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Abstract A newly synthesized series of mono- and di-,
nitro- or nitrosocalix[4]arenes has been investigated electrochemically. It was shown that besides the fundamental
redox characterization, the electrochemical data contain
also information about the space arrangement of the
molecule as well as about dynamic 3D changes. The interpretation is based on the comparison of observed
electrochemical behavior of homologous couples or triads
taken from the studied series of compounds. Using the nitro
and nitroso group as a redox probe, it was found that unsubstituted or para-nitro-substituted cone-calixarenes are
flexible, exhibiting in solution a periodic pinched cone–
pinched cone interconversion, whereas the 1,3-alt conformation or any meta-substitution causes rigidity of the
whole skeleton. All aromatic nitro and nitroso groups in
calixarenes appeared to be reducible at the same potential
showing their electronic independency on the rest of the
molecule.
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Introduction
Skeleton of calixarene is a stable supramolecular frame
consisting of several aromatic units (in this contribution
four) interconnected by methylene bridges (cf. Fig. 1). The
most typical for calix[4]arenes is the cone conformation,
having a cavity potentially suitable for host–guest interaction [1, 2]. Therefore, calix[4]arenes are attractive for
analytical and supramolecular applications.
Since calixarenes generally are not electrochemically
reducible, introduction of an easily and reversibly reducible
substituent is necessary for electrochemical investigation.
Nitro group was proved to be a suitable substituent (redox
probe) for that purpose [3]. In addition to this, in the case of
the presence of multiple nitro groups on the calixarene
frame, electrochemical study of their reduction can give
experimental data concerning mutual electron interactions
of redox centers within the molecule. On the basis of these
results, extent of electron delocalization of the bridging
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Fig. 1 Overview of the studied
compounds
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part, role of substitution, and structural consequences can
be evaluated and clarified.
In our recent papers, cone-oligonitrocalix[4]arenes were
investigated and it was found that the reduction of each
nitro group occurs totally independently, that means, the
bridging methylene groups prevent any electronic communication among the aromatic rings [4]. To prove this
finding, the in situ EPR spectroelectrochemical measurements revealed the presence of a stable tetraanion
tetraradical as the reduction intermediate of the tetranitrocalix[4]arene [5].
Oxidation and/or reduction ability and thus reactivity of
a calixarene molecule depend primarily on its chemical
composition. Nevertheless, various substitution sites,
structure modification, or change of conformation may also
result in unusual and surprising properties. Electrochemical
investigation can be, therefore, used not only for redox
characterization of a compound, but it can also offer unique
information concerning the static space arrangement, as
well as dynamic changes of the molecular shape.
The goal of this study is to describe and explain the
influence of structure (conformation of calixarene, type of
redox probe and its position) on the electrochemical
properties of the recently synthesized [6, 7] series of
compounds 1–9 (Fig. 1). The p-mononitro compound 1
was used as a one-electron standard for evaluation of the
number of transferred electrons in other studied compounds. The first two members of the series 2 and 3 differ
in the conformation (cone vs. 1,3-alternate), next three
nitro compounds 4–6 (together with 1 and 2) contain one or
two nitro group(s) in p-/m-position(s) and the last three
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derivatives 7–9 bear reducible nitroso groups instead of
nitro groups to test another type of the redox probes.
Results and discussion
The nitro group—as a redox probe—is reduced in aprotic
solvents according to the commonly known mechanism [8,
9]: a one-electron reversible reduction (yielding the corresponding stable radical anion) at the potential E1 (Eq. 1)
is followed by a three-electron irreversible reduction under
formation of the final hydroxylamino derivative at the
potential E2 (Eq. 2).
R  NO2 þ e  R  NO
2

ð1Þ


þ
R  NO
2 þ 3e þ 4 SolvH
! R  NHOH þ 4 Solv þ 2 H2 O

ð2Þ

The electrochemical data of all studied compounds,
summarized in the Table 1, refer to the reduction of nitro
groups. The most important for the interpretation are
always the first reduction steps—potentials as well as the
electron consumption. Therefore, the discussion will be
focussed mainly to the conditions of generation of the first
radical anion. The polarographic reduction of the
‘‘monomeric’’
model
compound
4-methoxy-3,5dimethylnitrobenzene was taken as a standard for oneelectron reversible reduction of a nitroaromate to the
radical anion (Fig. 2, curve a).
The reduction process of the p-mononitro derivative 1
(Table 1) follows the pattern described in Eqs. 1 and 2 with
a small difference: The initial one-electron process
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Table 1 Overview of electrochemical data
Compound

Potentials/V (vs. SCE)

Ratio of limiting currents

E1A (rev.)

