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Abstract: Six tetraaza[1.1.1.1]cyclophane derivatives bearing

peripheral amide groups were prepared according to two
distinct synthetic strategies that depend on the connection
pattern between the aryl units. NMR experiments combined

with the X-ray structures of two tetraamide derivatives 4 b
and 10 show that these cavitands adopt a 1,3-alternate con-

formation both in solution and in the solid state. Conse-
quently, the four amide groups of the aza[1.1.1.1]-m,m,m,m-

cyclophane isomer 10 can contribute to the same recogni-

tion process towards neutral water molecules or anion
guests. NMR experiments, mass spectrometry analyses and
single-crystal X-ray structures confirm the anion-binding abil-

ity of this receptor. Absorption spectrophotometric titrations
in nonpolar solvents provided evidence for the selectivity of

10 to chloride anions in the halide series, with a correspond-
ing association constant Ka reaching 2.5 Õ 106 m¢1.

Introduction

The calixarene skeleton is one of the most popular scaffolds
used in the design of simple to very sophisticated receptors in

supramolecular chemistry because of its tunable conformation
arising from the high flexibility of the macrocycle framework.[1]

Consequently, calixarenes can be found in various applied re-

search areas such as catalysis[2] or for the specific delivery of
drugs.[3] The large structural diversity of calixarene derivatives

rely on the numerous methods with which their skeleton can
be changed or functionalized. When aromatic units are used to
introduce functional groups such as in water-soluble p-sulfona-
tocalixarenes,[4] an important class of cavitands emerges

wherein non-carbon bridging atoms are incorporated into the
calixarene skeleton[5] providing additional opportunities to
tune the ring size, the conformation, and the binding proper-
ties of the corresponding macrocycle. Among the various
types of heterocalixarenes, thiacalixarenes[6] incorporating

sulfur-bridging atoms have been the most intensively studied
because their syntheses can be achieved by using simple and

versatile one-pot procedures. The special functionalities im-
parted by heteroatoms stimulated research progress in the

field of other heterocalixarenes such as oxacalixarenes[7] and
the emerging azacalixarenes, which have been investigated in
less detail so far.[8]

The introduction of nitrogen-bridging atoms has numerous
consequences and leads to a number of potential applications.

Several supramolecular assemblies of azacalixarenes were
shown to be built on interactions involving the bridging nitro-
gen atoms, such as hydrogen bonds[9] or Se···N noncovalent in-
teractions.[10] N-Alkylation is a powerful tool to build more so-

phisticated receptors,[11] and this approach can also be used to
induce an inherent chirality[12] or to improve the macrocycle
solubility.[13] Oxidation of azacalixarene derivatives can produce
stable radical cations, high-spin diradicals, or polycationic spe-
cies because the N-atom can act as a spin-bearing site and the

nitrogen lone pair of each bridging atom is effectively conju-
gated with one or multiple neighboring aryl units.[14] This con-

jugation is responsible for the exclusive 1,3-alternate confor-
mation adopted by tetraazacalix[4]arenes observed in all
single-crystal X-ray structures of such derivatives reported so

far.[8, 15] NMR studies and TD-DFT calculations have shown previ-
ously that this conformation can be frozen in solution when

bulky groups are borne by the nitrogen atoms[16] or when ap-
propriate substituents such as methoxy[17] or nitro groups[18]

are introduced on the aryl moieties of the tetraazacalix[4]arene

backbone.
Although different synthetic strategies are now available to

prepare azacalixarene derivatives, their binding properties
remain rather scarce[8] and primarily concern host–guest com-

plexes involving homoazacalixarenes[19] or cavitands incorpo-
rating heterocycles such as pyridines[20] or triazines[21] that con-
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tribute to the recognition process. As far as tetraazacalix[4]ar-
enes lacking heterocycles are concerned, only two examples of

supramolecular host–guest complexes have been described;
these examples show that the 1,3-alternate conformation was

suitable to bind alkali metal ions[17] or a dichloromethane mole-
cule.[22] One would expect that this distinctive conformation
can be used as a scaffold to preorganize multiple supramolec-
ular recognition moieties such as amide groups.

We disclose herein two distinct synthetic strategies to intro-

duce four amide groups on tetraaza[1.1.1.1]cyclophanes de-
pending on the connection pattern between aryl units. The

single-crystal X-ray structures of two derivatives show, as ex-
pected, that their 1,3-alternate conformations produce a close
spatial proximity between the appended amide groups, allow-
ing their involvement in a common recognition process. The

anion complexation properties of one selected derivative 10
were studied in detail both in solution and in the solid state
because it forms host–guest complexes that precipitate in
polar media (acetone, MeCN) that could be characterized by
several techniques including single-crystal X-ray diffraction. Ab-

sorption spectrophotometric titrations show that this anion re-
ceptor displays a selectivity toward chloride anions resulting

from the spatial arrangement of the four amide groups ap-

pended to the azacalix[4]arene scaffold. This contribution
brings a significant advance in the applications of azacalix[4]ar-

enes and shows that their 1,3-alternate conformation is a relia-
ble tool to elaborate well-tailored supramolecular receptors.

Results and Discussion

Synthesis and Characterization

In addition to the historical Buchwald–Hartwig aryl amination
reactions,[8] the formation of azacalix[4]arenes can be achieved
by using a catalyst-free approach based on successive nucleo-
philic aromatic substitutions (SNAr)[11, 13, 18, 21–24] between diami-

nobenzene derivatives as nucleophilic partners and electrophil-
ic activated dihalogeno aryl units such as the 1,5-difluoro-2,4-
dinitrobenzene (1) (Scheme 1). The use of this latter derivative
is particularly efficient and has been successfully applied in the
preparation of various oxa- and azacalix[4]arene deriva-
tives.[13, 18, 21, 22, 24] Two distinct synthetic strategies were used to
introduce amide groups on tetraazacalix[4]arenes depending

on the connection pattern between aryl units (Scheme 1). The

tetraaza[1.1.1.1]-o,m,o,m-cyclophanes 4 a and 4 b were pre-
pared in a two-step procedure starting from 1 and allowing

access to unsymmetrical macrocycles. The reaction between
1,2-diaminobenzenes 2 a or 2 b[25] and 1 (0.5 equiv) led to the

formation of the respective [2 + 1] products 3 a and 3 b in
good yields. Their 1H NMR spectra ([D6]DMSO) show a down-

field NH signal at d= 10.15 and 10.14 ppm for 3 a and 3 b, re-

spectively, in agreement with two NH···O2N hydrogen-bonding
interactions that restrict the rotation of these uncyclized pre-

cursors and induce their preorganization towards the subse-
quent macrocyclization.[13, 18, 24c–d] Compounds 3 a or 3 b were

then reacted with 2 b in MeCN heated to reflux to give tetraa-
za[1.1.1.1]-o,m,o,m-cyclophanes 4 a and 4 b, bearing two and

four peripheral amide groups, respectively. This stepwise pro-

cedure does not require chromatographic separations, whereas
the direct condensation of equimolar amounts of 1 and 2 b af-

Scheme 1. Syntheses of azacalix[4]arene derivatives 4 a–b and 7–10 bearing peripheral amide groups.
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forded a lower yield of 4 b together with uncyclized oligomers
that were difficult to remove. The 1H NMR spectra ([D6]DMSO)

of 4 a and 4 b reveal that these macrocycles adopt a 1,3-alter-
nate conformation in solution, in which the intraannular aro-

matic protons H-1 (Scheme 1) are located inside the anisotrop-
ic shielding cone of the adjacent aromatic rings. This assump-

tion is supported by the high-field chemical shifts at d= 5.05
and 5.23 ppm for H-1 protons of 4 a and 4 b, respectively. The

synthesis of compound 4 c, lacking amide groups, was ach-

ieved by followed a previously described and analogous strat-
egy starting from 1 and 2 a.[24d] Its unprecedented single-crystal
X-ray structure is given here (Figure 3) and compared with that
of 4 b.

