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Anion binding by pyrrole–pyridine-based macrocyclic polyamides

E.A. Katayev*, E.N. Myshkovskaya, N.V. Boev and V.N. Khrustalev

A. N. Nesmeyanov Institute of Organoelement Compounds RAS, Moscow, Russia

(Received 15 May 2007; final version received 1 October 2007 )

The synthesis, characterisation and anion-binding properties of new pyrrole–pyridine-based macrocyclic polyamides 7a

and 7b are presented. Chloride anion templation in the macrocyclisation reaction has been shown to control [1 þ 1]

acylation. The anion-binding properties of the receptors have been determined by UV–vis titrations in a DMSO solution

and compared with systems with a similar design. The new receptors have been found to display a 10-fold selectivity for

hydrogensulphate, dihydrogenphosphate and acetate anions over other anions studied.
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Introduction

Amide- and urea-based receptors have been widely

exploited in the design of anion receptors due to their

ability to form strong hydrogen bonds and their structural

similarity to polypeptides (1, 2). They are good

candidates for pharmaceutical developments such as

anion transporters through biological membranes (3) and

functional models of phosphatases or kinases (4).

Possessing a high affinity towards anions, they can also

find analytical (5) and nuclear waste remediation

applications (6). In recent years, much attention has

been devoted to the investigation of the structure–

selectivity relationship of amide-based receptors (7–10)

and their phosphate anion binding (11–14). It has been

shown by Gale and co-workers that diamidodipyrro-

methanes can be efficient binding motifs for phosphate

recognition (14). We have also found that the amido-

imine hybrid macrocycle 1 (15) and bipyrrole-based

receptors (16, 17) can efficiently and selectively bind the

dihydrogen phosphate anion in an acetonitrile solution.

Structurally, similar receptors bearing only amido

functionalities can possess better chemical stability and

binding affinity towards anions due to the increased

number of NH groups. The anion-controlled formation of

macrocyclic ligands has been clearly observed in imine

bond formation reactions (15, 16, 18) and has been

suggested in amide (19) and urea (20) syntheses and the

rotaxane and catenane self-assembly (21). In this work,

we describe the anion-controlled synthesis, characterisa-

tion and anion-binding properties of new macrocyclic

polyamides containing 2,6-diamidopyridine, 2,20-diami-

dodipyrromethane and 2,20-diamidobipyrrole anion-

binding motifs.

Results and discussions

Target macrocyclic polyamides 7a and 7b have a design

similar to receptors 1 and 2, except that imino groups

are replaced by amido groups. The synthesis of these

receptors can be accomplished following two possible

routes: the acylation of the starting diamine 3 with

oligopyrrole precursors or the acylation of the starting

diamines 5a and 5b with 2,6-pyridinedicarbonyl dichlor-

ide. According to our previous investigations (22), the

first method is more difficult due to the low stability of

oligopyrrole acylating reagents; therefore, in this work we

have used the second method. The synthesis of the starting

diamines 5a and 5b has been described by us recently

(22). The introduction of an electron-deficient phenyl

substituent in the 3-position of pyrrole ring is very

important for the stability of the amidopyrroles (22)

(Figure 1).

In the first stage, pincer diamines 5a and 5b were

acylated with 2,6-pyridinedicarbonyl chloride (Figure 2).

Anion templation has recently attracted a huge amount of

interest due to the high level of functionality and

selectivity of systems generated by this method (24). Due

to the presence of six NH groups in the macrocycles 7a

and 7b, their formation should be highly dependent on

the anions present in the reaction mixture. Obviously, the

chloride anion as one of reaction products can template

the polyamide formation. The acylation reactions were

carried out by the slow addition of a THF solution of 2,6-

pyridinedicarbonyl chloride to a solution of diamines 5a

or 5b and excess pyridine as a base in THF. For both

diamines, complexes 7azCl2PyHþ and 7bzCl2PyHþ

were separated by crystallisation with a 45% yield. The

presence of inorganic anions in the final product was first
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suggested due to the pyridinium cation signals in the
1H NMR of the product and was later proved by

elemental analysis and X-ray crystal structure analysis.

The anion salt can be easily removed by passing the

product through the small plug of silica.

