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A neutral tritopic macrocycle 1 was obtained by condensation of

a diacid dichloride 2 with a diamine 3. 1 contains three binding

sites: two for anions by hydrogen bonding and one for cations by

ether oxygen atoms. The selective binding of LiCl and CaCl2 has

been studied by NMR and MS techniques. 1 is the first host to

form a supramolecular complex with an ion triplet: 1�CaCl2.

In supramolecular chemistry, macrocycles have always been

widely used to complex different organic and inorganic

guests.1 For a long time, chemists focused their attention on

the complexation of cations and anions, with the latter task

being more challenging due to the large size, different shapes

and the high polarisability of anions.2 Nowadays, the importance

of targeting ion-pairs of salts as guests is growing.3 In

this field, ditopic hosts are usually synthesized as neutral

compounds, in which the ditopic nature of the receptor allows

to bind both cation and anion in adjacent binding units in

close contact.4 With the matching cation for the contact pair

formation in the host–guest complex, it is possible to enhance

the binding of a particular anion or vice versa.5

Although this field is growing and many different ditopic

molecules have been synthesized in the last five years, there is

still a lack of hosts for complexing alkaline earth metal halides.

In order to reach this goal, chemists must move from ditopic

hosts to tritopic hosts. In these, two binding units for anions

and one for a cation comprise the sites needed for the

complexation of an alkaline earth metal halide as ion triplet.6,7

In this work, we present the neutral tritopic host 1 that is

capable to bind an alkaline earth metal salt, and binds calcium

dichloride as an ion triplet with high selectivity. To the best of

our knowledge, the formation of complex 1�CaCl2 is the first

description of a supramolecular ion triplet complex for

alkaline earth metal salts (Fig. 1).8

The synthesis of macrocycle 1 is straightforward and starts

from two building blocks: diacid dichloride 2 and diamine 3

(see Scheme 1). In order to obtain and study macrocycles of

different sizes, we used a combinatorial approach which gave

the [2+2]-macrocycle 1 (Fig. 1), together with [1+1]-, [3+3]-,

and [4+4]-macrocycles and linear products which are not

described here. After a simple one-step condensation of diacid

dichloride 2 and diamine 3 in the presence of triethylamine, the

[2+2]-macrocycle 1 could be isolated from the resulting

mixture by chromatography (Scheme 1).

Macrocycle 1 displays three binding sites (tritopic macro-

cycle): four NH amides in two different isophthalamide

residues, well known to complex anions,9 and four oxygen

atoms in the diethylene glycol part able to complex cations.

Fig. 1 Calcium dichloride complex with macrocycle 1 and hydrogen

labeling scheme. For structural studies, see ESI.z

Scheme 1 Synthetic scheme for the formation of macrocycle 1.
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Additionally it has two nitro groups that can be further

modified, e.g. by reduction. The neutral macrocycle 1 possesses

D2h symmetry giving rise to a simple 1H-NMR spectrum: two

triplets for the NH and Hd protons, a doublet for Ha, a broad

singlet for the Hb and a singlet for the He protons.

The easily interpretable and clean 1H-NMR spectra were

used to investigate the capability of this tritopic macrocycle 1

to bind salts as contact ions, and to detect their extraction

from solid into an organic solvent. A stock solution (2.5 mM)

of 1 in CDCl3 with 5% of DMSO-d6 was allowed to stand over

an excess of powdered alkaline and alkaline earth metal

chlorides in different NMR tubes. After 12 h, 1H-NMR spectra

were recorded and analyzed for differences in chemically induced

shifts (CIS) between the free macrocycle 1 and the complexes

(Fig. 2).

When comparing the solutions containing the alkaline

chlorides LiCl, NaCl and KCl, the NMR spectra clearly show

that macrocycle 1 is capable of binding lithium chloride

selectively over other alkaline metal chlorides, as the 1H-NMR

spectra do not show any change when sodium chloride or

potassium chloride is used. In the case of lithium chloride, a

significant CIS of NH (�0.88 ppm) and Hb (�0.65 ppm) was

detected (Fig. 2, LiCl). The large downfield shift of almost 1

ppm of the amide proton is indicative of the formation

of hydrogen bonds to the chloride anion (NH� � �Cl) in the

presence of DMSO.10 A small difference in the chemical shifts

of Ha (�0.08 ppm), not involved in the binding, was also

detected. In the diethylene glycol chains, upfield CIS for He

(+0.04 ppm) and downfield CIS for Hd (�0.05 ppm) were

observed. Due to the key importance of lithium salts as drug in

different diseases,11 it is an interesting goal to develop lithium

receptors and sensors.12 The challenge is to bind it selectively

over competing ions such as sodium. Macrocycle 1 achieves

this task in an organic solvent complexing selectively LiCl as

contact ion pair over NaCl.