The preparation of the symmetrical tetraamido-tetraa-
za[1.1.1.1]m,m,m,m-cyclophanes 7–10 relies on a different two-

step synthetic procedure that allows access to numerous deriv-

atives because the introduction of the amide groups is per-
formed after the macrocyclization (Scheme 1). The condensa-

tion of 1 on the 1,2,4,5-tetraaminobenzene (formed in situ by
deprotonation of its tetra-hydrochloric salt 5) gives, as previ-

ously described,[26] a high yield of tetraamino-azacalix[4]arene
6. The oxidation that usually affects electron-rich tetra-amino-

benzene units[27] is here avoided through their connections

with strong electron-withdrawing dinitro-aryl groups. The con-
densation between the tetraamino derivative 6 with 4 to 10

equivalents of acyl chlorides in MeCN heated to reflux afforded
tetraamido-tetraazacalix[4]arenes 7–10 with yields ranging

from 32 to 87 %. The 1,3-alternate conformation of 6, probed
by monitoring the 1H NMR singlet of its hydrogen atoms H-1 lo-

cated at d= 4.98 ppm in [D6]DMSO, induces a spatial proximity

between the four appended amine groups. Therefore, the
lowest synthetic yield for 10, bearing four bulky amide groups,

is probably due to this geometrical orientation and remains
low even when a higher excess of acyl chloride and/or

a longer reaction time is used. The 1H NMR spectra ([D6]DMSO)
of 7, 8, 9, and 10 support their 1,3-alternate conformations in
solution through the positions of their intraannular aromatic

H-1 singlet chemical shifts at d = 5.42, 4.40, 5.33, and
5.61 ppm, respectively (see the Supporting Information).

Host–Guest Species Generated from 10 and Anions

A preliminary investigation using UV/Vis absorption and NMR

spectroscopies revealed that all the cavitands 4 a, 4 b, and 7–

10 interact with anions in solution. Based on the largest varia-
tions of the UV/Vis absorptions and 1H NMR spectra, the stron-

gest interactions were observed with m,m,m,m-cyclophanes
derivatives 7–10. Derivative 10 was chosen as the subject of

a comprehensive and exhaustive study because it forms stable
host–guest complexes with anions that precipitate in polar

media (acetone, MeCN). Addition of tetra-n-butylammonium

halide or acetate salts to a solution of host 10 in acetone led
to the precipitation of the host–guest complex in a process

that was favored by increased temperature. This straightfor-
ward procedure was used to prepare host–guest complexes

11–17 with yields ranging from 46 to 75 % (Scheme 2). Inclu-
sion complexes 11–15 were prepared starting from the tetra-n-

butylammonium salts of fluoride, chloride, bromide, iodide,

and acetate, respectively. 1-Benzyl-4-dimethylaminopyridinium

bromide[28] and 4-dimethylaminopyridinium bromide[29] were
also used to evaluate the potential effect of the nature of the

cation in the solids 16 and 17 and compared with the solid 13
(Scheme 2). A first analysis of the selectivity of 10 in the halide

series was performed through the precipitation of the solid 18
prepared by heating to reflux a solution containing receptor

10 and equimolar amounts of F¢ , Cl¢ , Br¢ and I¢ . (Scheme 2).

Regardless of the nature of the anion, the formation of [1 +

1] host–guest complexes was confirmed by elemental analyses

of the solid 11–17 containing between 1 and 3 water mole-
cules (see the experimental section). This anion complexation

is also supported by the presence in the MS (ESI ; negative
mode) of peaks for 12, 13, and 14 corresponding to the ad-

ducts [10�Cl]¢ , [10�Br]¢ , and [10�I]¢ , respectively (Figure S1–

S5 in the Supporting Information). In each mass spectrum of
11–17, a peak corresponding to the deprotonated form of 10
[10¢H]¢ can be seen, suggesting that an acid–base reaction
occurs, in the gas phase, between the anion A¢ and the host

10 and forms the neutral acid molecule AH. No peaks corre-
sponding to the adducts [10�A]¢ were observed when the

more basic acetate and fluoride anion were complexed, where-

as the dianionic form of 10 [10¢2H]2¢ was detected. Among
the adducts [10�A]¢ (A¢= Cl¢ , Br¢ , I¢) that can be seen on

the mass spectrum of 18 (Figure S6), the highest intensity ob-
served for [10�Cl]¢ seemingly indicates a selectivity towards
the smaller and harder anions Cl¢ and F¢ in the halide series.

Further evidence was gained by analysis of the 1H NMR

spectra of dilute solutions of 11–15 and 18, which were re-
corded and compared with that of receptor 10 under identical
conditions (Figure 1). The anion complexation process induces

variation of the chemical shifts of the receptor signals in the
low-field region. The 1,3-alternate conformation of azacalix[4]-

arene 10 is retained and is only slightly affected by the nature
of the interacting anion, as confirmed by the chemical shift of

the intraannular proton H-1 decreasing from 5.61 ppm in 10 to
4.99 ppm in 12. As expected, the highest shift amplitude con-
cerns the interacting amide protons H-5 and the aromatic hy-

drogen atoms H-4 (Scheme 1) that are located close to the
complexation site (Scheme 1). Consequently, the remote hy-

drogen atoms H-2 and H-3 are barely sensitive to the host–
guest interaction. The shift amplitude increases with increasing

Scheme 2. Precipitation of the host–guest complexes 11–18.
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hardness of the anion when the bulky iodide is replaced by

bromide and chloride. This trend is not fully retained when
fluoride and acetate interact, and leads to the disappearance

of the signals corresponding to acidic protons borne by the ni-
trogen bridging groups (H-6). The close resemblance between

the spectra of 12 (Cl¢) and 18 is again evidence for the selec-
tivity of 10 towards chloride anions in the halide series
(Figure 1). The replacement of the ammonium counter-cation

of 13 by pyridinium ions in 16 and 17 has no effect on the
chemical shifts of [10�Br]¢ , showing that the cation is not di-

rectly involved in the complexation process (see the Support-
ing Information).

The host–guest complexes between 10 and anions A¢ are
only slightly soluble in polar media, therefore their association

constants were measured through absorption spectrophoto-
metric titrations in 1,2-dichloroethane as an apolar solvent
(Figure 2 and Figure S7–S11 in the Supporting Information).
The absorption spectrum of host 10 is characterized by an in-
tense absorption in the UV region (340 nm) together with

a shoulder lying at a lower energy (400 nm). Previous TD-DFT
calculations were performed on similar derivatives[18b] and

showed that these bands originate from p-p* transitions of the

electronically independent 1,5-diamino-2,4-dinitro-benzene
units, with those of the diamido-substituted benzene rings

being centered at much higher energies. Consequently, the
anion complexation process produces only small modifications

of the shape and intensity of the UV/Vis spectrum of the re-
ceptor. Indeed, when a solution of anions (F¢ , Cl¢ , Br¢ , I¢ ,

AcO¢ , or HSO4
¢) was added to a solution of 10, the intensity

of the main absorption decreases slightly and its shoulder is
slightly redshifted.

