 (1.5) 15.2 (1.5)

a Recorded in 1 : 1 (v/v) water–methanol at 298 K; Ka in M�1 and energies in kJ mol�1. b ref. 6c. c n.d., not detectable.
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structurally related oPA linker. Despite the reduced flexibility

of 2d with respect to 2a, the structure of the linker obviously

also allows this biscyclopeptide to efficiently bind to the

anionic guests. Particularly noteworthy is the large negative

enthalpy observed for the formation of the iodide complex of

2b which could reflect the fact that the calculations which led

to the identification of the mPA linker in 2d were based on the

coordinates of the iodide complex of 1. More investigations

are needed to confirm this interpretation, however.

In terms of absolute contribution of entropy, complex

formation of 2d is less favourable than that of the rigid

receptor 2c but more favourable than that of 2a and 2b

(Fig. 4(c)). Thus, the high sulfate affinity of 2d with respect

to the other receptors is essentially due to the entropic term,

which accounts for 61% of the binding, as binding enthalpy is

only of the same order of magnitude as that of 2b. The entropy

component of halide complexation of 2d (four rotatable

bonds), on the other hand, lies between that of 2a (five

rotatable bonds) and 2b (four rotatable bonds). As a conse-

quence, receptor 2d is a better halide binder than 2b and 2c

because of a more favourable binding enthalpy while halide

affinity of 2d is higher than that of 2a because of a combina-

tion of both entropic as well as enthalpic factors. In this case,

high binding enthalpy is obviously not compensated by an

unfavourable entropy term resulting in large overall complex

stability. Interestingly, the higher anion affinities of biscyclo-

peptides 3a and 3b with respect to 2a proved to be due to

binding enthalpy only (Table 2).6e Thus, anion complexation

of our biscyclopeptides indeed sensitively depend on linker

structure. The linker in 2d seems to combine good conforma-

tional rigidity with the ability to permit a mutual arrangement

of the biscyclopeptide subunits ideal for efficient interactions

between host and guest thus causing a remarkably high affinity

of the corresponding receptor.

Conclusion

In conclusion, we have shown that control of receptor proper-

ties is possible by varying the linker between the two cyclopep-

tide rings of our anion binding biscyclopeptides. Although the

differences in the affinity and selectivity of these receptors

towards a given anion are not very pronounced, there are

profound differences in the thermodynamics of anion com-

plexation. Both enthalpic and entropic contributions (1) play a

role in determining the binding affinity and (2) show significant

variation as the linker is changed. We found that a decrease in

conformational rigidity of the linker improves the entropic

advantage for complex formation, but not necessarily the

overall complex stability. This effect may be due, in part, to

the fact that structural constraints within more rigid linkers

might prevent efficient interactions between the host and guest.

The optimal linker in receptor 2d exhibits both favourable

enthalpic and entropic contributions. Interestingly, this linker

was identified by molecular modelling illustrating the increas-

ing importance that computational methods have in the

identification of new synthetic receptors.

By careful optimization of linker structure it is therefore

possible to obtain neutral receptors for anions on the basis of

our biscyclopeptides with remarkably high anion affinity in

protic solvents. The introduction of more than one linker

between the two cyclopeptide rings should also provide a

means to improve binding while introduction of hydrophilic

substituents into the linkers could serve to improve water

solubility ultimately allowing direct comparison of the binding

properties of our biscyclopeptides with those of natural anion

binders. Control of anion affinity is therefore much more

straightforward than control of selectivity the latter of which

most probably requires completely different strategies. Possi-

ble approaches are currently being investigated in our group.

Experimental

General details

Analyses were carried out as follows: melting points, Müller

SPM-X 300; NMR, Bruker Avance 600; MALDI-TOF-MS,

Bruker Ultraflex TOF/TOF; ESI-MS, Bruker APEX III FT-

ICR-MS with Apollo ESI-Source; elemental analysis, Perkin

Elmer Elemental Analyser 2400 CHN; RP chromatography,

MERCK LiChroprep RP-8 (40–63 mm) prepacked column

size B (310–25); ITC, Microcal VP-ITC. The following

abbreviations are used: DIEA, N-ethyldiisopropylamine;

TBTU, O-(1H-benzotriazol-1-yl)-N,N,N0,N0-tetramethyluro-

nium tetrafluoroborate; Pro, L-proline; Apro, 4S-amino-L-

proline; APA, 6-aminopicolinic acid; AP, adipic acid; oPA,

2,20-(1,2-phenylene)diacetic acid; mPA, 2,20-(1,3-phenylene)-

diacetic acid, BPA, 4,40-dinitrobiphenyl-2,20-dicarboxylic

acid. J values in the NMR data are given in Hz.

ITC measurements

In a typical experiment, a solution of the guest in 1 : 1 (v/v)

water–methanol were injected stepwise at a rate of 0.5 mL s�1

to a solution of a biscyclopeptide in the same solvent mixture.