E1B

E2

i1A : i1B : i2

1

-1.27

-1.37

-2.40a

0.5 : 0.5 : 3

2

-1.25

-1.43

-2.53a

1:1:6

3

-1.29

-2.21

2:0:6

4

-1.26

-2.26

1:0:3

5

-1.25

-2.29

2:0:6

6

-1.25

-2.32

2:0:6

7
8

-0.96
-0.96

-1.58
-1.60

1 : 0 : 0.25
2 : 0 : 0.5

9

-0.98

-1.52

2 : 0 : 0.5

a

broad wave

Fig. 2 Polarographic curves of (a) the ‘‘monomeric’’ model compound 4-methoxy-3,5-dimethylnitrobenzene, (b) cone-dinitro
derivative 2, (c) 1,3-alt dinitro derivative 3 (0.1 M TBAHFP in
DMF, conc. 5 9 10-4 mol/dm3)

manifests itself as a broad wave at potentials between -1.2
and -1.4 V, where one can distinguish two steps of the
same height at potentials -1.27 and -1.37 V. The observation of two reduction waves E1A and E1B of one nitro
group signifies that the compound 1 is present in the solution in two forms having different relative energies, thus
different reduction potentials.
This rather surprising phenomenon can be explained by
the finding [4, 10] that the cone tetraalkoxycalix[4]arenes
in the solution have not the symmetrical bowl shape (C4v
symmetry). Instead, they prefer so called pinched cone
conformations possessing C2v symmetry that interconvert
rapidly into each other at room temperature. That means,
two opposite phenolic rings of the calixarene are nearly
parallel and thus close to each other, whereas the other two
aromatic nuclei are pointing away from each other. Based
on the DG of this equilibrium [11] measured by dynamic
NMR techniques, this conformational change occurs with

Fig. 3 The pinched cone–pinched cone interconversion of the
compounds 1 (a, b) and 2 (c, d)