Nevertheless, the noticeable spectral amplitudes recorded
along these titrations reveal the presence of four isosbestic

points (Figure 2), which substantiates the speciation model
previously established by ESI-MS, 1H NMR and elementary anal-

yses and confirms the exclusive formation of [1 + 1] host–guest
complexes involving 10 and a single anion. These absorption
spectrophotometric data were statistically processed assuming

the equilibrium (1) for the six investigated anions by using
nonlinear least-squares techniques (see the experimental sec-

tion in the Supporting Information).

10þA¢ Ð ½10 � A¢¤ ka ð1Þ

The six corresponding formation constants, listed in Table 1,

evidence a marked capacity of host 10 towards the recognition
of anions together with a substantial size discrimination ca-

pacity. The highest association constant values were calculated
to be close to 106 m¢1, which were determined for the hardest

Figure 2. a) Spectrophotometric titration of 10 ([10] = 1.098 Õ 10¢4 m) with 0–
2.5 equivalents of [(nBu4)N]Cl in 1,2-dichloroethane. b) Electronic spectra of
10 and of the host–guest complex 10�Cl¢ . c) Distribution diagram between
10 and 10�Cl¢ during the spectrophotometric titration.

Figure 1. Partial 1H NMR spectra of dilute solutions of 10–15 and 18 (in
[D6]acetone). The numbering scheme is detailed in Scheme 1.
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anions F¢ , AcO¢ , and Cl¢ , whereas those measured for bulkier

anions such as Br¢ or I¢ were more than two orders of magni-
tude lower. Anion HSO4

¢ was chosen in this approach, as

a guest that was able to interact concomitantly with the four
pendant amide groups of the receptor but its corresponding

host–guest formation constant was only superior to that mea-

sured for iodide. As suspected before, an improved induced-fit
between the receptor cavity and the chloride ion is clearly

seen. The corresponding formation constant is more than two
times higher than that of fluoride and more than twenty times

higher than the association constant measured for bromide.
This unexpected selectivity probably originates from the spatial

arrangement of the four interacting amide groups produced

by the 1,3-alternate conformation of the azacalixarene receptor
(see below).

The influence of the water on the binding process of Cl¢

and Br¢ was further evaluated through absorption spectropho-

tometric titrations conducted in C2H5Cl2/H2O (99.9:0.1 v/v) (Fig-
ure S12 and S13 in the Supporting Information). No significant

effect of the water content was observed, as shown by the

very close binding constants that were measured under these
experimental conditions [log Ka 10�Br¢= 5.2(4) in the presence

of water versus log Ka 10�Br¢= 5.1(2) in the absence of water ;
log Ka 10�Cl¢= 6.3(2) in the presence of water versus log Ka

10�Cl¢= 6.4(4) in the absence of water] .

Single-Crystal X-ray Structures of Cavitands 4b, 4c, and 10,
and of the Host–Guest Complexes 11, 13, and 15

Diffracting single crystals of 4 b, 4 c, 10, 11, 13, and 15 were
grown and were suitable for X-ray diffraction study (Figures 3,
4, 5, and 6, and Figures S14–S17 in the Supporting Informa-
tion). Details of the experimental structure determinations are
given in the Supporting Information with the corresponding

structural data (Table S1 and S2). Two structurally similar but
interacting molecules of 15 are found in the corresponding
asymmetric unit, whereas those of 4 b, 4 c, 10 (10 a and 10 b)
and 13 consist of a single host or host–guest molecule. The
structure of receptor 10 is described based on analysis of two
different single crystals grown under different experimental

conditions and named 10 a and 10 b.
The seven different crystal structures share a common fea-

ture: the 1,3-alternate conformation of the tetraaza[1,1,1,1]cy-
clophane backbone. This unique and stabilized conformation
probably originates from the combination of two distinct fea-
tures of the 1,5-diamino-2,4-dinitro-benzene units that are
found in each compound. The first feature is the sp2 hybrida-

tion adopted by all the nitrogen bridging atoms that are con-
jugated with their adjacent dinitrobenzene rings. This conjuga-
tion is corroborated by the N¢C average bond length (1.36 æ)
between the bridging nitrogen atoms and the electron-with-

drawing dinitrobenzene ring, which is significantly shorter than
the bond length to the other aromatic unit (1.43 æ). Each nitro

group is essentially planar with its attached aromatic ring, as il-
lustrated by the deviation of the nitro oxygen atoms from the

benzene ring, which ranges from 0.01 to 0.43 æ and averages
0.12 æ in the seven X-ray structures. This orientation allows the
formation of intramolecular hydrogen bonds between one

oxygen atom of the nitro group and the acidic hydrogen atom
borne by the bridging nitrogen located at the ortho-position

(Figure 3) with bond lengths ranging from 2.01 to 2.06 æ and

averaging 2.04 æ. These strong intramolecular hydrogen bonds

increase the macrocycle inversion barrier and thus stabilizes
the 1,3-alternate conformation. By using the classification of

Tsue et al. ,[8a] the conformation retained in all structures follows
the clip-like type and defines two cavities between aryl

groups, the sizes and shapes of which will be described herein
by using the four structural parameters d1, q1, d2 and q2,

(Figure 3) listed in Table S3 in the Supporting Information,

where d1 is the distance between the centroids of the two iso-
lated and almost parallel benzene rings defining the angle q1,

and d2 describes the corresponding distance between the two
conjugated dinitro-benzene groups forming the angle q2.

The connection of the two dinitro-benzene rings by ortho-
phenylenediamine moieties in 4 c induces a short distance d1

of 4.80 æ between the two simple benzene rings that are
almost parallel (q1 = 48). This close arrangement (d1 = 4.62 æ
and q1 = 58) is retained when four bulky amide groups are in-

troduced in 4 b (Figure 4). In this compound, the two adjacent
amide groups of a single aryl unit form a strong C=O···H¢N in-

termolecular hydrogen bond with a O···H length of approxi-
mately 2.00 æ (Figure 4 c). This interaction is reinforced by

a concomitant weak C=O···H¢C hydrogen bond (Figure 4 c).

Therefore, only two amides NH are likely to interact with
a guest in the structure of 4 b. The participation of the four

amide groups in a single recognition process will be facilitated
if such intermolecular interactions are not enabled by a higher

distance between the two amides groups borne by an identi-
cal aryl unit, as in the structure of its isomeric receptor 10.

Table 1. Formation constants of 10�A¢ at 298 K in 1,2-dichloroethane.

A¢ F¢ Cl¢ Br¢ I¢ AcO¢ HSO4
¢

log Ka 6.0(4) 6.4(4) 5.1(2) 3.6(2) 5.7(2) 4.0(1)
Ka

X¢/Ka
I¢ 251 631 32 1 126 2.5

Size (pm)[a] 133 181 196 220 – –

[a] According to Ref. [30] .

Figure 3. Two views of the single-crystal X-ray structure of 4 c showing the
structural parameters d1, d2, q1, and q2 (aromatic hydrogen atoms and sol-
vent molecules are omitted for clarity). The dashed lines show the intramo-
lecular NO2···HN hydrogen bonds.
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The modification of the substitution pattern in 10 produces

a higher distance d2 of 7.33 æ between the two dinitro-ben-
zene rings. Actually, the two different structures of 10 (10 a
and 10 b) show that this receptor already forms host–guest

complexes with two water molecules irrespective of the experi-
mental conditions used to obtain diffracting single-crystals

(Figure 5 and S14). This affinity towards water molecules is due

to the formation of a well-define hydrogen-bond network be-

tween the four amide groups of receptor 10 and the two

hosted molecules. Given that these networks are similar in 10 a
and 10 b, only the structure of 10 a will be detailed below.