Experimental details regarding the concentrations of biscyclo-

peptide and salt in each titration are provided in the Support-

ing Information. A volume of 2 mL was used in the first

injection step and 10 mL in the following 24 injections. Each

new step was started after reaching chemical and thermal

equilibrium. The measured heat flows were recorded as func-

tion of time and converted into enthalpies by integration of the

appropriate reaction peaks. Dilution effects were corrected by

subtracting the results of a blank experiment with a solution of

1 : 1 (v/v) water–methanol in place of the receptor solution

Table 2 Association constants, Gibbs energies, enthalpies and en-
tropies of binding of K2SO4 and KI to receptors 2a, 2d, 3a and 3ba

2ab 2d 3ab 3bb

Sulfate logKa 5.30 5.75 (0.06) 6.73 6.83
DG �30.2 �32.8 (0.4) �38.4 �39.0
DH 10.7 9.7 (1.4) 1.8 3.7
TDS 41.0 42.5 (1.6) 40.1 42.7

Iodide logKa 3.52 4.05 (0.17) 4.46 4.75
DG �20.0 �23.1 (1.0) �25.5 �27.1
DH �4.3 �8.3 (1.0) �20.7 �13.4
TDS 15.7 14.8 (1.8) 4.8 13.7

a Recorded in 2 : 1 (v/v) acetonitrile–water at 298 K; Ka in M�1 and

energies in kJ mol�1. b Ref. 6e.
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under identical experimental conditions. The association para-

meters were evaluated by means of the Origin 7.0 software

package provided by the instrument manufacturer neglecting

the result of the first injection.

Syntheses

DMF p.A. was purchased and was used without further

purification. TBTU, oPA, and mPA are commercially avail-

able. BPA was synthesised according to the literature proce-

dure.11 The syntheses of receptor 2a and cyclopeptide 4 are

described elsewhere.6c

Procedure for the synthesis of receptors 2b–d

Cyclopeptide 4 HCl (280 mg, 0.4 mmol) and the respective

linker (0.2 mmol) were dissolved in DMF (30 mL). In succes-

sion, TBTU (141 mg, 0.44 mmol) and DIEA (220 mL,
1.28 mmol) were added, and the resulting mixture was stirred

3 h at room temperature. Afterward, the solvent was evapo-

rated in vacuo, and the product was isolated from the residue

by chromatographic workup. For this, the residue was dis-

solved in a small amount of DMF. The resulting solution was

applied to a RP-8 column conditioned with 1,4-dioxane–H2O,

1 : 10, and the eluent composition was gradually changed to

1,4-dioxane–H2O, 1 : 1, with which pure product eluted. The

material recovered was dissolved in a small amount of hot

methanol. Hot water was slowly added until product precipi-

tated. The solution was kept at room temperature overnight,

the product was filtered off, washed with water, and dried.

Receptor 2b

Yield 0.15 g (50%); mp 4300 1C; 1H NMR (600 MHz,

[d6]DMSO, 25 1C, TMS) d 1.75–1.91 (m, 8H; ProC(g)H),

1.95–2.09 (m, 6H; ProC(b)H + AproC(b)H), 2.52–2.61 (m,

4H; ProC(b)CH), 2.78–2.85 (m, 2H; AproC(b)H), 3.31 (s, br,

4H; oPACH2), 3.44–3.52 (m, 2H; AproC(d)H), 3.53–3.61 (m,

4H; ProC(d)H), 3.66–3.74 (m, 4H; ProC(d)H), 3.82–3.90 (m,

2H; AproC(d)H), 4.22–4.32 (m, 2H; AproC(g)H), 5.50–5.60

(m, 6H; ProC(a)H + AproC(a)H), 6.79–6.94 (m, 4H;

oPAH(3) + oPAH(4) + oPAH(5) + oPAH(6)), 7.17 (d, 3J

= 8.2, 2H; APAH(3)), 7.20–7.28 (m, 4H; APAH(3)),

7.38–7.49 (m, 6H; APAH(5)), 7.70–7.80 (m, 6H; APAH(4)),

8.19 (d, 3J= 6.2, 2H; oPANH), 9.52 (s, 4H; APANH), 9.60 (s,

2H; APANH); 13C NMR (151 MHz, [d6]DMSO, 25 1C, TMS)

d 22.7 + 22.8 (ProC(g)), 31.1 (ProC(b)), 32.8 (oPACH2), 36.1

+ 37.8 (AproC(b)), 46.7 (AproC(g)), 48.4 (ProC(d)), 52.3

(AproC(d)), 60.8 (AproC(a)), 61.8 (ProC(a)), 116.3

(APAC(3)), 120.0 (APAC(5)), 126.7 (oPAC(4) + oPAC(5)),

130.0 (oPAC(3) + oPAC(6)), 135.3 (oPAC(1) + oPAC(2)),

139.3 (APAC(4)), 148.8 (APAC(2)), 152.2 (APAC(6)), 166.2

+ 166.3 (APACO), 170.7 + 170.9 (oPACO), 171.3 + 171.4

(AproCO/ProCO); Calc. for C76H74N20O14 � 8H2O (1635.7): C

55.81, H 5.55, N 17.13; found C 56.05, H 5.73, N 16.92%;

MALDI-TOF-MS: m/z (relative intensity): 1491.5 (82) [M +

H+], 1513.6 (100) [M + Na+], 1529.5 (61) [M + K+].