The coordination of the chloride anion to the

amidopyrrole and amidopyridine fragments can be

suggested as a possible mechanism for the chloride

anion templation of the acylation reaction. For this

purpose, we conducted several experiments where 2,6-

pyridinedicarbonyl chloride was added to the solution of

diamine containing one equivalent of a Cl2, HSO4
2,

H2PO4
2, CH3COO2 and ReO4

2. The presence of

tetrabutylammonium chloride increased the yields of

the final macrocycle up to 74%. Interestingly, the addition

of tetrabutylammonium dihydrogenphosphate or hydro-

gensulphate to diamine 5b resulted in the precipitation of

the complex TBAþ5bz[anion]2, according to the 1H

NMR analysis. These complexes were dissolved

upon reaction with 2,6-pyridinedicarbonyl chloride

producing 7b with the same high yield (74%). However,

in this experiment crystallisation of the product yielded

the chloride salt 7bzTBAþCl2 instead of the expected

dihydrogenphosphate or hydrogensulphate, according

to the X-ray crystal structure analysis (Figure 4).

This behaviour can be explained in terms of the relative

anion affinity in THF towards competing anions; the

ligand has more preference to bind chloride than

dihydrogenphosphate. Tetrabutylammonium perrhenate,

as a source of larger anion, gave a mixture of 1 þ 1 and

2 þ 2 products of acylation and polymeric impurities,

according to mass spectrometry. However, these experi-

ments provide clear evidence that the presence of an anion

in the reaction of macrocyclic polyamide synthesis has a

dramatic effect on the resulting product and can template

the acylation reaction.

Similarly, both polyamide ligands have high

affinities towards chloride since all three crystallographic

experiments revealed chloride complexes with the ligand

(Figures 3 and 4). The inner cavity sizes of the receptors

are almost the same, the average hydrogen bond distance

between the Cl and the H–N group is 2.62 Å for 7a and

2.50 Å for 7b. However, a comparison of the Cl· · ·NH

lengths suggest that the major contribution to the

hydrogen bonding with chloride is provided by amido

groups in 7a (the shortest distances are Cl1· · ·H–N3,

2.40 Å and Cl1· · ·H–N6, 2.44 Å) and pyrrole NH groups

in 7b (Cl1· · ·H–N4, 2.47 Å and Cl1· · ·H–N5, 2.37 Å) .

Analysis of the crystal structures of 7a and 7b with

chloride and 2 with sulphuric acid revealed interesting

Figure 1. Structure of artificial phosphate-selective receptor 1 (15), sulphate-selective receptor 2 (23), pincer starting diamine 3 used
for synthesis of macrocycles 1 and 2, and acetate-selective receptor 4 (19) developed by Gale and co-workers.

Figure 2. Synthesis of 7a and 7b. (i) THF, Py (pyridine).
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features. In spite of a rather bowl-like conformation of

the receptors, their donor NH groups are situated almost

in one plane (Figure 5). However, in 7a the chloride

anion is deviated by 0.83 Å from the geometrical centre

of six NH groups and in 7b the distance is even longer,

1.09 Å These observations lead to the suggestion that

careful design of the receptors will not provide the

selectivity for anion geometries other than spherical. It

can be clearly seen in Figure 5 that the direction of the

pyrrole NH groups determines the side of guest

coordination. Hence, in case of structures (a) and (b)

(Figure 5), the coordination can occur only from the right

side, while in (c) it can occur from both sides since the

pyrrole rings have different orientation with the angle

about 308 relative to the centre of the ligand.

Association constants of new receptors were

determined by a standard UV–vis titration method in

dry DMSO and experimental data were refined by the

Hyperquad computer program (Table 1) (25). The

remarkable feature of our polyamide receptors is their

relatively high affinities towards this selection of anions

even in DMSO (association constants are as high as

logKa ¼ 6). Taking into consideration the macrocyclic

structures with six NH groups located around the circle

uniformly, a selectivity towards the halogen anions can

be expected; however, the ligands 7a and 7b have lower

affinity for chloride and fluoride anions than for

oxoanions. Addition of the nitrate anion does not cause

visible changes in the UV spectrum. Dipyrromethane-

based receptor 7a was found to be selective for the

hydrogensulphate anion with association constants an

order of magnitude higher than other inorganic anions

(Table 1). We have compared the crystal structure of 7a

with structurally similar amido-imine receptor 2 (23)

known to be selective for hydrogensulphate. A strong

similarity between the two structures was found; the

torsion angle between pyrrole rings differs only by 108 in

7a, the distances between opposite NH groups (i.e.