The four amide groups of receptor 10 are involved in the
host–guest process through their participation in strong hydro-

gen bonds involving either their carbonyl CO functions or their
N-H groups interacting, respectively, with the water hydrogen

or oxygen atoms (Figure 5 c). Each water molecule forms a C=

O···H-O-H hydrogen bond with one aryl unit concomitantly to

a N-H···OH2 hydrogen bond with the opposite and almost par-
allel aryl unit. This supramolecular network is completed by

a fifth hydrogen bond between the two guest water mole-
cules. The two remaining carbonyl groups form two intramo-

lecular hydrogen bonds with the N-H bridging groups whereas
the two remaining N-H amide groups interact with external

acetone solvent molecules. Although the connecting dinitro-

aryl fragments are identical in 4 b and 10, the complexation of
two water molecules induces a higher distance between the

two tetraamido units d1 that increases from 4.80 æ in 4 b to
5.05 æ in 10 a.

Surprisingly, this distance becomes shorter (d1 = 4.63 æ or
4.70 æ) when the acetate ion is complexed and replaces one of

the two guest water molecules in the X-ray structure of 15.

The corresponding asymmetric unit contains two slightly dif-
ferent host–guest complexes, 15 a and 15 b, that interact with

each other through weak intermolecular interactions but form
almost identical hydrogen-bond networks with their guests

(Figure 6 and S15). The introduction of a charged anionic

guest induces a new orientation of the four amide groups that
interact with the two guests only through hydrogen bonds in-
volving their N-H amide groups. This reorientation is accompa-
nied by four stabilizing hydrogen bonds formed by the four

carbonyl groups and the four NH bridging groups with
NH···OC bond length values close to 2.60 æ. In the cavity, the
four strong intermolecular N¢H···O hydrogen bonds are com-
pleted in the structure of 15 by a fifth hydrogen bond taking
place between the two guests (Figure 6).

The structures of 11 and 13 suffer from partial disorder (Fig-
ure S16 and S17). For example, the guest fluoride ion of 11

Figure 4. a) and b) Two views of the single-crystal X-ray structure of 4 b (hy-
drogen atoms and solvent molecules are omitted for clarity). c) Partial view
showing intramolecular hydrogen bonds involving the amide groups.

Figure 5. a) and b) Two views of the first single-crystal X-ray structure of 10
(10 a) (hydrogen atoms and external solvent molecules are omitted for clari-
ty). The guest water molecules are shown by space-filling model. c) Partial
view showing the hydrogen-bond network involving the amide groups and
the water guest molecules.

Figure 6. a) and b) Two views of the first host–guest complex contained in
the asymmetric unit of the single-crystal X-ray structure of 15 (15 a) (the am-
monium cation, the hydrogen atoms and the external solvent molecules are
omitted for clarity). The guest acetate ion and water molecule are shown by
space-filling model. c) Partial view showing the hydrogen-bond network in-
volving the amide groups and the guest anion and water molecule.
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was shown to occupy four different fitted positions in the
cavity, whereas the bromide ion in 13 occupies alternatively

one of the two possible positions between opposite N-H
amide groups (Figure S16 and S17). Nevertheless, we are confi-

dent that the corresponding structural qualities are high
enough to ensure that the corresponding host–guest process-

es use a similar complexation mode based on hydrogen-bond
networks involving the four N-H amide groups and two guests

that are the anion and a water molecule. It has to be noted

that the replacement of the acetate anion by a bromide or
a fluoride ion has no effect on the interplanar distances d1 and
d2, which are roughly the same in the structures of 11, 13, and
15 (Table S3 in the Supporting Information). If the higher affini-

ty of receptor 10 for the hardest anions is the result of the for-
mation of more stable intermolecular hydrogen-bonds, its se-

lectivity towards chloride probably originates from a perfect

size match between the guests and the arrangement of the
four amide groups at the edges of the cavity of the azacalixar-

ene scaffold.

Conclusion

The 1,3-alternate conformation of calix[4]arenes has been con-

sidered as the “smart” and valuable one because it has been
used as the basis for numerous cryptands with practical appli-

cations.[31] In the calix[4]arene family, two strategies are usually
used to stabilize this particular conformation. The first ap-

proach relies on the introduction of bulky substituents, where-
as the second approach requires the fabrication of “straps”

upon one or two of the resulting cavities. We describe herein

that such structural modifications are not required to produce,
in solution, the inflexible 1,3-alternate conformation of up to

six different tetraaza[1,1,1,1]cyclophanes. For example, heating
DMSO solutions of either 4 b or 10 up to 410 K did not pro-

duce any changes of their respective 1H NMR spectra. More-
over, it has been shown that if the four amide groups of 10
are replaced by isopropyl substituents, the corresponding in-

version barrier reaches a value higher than 85 kJ mol¢1.[18a]

Consequently, the stable and “smart” 1,3-alternate conforma-

tion can be used as a scaffold to organize multiple supra-
molecular recognition sites. The present contribution illustrates

such applications through the incorporation in the tailored re-
ceptor 10 of four peripheral amide groups that participate in

a single and identical host–guest process towards anions or
water molecules. This receptor proved to be particularly effi-
cient in the binding of micromolar to submicromolar amounts
of hard anions such as fluorides or acetates, and showed an
unexpected selectivity for chloride anions. This supramolecular

recognition is due to the appearance of a well-defined network
of intermolecular hydrogen bonds that likely reaches an opti-

mum arrangement when a chloride is incorporated in the mac-
rocyclic cavity. The interaction of tetraamide receptors 7–10
with other guests is under investigation, as is the introduction

and application of other supramolecular recognition groups on
the azacalixarene scaffold.

Experimental Section

General remarks

All reagents were used as received. Absorption spectrophotometric
titrations analyses were carried out using spectroscopic grade 1,2-
dichloroethane (Merck, 99.8 % or Carlo Erba, 99.8 % for spectrosco-
py). The n-tetrabutylammonium salts (nBu4NI. 98 %, Alfa Aesar;
(nBu4N)CH3CO2, 98 %, Alfa Aesar; nBu4NF, 98 %, Alfa Aesar; nBu4NBr,
99 + %, Acros Organics; nBu4NCl, 98 %, Acros Organics;
(nBu4N)HSO4, 99 %, Acros Organics) were purchased from commer-
cial sources and used without further purification. All solutions
were protected from daylight to avoid any photochemical degra-
dation. Flash column chromatography was performed on silica gel
60 (230–400 mesh).

1H NMR spectra were recorded with a Bruker Avance 400 Ultra-
shield or a JEOL ECS400 NMR spectrometer. Chemical shifts are
given in ppm relative to residual peaks of [D6]acetone (d=
2.05 ppm) or [D6]DMSO (d= 2.50 ppm). UV/Vis absorption spectra
were measured with a Shimadzu UV-2401 (PC) instrument or with
a Varian Cary 5000. HRMS (ESI) and MS (ESI) analyses were per-
formed with a QStar Elite (Applied Biosystems SCIEX) spectrometer
or a SYNAPT G2 HDMS (Waters) spectrometer. These two instru-
ments were equipped with an electrospray ionization source.