the frequency of hundreds to thousands Hertz (Fig. 3). In
the case of tetranitrocalix[4]arenes, quantum chemical
calculations proved [4] that the ‘‘distant’’ form is more
easily reducible than the ‘‘close’’ form.
Back to the compound 1: taking into account that the
electron transfer is by several orders of magnitude faster
than the pinched cone interconversion, the system can be
considered as ‘‘frozen’’ where in any instant, approximately a half of nitro groups are in the close position
(Fig. 3a) and the other half in the distant one (Fig. 3b).
Therefore, the first reversible one-electron reduction is split
into two steps E1A and E1B each of a formal half-electron
consumption.
The reduction of trans-p-dinitro derivative 2 starts also
with two separated steps E1A and E1B, but involving
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together two electrons. In this case, the studied molecule is
bearing two equivalent redox centers. Since they are
structurally isolated and electronically non-communicating
[4], their reduction potential should be the same and thus,
both nitro groups should be reduced simultaneously. The
explanation of the two observed reduction steps is similar
to the case of the compound 1. Due to the pinched cone–
pinched cone equilibrium of the molecule, in any moment
in the solution a half of molecules have the two nitrobenzene units in the close position (Fig. 3c) whereas the other
half in the distant position (Fig. 3d). Since the close and the
distant forms are reduced at different potentials (the distant
form is reduced less negatively than the close form [4]),
two one-electron processes are therefore observed, but each
refers to a half concentration of the studied compound 2
(Fig. 2, curve b). The similarity of the reduction potentials
of the mononitro (1) and dinitro (2) derivatives confirms
the negligible intramolecular communication of the two
nitro groups in 2 as well as the flexibility of both derivatives manifesting itself by dynamic change of the shape
(pinched cone–pinched cone interconversion). Due to the
existence of two different pinched cone forms, the more
negative three-electron reduction of 1 and 2 (E2) occurs as
a broad wave at potentials -2.4 to -2.5 V yielding the
hydroxylamino derivative.
The 1,3-alternate atropoisomer 3 of the cone compound
2 exhibits a different reduction behavior. The first reduction step involving two electrons occurs in one step only;
that means, both nitro groups are reduced simultaneously at
the same potential, which is close to that of the nitro groups
in the compound 2 being in the distant position (Fig. 2,
curve c). The above-mentioned interpretation follows that
in the solution the molecule 3 is rigid without the pinched
cone–pinched cone interconversion. This statement is
supported by the temperature-dependent NMR measurements which confirmed the rigid nature of the calixarene
skeleton in the 1,3-alternate conformation. The first reduction potential of the 1,3-alt atropoisomer 3 is about
40 mV more negative than that of the cone derivative 2
reflecting the influence of the changed conformation.
Reduction of the m-mononitro derivative 4 follows the
expectable reduction pattern of 1 ? 3 electrons (Eqs. 1 and
2) known from the literature. Unlike the p-mononitro
compound 1, the first reduction wave E1 is narrow and
corresponds to a single one-electron process only.
Similarly, the first two-electron reduction of the next two
m,m-dinitro and m,p-dinitro compounds 5 and 6, respectively, takes place at one single potential (very close to the
reduction potential of m-mononitro derivative 4) which
implicates that (a) there is no difference in reduction potential of the nitro group in meta- and para-position,
respectively; (b) the nitro group in meta-position does not
communicate electronically with the rest of the molecule,
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just like the nitro group in the para-position; (c) the dinitro
compounds 5 and 6 are rigid. The last finding is in strong
contrast to the two one-electron reduction steps in the case
of the analogous cone-p-dinitro derivative 2 which is
flexible. On the other hand, it is in perfect accord with
recently described conformational preferences of meta,
meta-disubstituted calix[4]arene 8 [7].
The more negative three-electron reduction wave E2 of
compounds 3, 4, 5, and 6 is narrower and occurs at similar
potentials which are about 200 mV less negative with respect to 1 and 2. This difference can be connected with the
rigidity of 3–6; the more detailed explanation is not yet
available.
The m-mononitroso compound 7 is reduced reversibly
by one electron under formation of the nitroso radical anion
at less negative potential than in the case of analogous mmononitro derivative 4 what is in accordance with the
textbook knowledge about the reduction of nitroso compounds in aprotic media [9]. The nitroso groups in the m,mdinitroso and m,p-dinitroso compounds 8 and 9 are reduced
simultaneously (each by one electron, together in a twoelectron wave) at one single potential which is of nearly
identical value as in the case of the m-mononitroso compound 7.

Conclusions
In the present contribution, it was shown how the steric
effects, the space arrangement of the molecule, as well as
the dynamic 3D changes can affect the electrochemical
response. The interpretation involving also intramolecular
interactions is based on the comparison of observed reduction potentials of homologous couples or triads taken
from the studied series of compounds.
Using the nitro groups as redox probes, it was possible
to conclude that the unsubstituted or para-nitro-substituted
cone-calixarenes are flexible, exhibiting in solution a periodic changeover between two perpendicularly oriented
pinched forms. The mononitro and dinitro derivatives 1 and
2 differ only in the reduction currents, which are doubled in
the latter case. The reduction pattern as well as the respective reduction potentials is very similar confirming the
lack of intramolecular interaction between the two redox
centers placed at opposite benzene rings in the compound
2. The change of conformation from cone to 1,3-alt
(compounds 2 and 3) makes the skeleton rigid and the first
reduction occurs by 40 mV more negative.
The first reduction potentials of p-mononitro and mmononitro (compounds 1 and 4) as well as of p,p-dinitro,
m,m-dinitro, and m,p-dinitro derivatives (compounds 2, 5,
and 6) are the same, similarly like the potentials of the mmononitro and m,m-dinitro (compounds 4 and 5), pointing
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to the total independency of every nitro group. The same
conclusion holds true even in the case of analogous nitroso
derivatives (7–9). On the other hand, the presence of even
one meta-substituent causes rigidity of the calixarene
skeleton. In addition to this, the second reduction step of
rigid derivatives appeared to occur at substantially less
negative potentials than that of the flexible molecules
possessing the pinched cone interconversion.
It appears that electrochemical approach (polarography ? cyclic voltammetry) with the help of suitable redox
probes can be used also as an independent and powerful
tool for investigating molecular shape, conformation and
flexibility.

