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The first example of substitution reaction in the free a-
position of N-confused calix[4]pyrroles is reported: azo-
coupling with various arenediazonium salts. The obtained
azocompounds were used for studies of their anion-binding
properties by UV-Vis spectroscopy.

Calix[4]pyrroles, a well-known class of macrocyclic compounds
discovered by A. Baeyer in 1886,1 were recently used as a
complexation agent in the recognition of anions2 and neutral
substrates.3 In these complexes, guests are bound to the macro-
cycles by a system of hydrogen bonds to the pyrrolic nitrogen
atoms. However, the stability of the complexes is not high
enough for analytical use. To improve its binding ability, the
basic calix[4]pyrrole skeleton was functionalized with various
groups, especially in the meso-position of the macrocycle or
the b-positions of the pyrrole units.4 Furthermore, parent com-
pounds and their complexes are spectroscopically silent to most
analytical methods and the complexation can be followed only
by NMR detection. Thus, calix[4]pyrroles must be substituted
by highly-absorbing, luminescent or electrochemically-active
sensing group.5

Substitution at the b-position of calix[4]pyrroles is often diffi-
cult and separation of the product mixtures is very problematic.
On the contrary, substitution at the a-position of the pyrrole
ring is easier. In our previous work, we described azo-coupling
reactions at the a-position of dipyrroheptane in acceptable
yields.6

Here we bring the results of expansion of this method for
N-confused calix[4]pyrroles (compound 1, Scheme 1), which
have a similar skeleton to commonly used calix[4]pyrroles and
contain one free a-position. To the best of our knowledge, the
present work describes the first example of the a-substitution
of N-confused calix[4]pyrroles, as the parent compound is not
very stable and cannot be easily modified. Furthermore, the
new ligands contain a chromophoric azo-group, which can
visualize binding of anions in visible part of spectra, and four
pyrrolic units, which can co-operate in anion complexation.

Recently, the ligands 3 and 5 were studied as sensors in
liquid membrane electrodes for anionic and neutral molecules.
Their high binding affinity and selectivity between isomeric
nitrophenols was already reported.7

† Electronic supplementary information (ESI) available: examples of
change in UV-Vis spectra of ligands upon addition of anionic guests and
commented OPIUM-input and output files for calculations of stability
constants. See http://dx.doi.org/10.1039/b507508d

Scheme 1 Synthesis of a-arylazo-N-confused calix[4]pyrroles.

The starting N-confused calix[4]pyrrole 1 was prepared by
condensation of acetone and pyrrole as already reported.8

Compounds 2–6 were prepared by azo-coupling of parent
N-confused calix[4]pyrrole with an excess of the corresponding
benzenediazonium chlorides or tetrafluoroborates in the pres-
ence of a base at low temperature (Scheme 1). Chromatographic
work-up afforded the products in isolated yields about 50%.‡

1H NMR analysis clearly proved that the substitution took
place in the a-position of the pyrrole ring: the a-hydrogen signal
of the starting compound (6.40 ppm) disappeared and the signal
of the free b-hydrogen of the N-confused pyrrole ring was shifted
upfield from 5.52 ppm to 4.62–4.80 ppm, depending on the
nature of the substituent.

The complexation studies of ligands 1–6 were performed using
UV-Vis spectroscopy in dichloromethane and acetonitrile as
solvents at room temperature. To the solution of investigated
derivatives 1–6 (concentration about 5 × 10−5 mol dm−3),
various volumes of the stock solutions (concentration about
4 × 10−2 mol dm−3) of anionic guests (SCN−, F−, Cl−, Br−,
I−, H2PO4

−, HSO4
−, NO3

−) as the tetrabutylammonium salts
were added accordingly to reported method.9 The addition of
thiocyanate, iodide, hydrogensulfate and nitrate did not cause
any significant spectral change even when a high excess of anion
was employed. Thus, these anions form no (or very weak) com-
plexes with these macrocyclic hosts. On the contrary, additions
of lighter halogenides (F−, Cl−, Br−) and dihydrogen phosphate
lead to a noticeable spectral change. As an example, the change
in absorption spectra upon additions of tetrabutylammonium
chloride to the acetonitrile solution of compound 2 is shown
in Fig. 1. On addition of chloride, the maximum absorption
at ca. 400 nm decreases, and a shoulder on the red-side of
the absorption band appeared. Crossing of all spectra in one
isosbestic point around 430 nm clearly showed the presence of
only two light-absorbing species in solution, i.e., the free host
and the host–guest complex.D
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Fig. 1 The absorption spectra of the acetonitrile solution of 2 upon
addition of chloride.

The determination of stability constant of the complexes of
parent N-confused calix[4]pyrrole 1 is rather problematic, as the
compound is not absorbing above 250 nm, and there is a very
strong and sharp increase in absorption below this wavelength.
Furthermore, no reasonable spectral change on addition of
anions was found in dichloromethane. Thus, only spectral part
close to the absorption edge (range 235–260 nm) can be used
for the determination of the stability constants in acetonitrile
solutions, and the calculations have big uncertainity because
of a high slope of the spectra. Therefore, only one reasonably
estimated value determined for chloride complex is given in
Table 2.