All stock solutions used for spectrophotometric titrations were pre-
pared by weighing appropriate amounts of the solid samples
using a Mettler Toledo XA105 Dual Range (0.01/0.1 mg - 41/120 g)
and complete dissolution in 1,2-dichloroethane was achieved by
using an ultrasonic bath. The concentrations of the stock solutions
of 10 (ca. 2.20 Õ 10¢4 m) and the n-tetrabutylammonium salts (ca.
1.31–1.67 Õ 10¢3 m) were calculated by quantitative dissolution of
solid samples in 1,2-dichloroethane. The absorption spectrophoto-
metric titrations of the tetraazacalix[1,1,1,1]arene 10 (2.20 Õ 10¢4 m)
with the n-tetrabutylammonium salts were carried out in a Hellma
quartz optical cell (2 mm). The stock solutions of the ammonium
salts were further diluted between 5 to 10 times and microvolumes
of the diluted solutions of nBu4NX (X = Br¢ , I¢ , F¢ , Cl¢ , HSO4

¢ , and
CH3CO2

¢) were added to 500 mL of the receptor with microliter
Hamilton syringes (#701 and #750). Care was taken to ensure that
complete equilibration was attained. The corresponding absorption
UV/Vis spectra were recorded from 220 to 600 nm with an Agilent
Cary 5000 spectrophotometer maintained at 25.0(2) 8C by the flow
of a Cary Varian Dual Cell Peltier accessory. The spectrophotometric
data were processed with the Specfit program, which adjusts the
stability constants and the corresponding extinction coefficients of
the species formed at equilibrium. Specfit[32–34] uses factor analysis
to reduce the absorbance matrix and to extract the eigenvalues
prior to the multiwavelength fit of the reduced data set according
to the Marquardt algorithm.[35, 36] Distribution curves of the various
species were calculated by using the Hyss program.[37]

The intensity data of the X-ray-quality crystals of 10 b, 4 b, and 4 c
were collected with a Bruker-Nonius KappaCCD diffractometer
using Mo Ka radiation (l= 0.71073 æ). For these compounds, data
collection was performed with COLLECT,[38] cell refinement and
data reduction with DENZO/SCALEPACK.[39] The intensity data for
compounds 11, 15, 13, and 10 a were collected with a Rigaku
Oxford Diffraction SuperNova diffractometer using Cu Ka radiation
(l= 1.54184 æ). For these compounds, data collection, cell refine-
ment and data reduction were performed with CrysAlisPro (Rigaku
Oxford Diffraction). The structures were solved with SIR92,[40] or
SHELXS[41] and SHELXL[41] was used for full matrix least squares re-
finement was used for full matrix least squares refinement. The hy-
drogen atoms were found experimentally for 11 (except for the
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water molecules), for the amines of 13, for 10 a (except for the
methyl groups), and for the water molecules of 10 b ; the remain-
ing H-atoms were introduced at geometrical positions. All hydro-
gen Uiso parameters were fixed to 1.2 Ueq(parent atom) for the ar-
omatics or amines and to 1.5 Ueq(parent atom) for the remaining
hydrogen atoms. CCDC 1430290 (15), 1430291 (13), 1430292 (10 a),
1430294 (11), 1430295 (4 c), 1430296 (10 b), and 1430297 (4 b), con-
tain the supplementary crystallographic data for this paper. These
data are provided free of charge by The Cambridge Crystallograph-
ic Data Centre.

Organic synthesis

1-Benzyl-4-dimethylaminopyridinium bromide,[28] 4-dimethylamino-
pyridinium bromide,[29] 4,5-diamino-1,2-bis(2,2-dimethylpropionami-
do)benzene (2 b),[25] 4,6,17,19-tetranitro-2,8,15,21-tetraazacalix[4]ar-
ene (4 c),[24d] and 4,6,16,18-tetranitro-10,12,22,24-tetraamino-
2,8,14,20-tetraazacalix[4]arene (6)[26] were prepared and purified ac-
cording to reported procedures.

N1,N2-Bis(5-fluoro-2,4-dinitrophenyl)benzene-1,2-diamine (3 a): A
solution of 1,5-difluoro-2,4-dinitrobenzene 1 (2.52 g, 12.35 mmol,
2 equiv) in THF (50 mL) was cooled with an ice-water bath before
a solution of benzene-1,2-diamine 2 a (666 mg, 6.16 mmol, 1 equiv)
and N-ethyldiisopropylamine (2.6 mL, 14.9 mmol, 2.4 equiv) in THF
(50 mL) was added dropwise. The mixture was stirred for 3 h at
0 8C and then for 48 h at RT. Completion of the reaction was deter-
mined by TLC analysis on silica (EtOAc/cyclohexane, 50:50). The
solvent was removed under vacuum before acetone (100 mL) was
added. The resulting suspension was heated to reflux for 5 min
and the solvent was removed under vacuum. The resulting solid
was washed with EtOH (3 Õ 25 mL) and dried under vacuum to
give 3 a (2.66 g, 5.58 mmol, 91 %). M.p. 232–234 8C; 1H NMR
(250 MHz, [D6]DMSO, 25 8C): d= 10.15 (br s, 2 H; NH), 8.82 (d,
4J(H,F) = 8.0 Hz, 2 H; Ar-H), 7.62–7.54 (m, 4 H; Ar-H), 6.98 ppm (d,
3J(H,F) = 14.0 Hz, 2 H; Ar-H); 13C NMR (62 MHz, [D6]DMSO, 25 8C):
d= 158.5 (d, 1J(C,F) = 263.3 Hz), 147.6 (d, 2J(C,F) = 13.3 Hz), 134.0,
129.0, 128.5, 128.1 (d, 4J(C,F) = 0.9 Hz), 126.8, 126.2 (d, 2J(C,F) =
10.0 Hz), 104.2 ppm (d, 2J(C,F) = 26.9 Hz); C18H14F2N7O8 (476.30):
calcd C 45.39, H 2.12, N 17.64; found C 45.92, H 2.21, N 17.13; MS
(ESI): m/z calcd for C18H14F2N7O8

+ : 494.1 [M++NH4]+ ; found: 494.0.

N1,N2-Bis(5-fluoro-2,4-dinitrophenyl)-4,5-bis(2,2-dimethylpropio-
namido)-benzene-1,2-diamine (3 b): A solution of 2 b (154.3 mg,
0.503 mmol, 1 equiv) and N-ethyldiisopropylamine (0.2 mL,
1.1 mmol, 2.2 equiv) in THF (6 mL) was added dropwise to a solu-
tion of 1 (225 mg, 1.1 mmol, 2.2 equiv) in THF (6 mL) at 0 8C. The
mixture was stirred for 3 h at 0 8C and at RT for 66 h. Completion
of the reaction was determined by TLC analysis (silica; EtOAc/cyclo-
hexane, 50:50). The solvent was then removed under vacuum. The
crude product was dissolved in a minimum amount of absolute
EtOH. The solvent was then concentrated to 5 % of its original
volume before water (20 mL) was added. The resulting suspended
solid was filtered, washed successively with hot water (10 mL),
EtOH (10 mL), and Et2O (5 mL) then dried under vacuum to give
pure 3 b (243 mg, 0.360 mmol, 72 %). M.p. 256–258 8C; 1H NMR
(250 MHz, [D6]DMSO, 25 8C): d= 10.14 (br s, 2 H; NH), 9.07 (br s, 2 H;
NH), 8.96 (d, 3J(H,F) = 8.0 Hz, 2 H; Ar-H), 7.88 (s, 2 H; Ar-H), 7.21 (d,
3J(H,F) = 13.8 Hz, 2 H; Ar-H), 1.33 ppm (s, 18 H; C(CH3)3) ; 13C NMR
(62 MHz, [D6]DMSO, 25 8C): d= 177.0, 158.5 (d, 1J(C,F) = 263.2 Hz),
147.8 (d, 2J(C,F) = 13.5 Hz), 131.0, 130.6, 128.1, 126.8, 126.2 (d,
2J(C,F) = 9.9 Hz), 124.7, 104.3 (d, 2J(C,F) = 26.7 Hz), 38.9, 27.1 ppm;
C28H28F2N8O10 (674.57): calcd C 49.85, H 4.18, N 16.61; found: C
49.47, H 4.29, N 16.43; MS (ESI): m/z calcd for C28H29F2N8O10

+ : 675.2
[M++H]+ ; found: 675.1.