Experimental part
All experiments were performed by means of DC-polarography (three electrode system: working—dropping
mercury electrode, reference—SCE, auxiliary—platinum
wire) and cyclic voltammetry (on platinum working electrode) in non-aqueous N,N-dimethylformamide (DMF)
purified by the procedure described in [4]. The supporting
electrolyte tetrabutylammonium hexafluorophosphate
(TBAHFP, Fluka), c = 0.1 mol dm-3, was used as received. Concentration of studied compounds was kept in
the range 10-3–10-4 mol dm-3. The studied calixarenes 1,
2, 3 [6] and 7–9 [7] were prepared according to known
procedures.
General procedure for oxidation of nitroso to nitro
groups (preparation of derivatives 4–6)
To the corresponding nitrosocalixarene 7–9 dissolved in
dry dichloromethane m-chloroperbenzoic acid (1 eq. per
nitroso group) was added and the reaction mixture was
stirred overnight. The reaction mixture was poured into the
saturated solution of NaHCO3. The organic phase was
washed with water, dried over MgSO4, and evaporated.
The residue was separated using column chromatography
or preparative TLC (silica gel) using CH2Cl2:hexane 1:1
(v/v) mixture as an eluent.
4-Nitro-25,26,27,28-tetrapropoxycalix[4]arene
(4, C40H47NO6)
General procedure was applied using 0.27 g (0.43 mmol)
of derivative 7, 0.07 g (0.43 mmol) of m-CPBA, and
15 cm3 of CH2Cl2 to yield 0.07 g (43 %, light yellow
solid) of title compound. M.p.: 58–61 °C; 1H NMR
(300 MHz, CDCl3, 25 °C): d = 7.06 (d, 1H, J = 8.2 Hz,
ArH), 6.55–6.73 (m, 10H, ArH), 4.52 (d, 1H, J = 13.5 Hz,
ArCH2Ar), 4.47 (d, 1H, J = 13.5 Hz, ArCH2Ar), 4.43 (d,
2H, J = 13.8 Hz, ArCH2Ar), 3.75–3.93 (m, 9H,
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OCH2?ArCH2Ar), 3.20 (d, 2H, J = 13.2 Hz, ArCH2Ar),
3.18 (d, 1H, J = 13.8 Hz, ArCH2Ar), 1.80–1.99 (m, 8H,
OCH2CH2), 0.93–1.07 (m, 12H, CH3) ppm; 13C NMR
(75 MHz, CDCl3, 25 °C): d = 157.9, 157.0, 156.9, 156.8,
149.8, 140.8, 136.1, 135.6, 135.3, 135.1, 133.8, 132.6,
130.6, 129.1, 129.0, 128.4, 128.3, 128.2, 122.5, 122.4,
122.2, 118.6, 77.7, 77.5, 76.9, 76.7, 31.4, 31.3, 31.2, 26.8,
23.6, 23.5, 23.4, 23.2, 10.7, 10.6, 10.5, 10.4 ppm; IR:
m = 1665, 1520 cm-1; HR-MS (TOF-ESI?): [M?NH4]?
calcd. 655.37471, found 655.37427 (20 %); [M?Na]?
calcd. 660.32956, found 660.32892 (100 %); [M?K]?
calcd. 676.30405, found 676.30182 (35 %).
4,18-Dinitro-25,26,27,28-tetrapropoxycalix[4]arene
(5, C40H46N2O8)
General procedure was applied using 0.17 g (0.26 mmol)
of compound 8, 0.09 g (0.52 mmol) of m-CPBA, and
30 cm3 of CH2Cl2 to provide 0.07 g (42 %, light yellow
solid) of title compound. M.p.: 73–77 °C; 1H NMR
(300 MHz, CDCl3, 25 °C): d = 6.97 (d, 2H, J = 8.5 Hz,
ArH), 6.82–6.92 (br, 4H, ArH), 6.77 (d, 2H, J = 7.3 Hz,
ArH), 6.23– 6.62 (br, 2H, ArH), 4.49 (d, 2H, J = 13.1 Hz,