From the spectral change upon addition of guest anions, the
stability constants were determined using the OPIUM program
package (refer to the electronic supplementary information).10

Except for the 1–Cl− system (see above), all the calculations were
done from a region of ca. 100 nm around the isosbestic point
from several independent titrations and afforded the same values
for each system (within estimated error). The stability constants
of complexes formed in dichloromethane are summarized in
Table 1, the corresponding stability constants in acetonitrile are
compiled in Table 2. Stability constants for corresponding meso-
dimethyl calix[4]pyrrole in deuterated dichloromethane were
reported2a and are given for comparison in Table 1.

A special case is made by the fluoride anion, which forms
very stable hydrogen bonds and polynuclear aggregates such as
HF2

−. Moreover, hydrofluoric acid is rather weak (pKA = 3.211).
On the reaction of fluoride with the most acidic ligands 5 and
6 with electron-withdrawing pentafluorophenyl or nitrophenyl
substituents, it deprotonates the pyrrole aminogroup and forms
two separate species L− and HF2

− according to the reaction:

HL + 2F− → L− + HF2
−

The spectra of the ligands in the presence of a high excess
of fluoride are almost identical with those of the free ligand
in the presence of tetrabutylammonium hydroxide (Fig. 2).
Accordingly, the spectral change cannot be reasonably fitted

Table 1 Stability constants of the host–guest complexes in
dichloromethane

Guest anion complex logba

Ligand NO3
− H2PO4

− Cl− Br−

Calix[4]pyrrole —b 1.98(2)c 2.54(1)c 1.00(2)c

1 —d —d —d —d

2 —d —d —d —d

3 —d —d —d —d

4 —d —d 2.57(2) —d

5 —d 3.10(5) 2.81(5) 1.28(4)
6 2.87(2) 4.45(6) 3.10(1) 2.29(5)

a b = [complex]/([free ligand] × [free anion]). b Not reported. c Taken
from ref. 2a (measured in CD2Cl2, determined by 1H NMR spec-
troscopy). d No spectral change upon addition of anion.

Table 2 Stability constants of the host–guest complexes in acetonitrile.
N.m. = not measured

Guest anion complex logba

Ligand NO3
− H2PO4

− Cl− Br−

1 —b —b 3.01(8) —b

2 —c 3.54(1) 3.40(1) 2.20(2)
3 —c N.m. 3.40(1) 2.11(1)
4 —c 3.67(1) 3.51(2) 2.01(3)
5 —c 3.32(3) 3.48(5) 2.51(1)
6 2.11(2) 3.87(1) 3.23(2) N.m.

a b = [complex]/([free ligand] × [free anion]). b Impossible to calculate
(see text). c No spectral change upon addition of anion.

Fig. 2 The absorption spectra of acetonitrile solution of 5 (a) in free
form; (b) after addition of 6 eq. NBu4F; (c) after addition of large excess
of NBu4OH.

by the assumption of a 1 : 1 ligand-to-fluoride stoichiometry,
however an employment of a 1 : 2 ratio of reacting components
gives very good fits to the experimental data.

In the conclusion, the stabilities of the anion complexes
with a-arylazo-N-confused calix[4]pyrroles are slightly higher
than those of unsubstituted N-confused calix[4]pyrrole and
calix[4]pyrrole itself (see Tables 1 and 2). Furthermore, the
complexation can be easily followed by UV-Vis spectroscopy
at low concentrations, as azo-derivatives are highly absorbing
and colored compounds. The stability constants of host–guest
complexes of a-arylazo-N-confused calix[4]pyrroles and anions
are not much influenced by side-arm substitution in good
donating-solvents such as acetonitrile. For a given anion, the
values of the stability constants remain virtually the same
(Table 2). On the contrary, in dichloromethane, the binding
ability is noticeable increasing with the electron-withdrawing
character of the side-arm substituents (Table 1). So, increasing
the acidity of the pyrrole hydrogen causes a better interaction of
the ligand with anions via hydrogen bonding. The most stable
adducts are formed with dihydrogen phosphate, as this anion
forms hydrogen bonds very readily and is the most basic of
the anions used. The anions with low surface charge density
such as nitrate or bromide form weak adducts. In the case of
very basic fluoride anion and acidic ligands with nitrophenyl
and fluorophenyl moieties, deprotonation of pyrrole ring was
observed with formation of separate L− and HF2

− species.
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Notes and references
‡ Typical synthetic procedure for preparation of a-arylazo-N-confused
calix[4]pyrroles: a solution of 1 (0.25 g, 0.58 mmol) in anhydrous
THF (10 ml) was cooled to −40 ◦C. Sodium hydrogencarbonate
(0.060 g, 0.71 mmol) and benzenediazonium tetrafluoroborate (0.125 g,
0.65 mmol) were added. After stirring at −40 ◦C for 30 min and
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slow heating to room temperature, the solution was diluted by water
and extracted by ethyl acetate. Organic extracts were washed twice
with H2O and dried over MgSO4. Volatiles were evaporated and the
crude product was purified by column chromatography on silica with
petroleum ether : ethyl acetate (10 : 1) as the eluent.
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