4,6,17,19-Tetranitro-11,12-bis(2,2-dimethylpropionamido)-
2,8,15,21-tetraazacalix[4]arene (4 a): A solution of 3 a (1.06 g,
2.26 mmol, 1.05 equiv) and 2 b (650 mg, 2.12 mmol, 1 equiv) in ace-
tonitrile (30 mL) was stirred before N-ethyldiisopropylamine
(1.2 mL, 6.93 mmol, 3.3 equiv) was added dropwise. The mixture
was heated to reflux for 22 h, then stirred at 0 8C for 1 h. The re-
sulting precipitated solid was filtered, washed successively with
acetonitrile (40 mL), hot water (40 mL), and Et2O (20 mL), and then
dried under vacuum to give pure 4 a (840 mg, 1.13 mmol, 54 %).
M.p.>300 8C; 1H NMR (250 MHz, [D6]DMSO, 25 8C): d= 9.26 (br s,
2 H; NH), 9.19 (br s, 2 H; NH), 9.15 (br s, 2 H; NH), 8.76 (s, 2 H; Ar-H),
7.39 (s, 2 H; Ar-H), 7.33–7.22 (m, 4 H; Ar-H), 5.05 (s, 2 H; Ar-H),
1.27 ppm (s, 18 H; C(CH3)3) ; 13C NMR (62 MHz, [D6]DMSO, 25 8C): d=
176.7, 147.3, 147.2, 136.1, 132.5, 131.1, 130.9, 129.0, 127.4, 126.7,
124.1, 124.1, 98.8, 39.0, 27.1 ppm; C34H34N10O10 (742.69): calcd C
54.98, H 4.61, N 18.86; found: C 54.91, H 4.62, N 18.64; MS (ESI):
m/z calcd for C34H38N11O10

+ : 760.2 [M++NH4]+ ; found: 760.3.

4,6,17,19-Tetranitro-11,12,24,25-tetra(2,2-dimethylpropionami-
do)-2,8,15,21-tetraazacalix[4]arene (4 b): A solution of 3 b
(151 mg, 0.224 mmol, 1 equiv) and 2 b (71 mg, 0.232 mmol,
1.04 equiv) was dissolved in acetonitrile (4 mL) was stirred before
N-ethyldiisopropylamine (0.1 mL, 0.578 mmol, 2.6 equiv) was added
dropwise. The mixture was heated to reflux for 46 h and then
cooled to RT. The solvent was removed under vacuum. The result-
ing solid was washed with EtOH (2 Õ 30 mL) and dried under
vacuum to give pure 4 b (71 mg, 0.075 mmol, 34 %). M.p.>300 8C;
1H NMR (250 MHz, [D6]DMSO, 25 8C): d= 9.21 (br s, 4 H; NH), 8.91
(br s, 4 H; NH), 8.78 (s, 2 H; Ar-H), 7.44 (s, 4 H; Ar-H), 5.23 (s, 2 H; Ar-
H), 1.23 ppm (s, 36 H; C(CH3)3) ; C44H52N12O12 (940.96): calcd C 56.16,
H 5.57, N 17.86; found: C 55.92, H 5.61, N 17.56; MS (ESI): m/z
calcd for C44H56N13O12

+ : 958.4 [M++NH4]+ ; found: 958.4.

4,6,16,18-Tetranitro-10,12,22,24-tetra(propionamido)-2,8,14,20-
tetraazacalix[4]arene (7): A solution of azacalixarene 6 (100 mg,
0.16 mmol, 1 equiv) and propionyl chloride (0.12 mL, 1.3 mmol,
8 equiv) in acetonitrile (200 mL) was stirred under argon for 1 h at
RT before N-ethyldiisopropylamine (0.23 mL, 1.3 mmol, 8 equiv)
was added dropwise. The mixture was heated to reflux overnight.
The reaction was monitored by TLC (cyclohexane/EtOAc, 2:3; Rf =
0.2). The solvent was evaporated to dryness and the residue was
triturated in water and filtered. A recrystallization from CHCl3 af-
forded pure 7 (94 mg, 0.11 mmol, 87 %) as a yellow solid. M.p. 225–
228 8C; 1H NMR (400 MHz, [D6]DMSO, 25 8C): d= 9.50 (br s, 4 H; Ar-
NH-Ar), 9.32 (br s, 4 H; NH-CO), 9.02 (s, 2 H; Ar-H), 8.04 (s, 2 H; Ar-H)
7.24 (s, 2 H; Ar-H), 5.42 (s, 2 H; Ar-H), 2.22 (q, 3J(H,H) = 7.4 Hz, 8 H;
CH2CH3), 0.95 ppm (t, 3J(H,H) = 7.4 Hz, 12 H; CH2CH3) ; 13C NMR
(100 MHz, [D6]DMSO, 25 8C): d= 172.61, 147.32, 133.97, 127.92,
127.56, 126.97, 124.78, 119.56, 94.77, 28.68, 9.36 ppm; HRMS (ESI):
m/z calcd for C36H40N13O12

+ : 846.2914 [M++NH4]+ and
C36H36N12NaO12

+ : 851.2468 [M++Na]+ ; found: 846.2910 and
851.2465.

4,6,16,18-Tetranitro-10,12,22,24-tetra(butylamido)-2,8,14,20-tet-
raazacalix[4]arene (8): A solution of azacalixarene 6 (150 mg,
0.25 mmol, 1 equiv) and butyryl chloride (0.10 mL, 1.0 mmol,
4 equiv) in acetonitrile (50 mL) was stirred under argon for 1 h at
RT before N-ethyldiisopropylamine (0.17 mL, 1.0 mmol, 4 equiv)
was added dropwise. The mixture was heated to reflux overnight.
The solvent was evaporated to dryness and the residue was dis-
solved in CH2Cl2. The organic phase was washed with water, dried
over MgSO4, filtered and evaporated under vacuum. Chromatogra-
phy on silica gel (MeOH/CH2Cl2, 1:9; Rf = 0.34) followed by a crystal-
lization from a mixture of CH2Cl2 and n-hexane afforded pure 8
(120 mg, 0.13 mmol, 55 %) as a yellow solid. M.p.>300 8C; 1H NMR
(400 MHz, [D6]DMSO, 25 8C): d= 9.58 (br s, 4 H; Ar-NH-Ar), 9.34 (br s,
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4 H; NH-CO), 9.01 (s, 2 H; Ar-H), 7.99 (s, 2 H; Ar-H) 7.24 (s, 2 H; Ar-H),
5.40 (s, 2 H; Ar-H), 2.24 (t, 3J(H,H) = 6.5 Hz, 8 H; COCH2), 1.52 (m, 8 H;
CH2CH3), 0.88 ppm (t, 3J(H,H) = 7.3 Hz, 12 H; CH3) ; HRMS (ESI): m/z
calcd for C40H48N13O12

+ : 902.3540 [M++NH4]+ ; found: 902.3539.