amides, imines) are 0.1 Å longer than those in 2 . Hence,

we can conclude that this design of the receptor (binding

motifs and geometry) has inherited the selectivity for the

hydrogensulphate anion. The bipyrrole-based receptor

7b was found to be selective for dihydrogenphosphate

and acetate anions. Unexpectedly, it was observed to bind

two dihydrogenphosphate anions. Interestingly, the

binding of two dihydrogenphosphate anions was

observed by us for the ligand 1 in acetonitrile, and not

for the bipyrrole-based receptors (16). Taking into

consideration the X-ray crystal structure of 7b, namely

planarity of the receptor and different orientation of the

pyrrole ring, the two possible binding sites in the

receptors can be suggested (26). This fact and geometry

of chloride coordination suggest that receptors 7a and 7b

have the preorganised conformation for oxoanion

binding and this process is more preferable than binding

of chloride anion in DMSO solution.

In conclusion, we have synthesised new macrocyclic

polyamide receptors based on amido-pyridine and

amido-pyrrole-binding motifs. The chloride-templated

acylation can be an effective method for the preparation

of polyamide receptors with appropriate cavity size. The

receptors display high affinities (logKa ¼ 6) towards

hydrogensulphate, dihydrogenphosphate and acetate

anions according to UV–vis titrations in DMSO solution.

The present study of anion-dependent acylation opens

future perspectives for the development of polyamide

strategic synthesis and artificial models of proteins.

Figure 3. Structure of 7azCl2PyHþ according to the X-ray
diffraction analysis. Ellipsoids are scaled in 50% probability
level. The hydrogen atoms that are not participating in the
hydrogen bonds are omitted for clarity.

Figure 4. Structure of 7bzCl2TBAþ according to the X-ray
diffraction analysis. Ellipsoids are scaled in a 50% probability
level. The hydrogen atoms not participating in the hydrogen
bonds and tetrabutylammonium cation are omitted for clarity.
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We are currently investigating the biological activity of

these polyamide receptors, namely the ability of the

ligands to perform RNA cleavage.

Experimental

General method for preparation of 7a and 7b

To a solution of 50 mg of diamine 5a or 5b (0.08 mmol)

and 0.06 ml (0.8 mmol) of pyridine (in 25 ml of THF)

under an argon atmosphere, 19.83 mg of 2,6-pyridinedi-

carbonyl dichloride (0.09 mmol in 25 ml solution in

THF) was slowly added dropwise (ca. 20 min). The

mixture was stirred at room temperature for 24 h. The

resulting precipitate was filtered (chloride salt), dissolved

in a solution of dichloromethane–methanol (95/5 v/v)

and passed through a small silica plug. The solution was

evaporated giving the desired product in 45% yield. In

the case of anion-templated syntheses, the reactions were

carried out in the presence of an anion and the product

was separated by column chromatography using a

solution of dichloromethane–methanol (95/5 v/v) for

eluting. The crystallisation of the chloride salts was

accomplished by slow diffusion of pentane (in the case of

7a) or ether (in the case of 7b) into dichloromethane

solution.

Ligand 7a. Anal. calcd for C51H45ClN8O4: C, 70.46;

H, 5.22; N, 12.89. Found: C, 70.21; H, 5.02; N, 12.87. 1H

NMR for 7azCl2PyHþ (DMSO-d6): d (ppm): 10.87

(s, 2H), 10.44 (s, 2H), 9.77 (s, 2H), 8.91 (m, 4H), 8.55 (m,

2H), 8.29 (m, 3H), 8.03 (m, 4H), 7.82 (m, 2H), 7.38 (m,

2H), 7.25–7.14 (m, 10H), 1.84 (s, 6H), 1.68 (s, 6H). 1H

NMR for the free ligand (DMSO-d6): d (ppm) 10.66 (s,

2H), 9.68 (s, 2H), 8.73 (s, 2H), 8.36 (m, 3H), 7.50 (m,

4H), 7.19 (m, 14H), 1.79 (s, 6H), 1.60 (s, 6H). 13C NMR

(DMSO-d6): d (ppm) 160.3, 157.2, 148.1, 134.9, 134.2,

132.0, 131.1, 128.7, 127.1, 126.8, 126.6, 126.0, 125.4,

125.1, 124.5, 123.4, 122.5, 121.1, 115.8, 30.5, 25.3, 10.9.