Receptor 2c

Yield 0.20 g (62%); mp 4300 1C; 1H NMR (600 MHz,

[d6]DMSO, 25 1C, TMS) d 1.75–1.92 (m, 8H; ProC(g)H),

1.95–2.09 (m, 6H; ProC(b)CH + AproC(b)H), 2.53–2.61 (m,

4H; ProC(b)CH), 2.75–2.84 (m, 2H, AproC(b)H), 3.52–3.61

(m, 6H; ProC(d)H + AproC(d)H), 3.65–3.72 (m, 6H;

ProC(d)H), 3.73–3.79 (m, 2H; AproC(d)H), 4.21–4.30 (m,

2H; AproC(g)H), 5.40–5.69 (m, 6H; ProC(a)H + Apro-

C(a)H), 7.09–7.29 (m, 6H; APAH(3)), 7.30–7.57 (m, 8H;

APAH(5) + BPAH(6)), 7.64–7.79 (m, 6H; APAH(4)),

8.19–8.41 (m, 4H; BPAH(3) + BPAH(5)), 8.70 (s, br, 2H;

BPANH), 9.55 (s, br, 4H; APANH), 9.71 (s, br, 2H; APANH);
13C NMR (151 MHz, [d6]DMSO, 25 1C, TMS) d 22.8

(ProC(g)), 33.0 (ProC(b)), 37.5 (AproC(b)), 47.4 (AproC(g)),
48.6 (ProC(d)), 52.1 (AproC(d)), 60.8 (AproC(a)), 61.9 (Pro-

C(a)), 116.1 (APAC(3)), 120.2 (APAC(5)), 122.7 (BPAC(3)),

124.9 (BPAC(5)), 131.7 BPAC(6)), 139.5 + 139.6 (APAC(4)),

147.0 (BPAC(1)), 147.3 (BPAC(4)), 149.1 (APAC(2)), 152.0

(BPAC(4)), 152.4 + 152.5 (APAC(6)), 166.0 (APACO), 171.1

(BPACO), 171.4 + 171.5 (AproCO/ProCO); Calc. for

C80H72N22O18 � 5H2O (1719.6): C 55.88, H 4.81, N 17.92;

found C 55.91, H 4.78, N 17.82%; MALDI-TOF-MS: m/z

(relative intensity): 1629.4 (100) [M + H+].

Receptor 2d

Yield 0.14 g (43%); mp 4300 1C; 1H NMR (600 MHz,

[d6]DMSO, 25 1C, TMS) d 1.75–1.91 (m, 8H; ProC(g)H),

1.98–2.11 (m, 6H; ProC(b)H + AproC(b)H), 2.53–2.62 (m,

4H; ProC(b)CH), 2.81–2.92 (m, 2H; AproC(b)H), 3.27 (s, 4H;

mPACH2), 3.44–3.53 (m, 2H; AproC(d)H), 3.54–3.63 (m, 4H;

ProC(d)H), 3.66–3.76 (m, 4H; AproC(d)H), 3.83–3.91 (m, 2H;

AproC(d)H), 4.26–4.35 (m, 2H; AproC(g)H), 5.50–5.67 (m,

6H; ProC(a)H + AproC(a)H), 6.78–6.83 (m, 1H; mPAH(5)),

6.87 (d, 3J = 7.6, 2H; mPAH(4) + mPAH(6)), 6.98 (s, 1H,

mPAH(2)), 7.18 (d, 3J = 8.2, APAH(3)), 7.25 (m, 4H;

APAH(3)), 7.38–7.49 (m, 6H; APAH(5)), 7.70–7.80 (m, 6H;

APAH(4)), 8.13 (d, 3J = 6.2, 2H; mPANH), 9.55 (s, 2H;

APANH), 9.64 (s, 4H; APANH); 13C NMR (151 MHz,

[d6]DMSO, 25 1C, TMS) d 22.8 + 22.9 (ProC(g)), 32.9 +

33.0 (ProC(b)), 37.8 (AproC(b)), 42.5 (mPACH2), 46.8

(AproC(g)), 48.5 (ProC(d)), 52.4 (AproC(d)), 60.9 (AproC(a)),
61.9 + 62.0 (ProC(a)), 116.1 + 116.4 (APAC(3)), 120.2

(APAC(5)), 127.2 (mPAC(4) + mPAC(6)), 128.3 (mPAC(5)),

130.4 (mPAC(2)), 136.1 (mPAC(1) + mPAC(3)), 139.4 +

139.5 + 139.6 (APAC(4)), 148.9 (APAC(2)), 152.0 + 152.4 +

152.5 (APAC(6)), 166.3 + 166.5 (APACO), 170.7 (mPACO),

171.0 + 171.4 + 171.5 (AproCO/ProCO); Calc. for

C76H74N20O14 � 5.5H2O (1590.6): C 57.39, H 5.39, N 17.61;

found C 57.41, H 5.52, N 17.32%; MALDI-TOF-MS: m/z

(relative intensity): 1491.6 (38) [M + H+], 1513.6 (100)

[M + Na+], 1529.6 (56) [M + K+].
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