Additionally, alkaline earth metal dichlorides (MgCl2,

CaCl2, BaCl2) were screened applying the same methodology.

Indeed, macrocycle 1 is able to form an ion triplet complex

1�CaCl2, but remarkably only with the calcium salt. The

distinct differences in CIS for MgCl2, CaCl2 and BaCl2 show

a strong selectivity of macrocycle 1 for calcium dichloride over

magnesium and barium dichloride. Although in the presence

of magnesium and barium dichloride the NH signal shows a

modest CIS (�0.14 and �0.24 ppm, respectively), a prominent

NH downfield shift (�0.90 ppm) is observed only when

calcium dichloride is used (Fig. 2, CaCl2). The calcium

dichloride complex (1�CaCl2) shows proton shifts similar to

the lithium chloride complex (1�LiCl). Only He is shifted more

upfield (+0.06 ppm) with respect to 1�LiCl which reflects a

different side chain orientation. Due to different sizes of

magnesium, calcium and barium, macrocycle 1 is able to

complex selectively calcium dichloride as a contact ion-triplet.

To the best of our knowledge, this is the first neutral macro-

cycle that binds an alkaline earth metal dihalide as contact

ion-triplet.13

Mass analyses confirm the strong complexing ability of

macrocycle 1 for LiCl and CaCl2 (see ESIz). When ESI-MS

spectra (negative ion mode) were recorded directly from the

NMR solutions with either lithium chloride or calcium

dichloride, it was possible to detect a single peak as 1 + Cl�

(m/z = 681.20). The ESI-MS scan of 1�CaCl2 in the positive

mode showed two peaks attributable to complex 1�CaCl2:
(1 + Ca2+)/2 (m/z = 343.10) and 1 + CaCl+ (m/z =

721.14). On the other hand, the ESI spectra of the lithium

chloride complex 1�LiCl showed only the protonated peak

1 + H+, but for this complex the MALDI-TOF spectrum

revealed 1 + Li+ (m/z = 653.31).

To obtain further insight into the complexation of the salts

by macrocycle 1, detailed NOESY experiments were carried

out.14 A stock solution of 1 in CDCl3 (ca. 2.5 mM) with 7% of

DMSO-d6
15 was used to record 2D-NOESY spectra in three

different NMR tubes: in the absence of salt, in the presence of

excess of powdered lithium chloride, and in the presence of

excess of powdered calcium dichloride.

Table 1 compiles the proton–proton distances as calculated

from the NOESY measurements. When the obtained distances

for the free macrocycle 1 are compared to those in the

complexes, significant differences are apparent. In pure macro-

cycle 1, the average proton–proton distances of Ha–NH and

Hb–NH were found to be quite similar. The NH proton is at

the same average distance from Ha and Hb, indicating that the

benzene ring is capable of rotating around the Ar–CO bond.

Thus in about half of the population, NH is close to Ha, and in

the other half, NH is close to Hb, resulting in almost identical

average distances of 2.6 Å (Hb–NH) and 2.7 Å (Ha–NH) in the

free macrocycle.

Fig. 2 Expanded sections of 1H-NMR spectra (500 MHz, 298 K,

CDCl3/DMSO-d6 95 : 5) of 1 in the presence of different salts. For

proton assignments see Fig. 1.

Table 1 Average proton–proton distances16 (Å) in macrocycle 1

based on NOESY experiments. For proton labels see Fig. 1

1 1�LiCl 1�CaCl2
Hb–NH 2.6 2.85 2.5
Ha–NH 2.7 4.5 4.1
NH–Hc 3.1 3.3 2.95
NH–Hd 3.5 3.85 3.4
Hb–Hc 4.3 4.8 4.3
Hb–Hd 4.0 5.0 4.7
Ha–Hc 4.1 4.6 4.1
Ha–Hd 3.9 — —
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The distances Ha–NH and Hb–NH respond differently to

the addition of salts, i.e. the binding of chloride anions by

hydrogen bonding, as they become different in both the 1�LiCl
and 1�CaCl2 complexes. The average proton–proton distance

between NH and Ha increased considerably, thus on average

Ha moved away from NH, while at the same time the apparent

NH–Hb distance is shortened. Both facts can be explained by the

binding of the NH protons to the chloride anions. In fact,

the complex must have been rigidified upon complexation and

the two protons (NH and Ha) are now further away from one

another, while at the same time Hb spends more time in close

proximity to the NH proton. It is interesting to note that also

the distances between Hb and Hd increase upon complexation

from 4 Å to 5 Å (1�LiCl) and 4.7 Å (1�CaCl2), respectively.
Finally, we carried out first orientational experiments to

quantify the formation of the supramolecular complexes of 1.