MALDI-TOF: 776 [M þ Na]þ.

Ligand 7b. Mp 2158C. Anal. calcd for C59H69ClN8O4:

C, 71.60; H, 7.03; N, 11.32. Found: C, 71.30; H, 6.85; N,

11.17. 1H NMR for 7bzCl2PyHþ (DMSO-d6): d (ppm):

11.34 (s, 2H), 10.99 (s, 2H), 9.74 (s, 2H), 8.86 (m, 2H),

8.43 (t, 1H, J ¼ 7.8 Hz), 8.36 (d, 2H, J ¼ 7.8 Hz), 8.26 (m,

3H), 7.93 (m, 4H), 7.42 (m, 2H), 7.35 (m, 6H), 7.27 (m,

4H), 7.17 (m, 2H), 1.97 (s, 3H). 1H NMR for the free ligand

(DMSO-d6): d (ppm) 11.24 (s, 2H), 10.29 (s, 2H), 8.90 (s,

2H), 8.33, 8.01 (d, 1H), 8.00 (t, 2H), 7.36 (m, 18H), 1.98 (s,

6H). 13C NMR (DMSO-d6): d (ppm) 163.8, 158.7, 149.5,

139.3, 134.5, 134.4, 130.0, 129.9, 128.7, 127.8, 127.5,

127.0, 126.3, 125.1, 123.9, 123.8, 122.6, 122.2, 117.2,

10.9. MALDI-TOF: 711 [M þ Na]þ.

Table 1. Association constants of receptors 7a and 7b
determined by UV–vis titration with tetrabutylammonium salts
of corresponding anions in DMSO solution at 258C.

Receptor/anion logKa 7a 7b

H2PO2
4 3.83(3) 5.24(8) 8.29(7)

HSO2
4 5.26(8) 3.32(7)

CH3COO2 4.36(1) 6.00(6)
Cl2 4.37(4) 4.60(5)
F2 4.63(4) 4.70(4)

Figure 5. A comparison of host–guest complexes of receptors (a) 2zH2SO4, (b) 7azCl2 and (c) 7bzCl2. The lines show average
geometrical planes between donor NH groups. The arrows show the direction of the pyrrole NH groups.
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X-ray structure determination

Data were collected on a Bruker SMART 1000 CCD

diffractometer (l(MoKa)-radiation, graphite monochro-

mator, v and w scan mode) and corrected for Lorentz and

polarisation effects, and for absorption (Table 2) (27).

The structures were determined by direct methods and

refined by full-matrix least-squares technique with

anisotropic thermal parameters for non-hydrogen

atoms. In the crystal 7b, two n-butyl groups of the

cation were disordered each over two sites, with the

occupancies of 0.5:0.5 and 0.7:0.3. The hydrogen atoms

were placed in calculated positions and refined in riding

model with fixed thermal parameters (Uiso(H) ¼ 1.5

Ueq(C) for the CH3 groups and Uiso(H) ¼ 1.2Ueq(C) for

the other groups). One dichloromethane molecule in

7bz[NBu4][Cl]z2CH2Cl2 and all four dichloromethane

molecules in 7az[PyH][Cl]z4CH2Cl2 were found to be

strongly disordered and could not be modelled

satisfactorily. The contribution to the scattering by

these molecules was removed by using the utility

SQUEEZE in PLATON98 (28). All calculations were

carried out by using the SHELXTL PLUS (PC Version

5.10) program package (29). Crystallographic data for 7a
and 7b have been deposited with the Cambridge

Crystallographic Data Centre, CCDC Nos. 645410 and

645411. Copies of this information may be obtained free

of charge from the Director, CCDC, 12 Union Road,

Cambridge CB2 1EZ, UK (Fax: þ44 1223 336033;

Email: deposit@ccdc.cam.ac.uk or www.ccdc.cam.

ac.uk).
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