4,6,16,18-Tetranitro-10,12,22,24-tetra(pentylamido)-2,8,14,20-
tetraazacalix[4]arene (9): A solution of azacalixarene 6 (100 mg,
16 mmol) and valeroyl chloride (79 mL, 0.66 mmol, 4 equiv) in aceto-
nitrile (150 mL) was stirred under argon for 1 h at RT before N-eth-
yldiisopropylamine (0.11 mL, 0.66 mmol, 4 equiv) was added drop-
wise. The mixture was heated to reflux overnight. The solvent was
evaporated to dryness and the residue was dissolved in CH2Cl2.
The organic phase was washed with water, dried over MgSO4, fil-
tered, and evaporated under vacuum. Chromatography on silica
gel (MeOH/CH2Cl2, 1:9; Rf = 0.47) followed by crystallization from
a mixture of CH2Cl2 and n-hexane afforded pure 9 (112 mg, 12
mmol, 72 %) as a yellow solid. M.p.>300 8C; 1H NMR (400 MHz,
[D6]DMSO, 25 8C): d= 9.56 (br s, 4 H; Ar-NH-Ar), 9.31 (br s, 4 H; NH-
CO), 9.01 (s, 2 H; Ar-H), 7.92 (s, 2 H; Ar-H) 7.22 (s, 2 H; Ar-H), 5.33 (s,
2 H; Ar-H), 2.24 (t, 3J(H,H) = 7.1 Hz, 8 H; COCH2), 1.43 (m, 8 H;
COCH2CH2), 1.92 (m, 8 H; CH2CH3), 0.80 ppm (t, 3J(H,H) = 7.3 Hz,
12 H; CH3) ; HRMS (ESI): m/z calcd for C44H56N13O12

+ : 958.4166
[M++NH4]+ ; found: 958.4167.

4,6,16,18-Tetranitro-10,12,22,24-tetra(2,2-dimethylpropionami-
do)-2,8,14,20-tetraazacalix[4]arene (10): A solution of azacalixar-
ene 6 (190 mg, 0.31 mmol) and trimethylacetyl chloride (0.38 mL,
3.1 mmol, 10 equiv) in acetonitrile (200 mL) was stirred under nitro-
gen for 1 h at RT before N-ethyldiisopropylamine (0.55 mL,
3.1 mmol, 10 equiv) was added dropwise. The mixture was heated
to reflux overnight. The reaction was monitored by TLC (cyclohex-
ane/EtOAc, 2:3; Rf = 0.35). The solvent was evaporated to dryness
and the residue was dissolved in CH2Cl2. The organic phase was
washed with water, dried over MgSO4, filtered and evaporated
under vacuum. The crude residue was purified by chromatography
on silica gel (cyclohexane/ethyl acetate, 2:3) to give 10 (94 mg,
0.10 mmol, 32 %) as a yellow solid. M.p.>260 8C; 1H NMR
(250 MHz, [D6]DMSO, 25 8C): d= 9.30 (br s, 4 H; Ar-NH-Ar), 9.00 (br s,
6 H; Ar-H, NH-CO), 7.57 (s, 2 H; Ar-H), 7.41 (s, 2 H; Ar-H), 5.61 (s, 2 H;
Ar-H), 1.09 ppm (s, 36 H; C(CH3)3) ; 1H NMR (250 MHz, [D6]acetone,
25 8C): d= 9.34 (br s, 4 H; Ar-NH-Ar), 9.13 (s, 2 H; Ar-H), 8.47 (br s,
4 H; NHCO), 7.98 (s, 2 H; Ar-H), 7.35 (s, 2 H; Ar-H), 5.61 (s, 2 H; Ar-H),
1.18 ppm (s, 36 H; C(CH3)3) ; C44H52N12O12·2H2O (976.99): calcd C
54.09, H 5.78, N 17.2; found C 54.35, H 5.31, N 17.10; HRMS (ESI):
m/z calcd for C44H56N13O12

+ : 958.4166 [M++NH4]+ ; found: 958.4166.

Host–guest complex 11: A solution of tetraamido-tetraazacalixar-
ene 10 (10 mg, 10 mmol) and tetra-n-butylammonium fluoride
(2.7 mg, 10 mmol, 1 equiv) in acetone (1.5 mL) was heated to reflux
for 24 h. The resulting precipitate was filtered, washed with ace-
tone and dried under vacuum to give the host–guest complex 11
(7.4 mg, 6.1 mmol, 60 %). M.p. (dec.)>100 8C; 1H NMR (250 MHz,
[D6]acetone, 25 8C): d= 9.02 (s, 2 H; Ar-H), 7.74 (s, 2 H; Ar-H), 7.14 (s,
2 H; Ar-H), 5.36 (s, 2 H; Ar-H), 3.44 (t, 3J(H,H) = 8.6 Hz, 8 H; NCH2),
1.86 (m, 8 H; NCH2CH2), 1.45 (m, 8 H; CH2CH3), 1.15 (s, 36 H;
COC(CH3)3), 0.98 ppm (t, 3J(H,H) = 7.3 Hz, 12 H; CH3) ;
C60H88FN13O12·3H2O (1256.47): calcd C 57.35, H 7.54, N 14.49; found
C 57.39, H 7.05, N 14,31; MS (ESI): m/z calcd for C44H50N12O12

2¢ :
469.2 [M¢2H]2¢ and for C44H51N12O12

¢ : 939.5 [M¢H]¢ ; found: 469.3
and 939.4.

Host-guest complex 12 : A solution of tetraamido-tetraazacalixar-
ene 10 (18 mg, 19 mmol) and tetra-n-butylammonium chloride
(5.8 mg, 21 mmol, 1.1 equiv) in acetone (1.5 mL) was heated to
reflux for 24 h. The resulting precipitate was filtered, washed with
acetone and dried under vacuum to give 12 (18 mg, 14 mmol,
75 %). M.p.> 300 8C; 1H NMR (250 MHz, [D6]acetone, 25 8C): d= 9.86

(br s, 2 H; NH-CO), 9.10 (s, 2 H; Ar-H), 9,08 (br s, 4 H; Ar-NH-Ar), 7.36
(s, 2 H; Ar-H), 7.16 (s, 2 H; Ar-H), 4.99 (s, 2 H; Ar-H), 3.49 (t, 3J(H,H) =
8.6 Hz, 8 H; NCH2), 1.83 (m, 8 H; NCH2CH2), 1.45 (m, 8 H; CH2CH3),
1.13 (s, 36 H; COC(CH3)3), 0.98 ppm (t, 3J(H,H) = 7.31 Hz, 12 H; CH3) ;
C60H88ClN13O12·H2O (1236.89): calcd C 58.26, H 7.33, N 14.72; found
C 58.42, H 7.39, N 14.48; MS (ESI): m/z calcd for C44H51N12O12

¢ :
939.5 [M¢H]¢ and for C44H52ClN12O12

¢ : 975.4 [M++Cl]¢ ; found 939.4
and 975.4.