The salts are insoluble in the solvents used for the NMR

investigations, especially CaCl2.
17 But with a mixture of

anhydrous calcium perchlorate and tetrabutylammonium

chloride in CHCl3/DMSO (93 : 7), we were able to carry out

isothermal titration calorimetry (ITC) experiments with

receptor 1. The results must not be overinterpreted due to

the insolubility problems and also to the fact that the mixture

changes the ionic strength. Nevertheless, binding constants for

1 : 1 complexes in the range of 103 to 104 in CHCl3/DMSO

could be determined for CaCl2 (by use of a Ca(ClO4)2/nBu4NCl

mixture), and for LiCl (by use of a Li(ClO4)/nBu4NCl mixture)

and nBu4NCl.

In conclusion, a facile and accessible synthesis of macro-

cycle 1 has been described. The ability of 1 to complex LiCl

and CaCl2 was proven by means of 1H-NMR and mass

analyses. In solution, its conformational change in the

presence of guests was analyzed and described using NOESY

experiments. All these experiments concentrate on the fact that

the neutral macrocycle 1 complexes calcium dichloride in its

ion-triplet form. This ion-triplet receptor should be useful in

different applications such as selective extraction from solid

mixtures (industrial application), membrane transport (calcium

is an essential element for biological life, and chloride

concentration controls several processes in the cell), chemo-

sensing, homogeneous catalysis and phase transfer catalysis.

In our laboratory the screening of some of these applications is

work in progress.

Experimental

16,33-Dinitro-6,9,23,26-tetraoxa-3,12,20,29-tetraazatricyclo-

[29.3.1.114,18]hexatriaconta-1(35),14,(36),15,17,31,33-hexaen-

2,13,19,30-tetraone (1): a solution of 5-nitroisophthaloyl

dichloride (1.00 g, 4.03 mmol) in tetrahydrofuran (20 mL)

was added dropwise over 20 min to a stirred solution of

1,8-diamino-3,6-dioxaoctane (5.06 g, 5.00 mL, 34.1 mmol)

and triethylamine (2.50 mL, 1.83 g, 18.0 mmol) in tetra-

hydrofuran (20 mL). The solution was stirred for 24 h. The

solvent and excess of triethylamine was evaporated under

reduced pressure. The residue was dissolved in dichloro-

methane (30 mL) and washed with water (4 � 50 mL). The

combined extracts were dried with magnesium sulfate and

evaporated under reduced pressure to yield a yellow solid,

which was purified by column chromatography on silica using

dichloromethane/methanol/triethylamine (20 : 1 : 1, Rf = 0.47)

as eluent to give macrocycle 1 (110 mg, 8%) as a white solid.

dH (500 MHz; CDCl3/DMSO-d6 95 : 5 v/v; TMS): 3.59 (8H, m,

O–CH2–CH2–NH), 3.68 (8H, s, O–CH2–CH2–O), 3.71 (8H, t,

J = 5.2, O–CH2–CH2–NH), 8.39 (4H, t, J = 5.5, NH), 8.77

(2H, s, Ar), 8.84 (4H, d, J = 1.3, Ar); dC (125 MHz, CDCl3/

DMSO-d6 95 : 5 v/v, TMS): 39.54, 39.71, 39.88, 40.05, 40.21,

40.38, 40.55 (DMSO-d6 and CH2–NH), 69.21, 70.14

(CH2–O–CH2), 125.04 (Ar-C-4, Ar-C-6), 131.05 (Ar-C-2),

136.22 (Ar-C-1, Ar-C-3), 148.27 (Ar-C-5), 164.66 (CQO); IR

(ATR): ñmax/cm
�1 3275 (NH), 3091 (Aryl-H), 2866 (CH2),

1649 (CO), 1580, 1557 and 1528 (CQC), 1123 (C–O–C); m/z

(ESI): 669.2284 (M + Na+, C28H34N6O12Na+ requires

669.2127).
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