Host–guest complex 13 : A solution of tetraamido-tetraazacalixar-
ene 10 (15 mg, 16 mmol) and tetra-n-butylammonium bromide
(5.65 mg, 17 mmol, 1.1 equiv) in acetone (2 mL) was heated to
reflux for 24 h. The resulting yellow precipitate was filtered off,
washed with acetone, and dried under vacuum to give 13 (14 mg,
11 mmol, 68 %). M.p.> 300 8C; 1H NMR (250 MHz, [D6]acetone,
25 8C): d= 9.45 (br s, 4 H; NHCO), 9.13 (br s, 4 H; Ar-NH-Ar), 9.11 (s,
2 H; Ar-H) 7.49 (s, 2 H; Ar-H), 7.21 (s, 2 H; Ar-H), 5.09 (s, 2 H; Ar-H),
3.49 (t, 3J(H,H) = 8.6 Hz, 8 H; NCH2), 1.84 (m, 8 H; NCH2CH2), 1.48 (m,
8 H; CH2CH3), 1.14 (s, 36 H; COC(CH3)3), 0.98 ppm (t, 3J(H,H) = 7.3 Hz,
12 H; CH3) ; C60H88BrN13O12·1.5H2O (1290.35): calcd C 55.85, H 7.11, N
14.11; found C 55.97, H 7.11, N 13.90; MS (ESI): m/z calcd for
C44H51N12O12

¢ : 939.5 [M¢H]¢ , and for C44H52BrN12O12
¢ : 1021.4

[M++Br]¢ ; found: 939.4 and 1021.4.

Host–guest complex 14 : A solution of tetraamido-tetraazacalixar-
ene 10 (7 mg, 7.4 mmol) and tetra-n-butylammonium iodide (3 mg,
8.1 mmol, 1.1 equiv) in acetone (1.5 mL) was heated to reflux over-
night. The resulting yellow precipitate was filtered and dried under
vacuum to give 14 (4.6 mg, 3.5 mmol, 46 %). M.p.> 300 8C; 1H NMR
(250 MHz, [D6]acetone, 25 8C): d= 9.30 (br s, 4 H; NHCO), 9.13 (s,
2 H; Ar-H), 8.72 (br s, 4 H; Ar-NH-Ar), 7.84 (s, 2 H; Ar-H), 7.32 (s, 2 H;
Ar-H), 5.47 (s, 2 H; Ar-H), 3.50 (t, 3J(H,H) = 8.6 Hz, 8 H; NCH2), 1.81
(m, 8 H; NCH2CH2), 1.46 (m, 8 H; CH2CH3), 1.17 (s, 36 H; COC(CH3)3),
0.98 ppm (t, 3J(H,H) = 7.3 Hz, 12 H; CH3) ; C60H88IN13O12·H2O
(1328.35): calcd C 54.25, H 6.83, N 13.71; found C 54.65, H 6.91, N
13.60; MS (ESI): m/z calcd for C44H51N12O12

¢ : 939.5 [M¢H]¢ , and for
C44H52IN12O12

¢ : 1067.1 [M++I]¢ ; found: 939.4 and 1067.1.

Host–guest complex 15 : A solution of tetraamido-tetraazacalixar-
ene 10 (20 mg, 21 mmol) and tetra-n-butylammonium acetate
(6.2 mg, 21 mmol, 1 equiv) in acetone (2 mL) was heated to reflux
for 24 h. The resulting yellow precipitate was filtered off, washed
with acetone and dried under vacuum to give 15 (16 mg, 12 mmol,
59 %). M.p. (dec.)> 165 8C; 1H NMR (250 MHz, [D6]acetone, 25 8C):
d= 9.90 (br s, 4 H; Ar-NH-Ar) 9.08 (s, 2 H; Ar-H), 7.72 (s, 2 H; Ar-H),
7.15 (s, 2 H; Ar-H), 5.34 (s, 2 H; Ar-H), 3.44 (t, 3J(H,H) = 8.3 Hz, 8 H;
NCH2), 1.79 (m, 8 H; NCH2CH2), 1.41 (m, 8 H; CH2CH3), 1.15 (s, 36 H;
COC(CH3)3), 0.98 ppm (t, 3J(H,H) = 7.3 Hz, 12 H, CH3) ;
C62H91N13O14·H2O (1260.49): calcd C 59.08, H 7.44, N 14.45; found C
59.11, H 7.59, N 14.30; MS (ESI): m/z calcd for C44H51N12O12

¢ : 939.5
[M¢H]¢ ; found: 939.5.

Host–guest complex 16 : A solution of tetraamido-tetraazacalixar-
ene 10 (20 mg, 21 mmol) and N-benzyl-4-(dimethylamino) pyridini-
um bromide (6.2 mg, 21 mmol, 1 equiv) in acetone (2 mL) was
heated to reflux for 24 h under argon. The resulting precipitate
was filtered, washed with acetone, and dried under vacuum to
give 16 (12 mg, 10 mmol, 46 %). M.p.> 300 8C; 1H NMR (250 MHz,
[D6]acetone, 25 8C): d= 9.44 (s, 4 H; NHCO), 9.13 (br s, 4 H; Ar-NH-
Ar), 9.12 (s, 2 H; Ar-H), 8.45 (d, 3J(H,H) = 7.9 Hz, 2 H; Ar-Hpy), 7.50 (s,
2 H; Ar-H), 7.44 (m, 5 H; Ar-H), 7.20 (s, 2 H; Ar-H), 7.16 (d, 3J(H,H) =
7.9 Hz, 2 H; Ar-Hpy), 5.56 (s, 2 H; N+CH2), 5.08 (s, 2 H; Ar-H), 3.34 (s,
6 H; N(CH3)2), 1.14 ppm (s, 36 H; C(CH3)3) ; C58H69BrN14O12·2H2O
(1270.20): calcd C 54.84, H 5.79, N 15.44; found C 54.67, H 5.61, N
15.32; MS (ESI): m/z calcd for C44H51N12O12

¢ : 939.5 [M¢H]¢ , and for
C44H52BrN12O12

¢ : 1021.4 [M++Br]¢ ; found 939.4 and 1021.3.
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Host–guest complex 17: A solution of tetraamido-tetraazacalixar-
ene 10 (12 mg, 12 mmol) and N-hydrogeno-4-(dimethylamino) pyri-
dinium bromide (2.6 mg, 12 mmol, 1 equiv) in acetone (1.5 mL) was
heated to reflux for 24 h under argon. The resulting precipitate
was filtered off, washed with acetone, and dried under vacuum to
give 17 (7.4 mg, 6 mmol, 50 %). M.p.> 300 8C; 1H NMR (250 MHz,
[D6]acetone, 25 8C): d= 9.19 (br s, 4 H; NHCO), 9.18 (br s, 4 H; Ar-NH-
Ar), 9.12 (s, 2 H; Ar-H), 8.29 (d, 3J(H,H) = 7.7 Hz, 2 H; Ar-Hpy), 7.6 (s,
2 H; Ar-H), 7.25 (s, 2 H; Ar-H), 7.10 (d, 3J(H,H) = 7.7 Hz, 2 H; Ar-Hpy),
5.25 (s, 2 H; Ar-H), 3.34 (s, 6 H; N(CH3)2), 1.15 ppm (s, 36 H;
CO(CH3)3) ; C51H63BrN14O12·3H2O (1198.09): calcd C 51.13, H 5.80, N
16.37; found C 51.46, H 5.71, N 16.55; MS (ESI): m/z calcd for
C44H51N12O12

¢ : 939.5 [M¢H]¢ , and for C44H52BrN12O12
¢ : 1021.4

[M++Br]¢ ; found: 939.4 and 1021.3.
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