ArCH2Ar), 4.48 (d, 2H, J = 14.1 Hz, ArCH2Ar), 3.73–
4.02 (m, 10H, OCH2?ArCH2Ar), 3.18 (d, 2H,
J = 14.3 Hz, ArCH2Ar), 1.76–1.94 (m, 8H, OCH2CH2),
1.08 (t, 6H, J = 7.3 Hz, CH3), 0.88 (t, 6H, J = 7.3 Hz,
CH3) ppm; 13C NMR (75 MHz, CDCl3, 25 °C): d = 157.5,
157.1, 149.4, 140.5, 134.9, 133.5, 130.8, 129.4, 129.3,
128.0, 122.4, 119.5, 77.5, 76.9, 31.5, 27.4, 23.5, 22.9, 10.8,
10.1 ppm; IR: m = 1519 cm-1; HR-MS (TOF-ESI?):
[M?NH4]? calcd. 700.35979, found 700.35914 (5 %);
[M?Na]? calcd. 705.31464, found 705.31432 (100 %);
[M?K]? calcd. 721.28912, found 721.28781 (30 %).
4,17-Dinitro-25,26,27,28-tetrapropoxycalix[4]arene
(6, C40H46N2O8)
General procedure was applied using 0.09 g (0.14 mmol)
of compound 9, 0.05 g (0.28 mmol) of m-CPBA, and
15 cm3 of CH2Cl2 to provide 0.04 g (45 %, yellow solid)
of title compound. M.p.: 78–82 °C; 1H NMR (300 MHz,
CDCl3, 25 °C): d = 7.28 (s, 2H, ArH), 6.66–6.92 (m, 7H,
ArH), 6.41 (d, 1H, J = 8.2 Hz, ArH), 4.51 (d, 2H,
J = 13.8 Hz, ArCH2Ar), 4.45 (d, 1H, J = 13.8 Hz,
ArCH2Ar), 4.43 (d, 1H, J = 14.1 Hz, ArCH2Ar),
3.78–3.95 (m, 9H, ArCH2Ar?OCH2), 3.16–3.31 (m, 3H,
ArCH2Ar), 1.77–1.98 (m, 8H, OCH2CH2), 1.07 (t, 6H,
J = 7.3 Hz, CH3), 0.86–0.97 (m, 6H, CH3) ppm; 13C NMR
(75 MHz, CDCl3, 25 °C): d = 161.8, 157.3, 157.2, 157.0,
149.8, 143.2, 139.9, 136.6, 136.1, 135.3, 135.0, 134.4,
133.0, 130.7, 129.5, 129.4, 129.3, 128.1, 123.6, 123.4,
123.1, 122.7, 118.3, 77.6, 77.4, 76.7, 31.5, 31.3, 31.2, 27.2,
23.6, 23.5, 23.3, 22.9, 10.7, 10.6, 10.3, 10.1 ppm; IR:
m = 1520 cm-1; HR-MS (TOF-ESI?): [M?Na]? calcd.
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705.31464, found 705.31439 (100 %); [M?K]? calcd.
721.28857, found 721.28806 (60 %).
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Calix[4]arenes substituted by one, two, three or four nitro groups
enable electrochemical investigation. As molecules with multiple
redox centers, they attract attention namely from the fundamental
point of view: dealing with the question of reduction pattern,
mutual electron interaction within the molecule, order of electron
transfer steps, possible radical nature of intermediates etc. Besides
that, this contribution has an additional message – use of
electrochemical experimental data for acquiring information on
3D-shape of dissolved molecule in solution, on its conformation,
substitution site and dynamic behavior influenced by conformation
and positions of substituents.

Introduction
Calix[4]arenes (1-2) are macrocyclic molecules consisting of four 1,3-phenylene
building units interconnected by methylene bridges or by sulfur atom (so called thiacalix[4]arenes). The upper rim of this calix-like shape is broader than the lower one and
usually bears organic substituents. The lower rim is substituted through a heteroatom
like oxygen, sulfur or nitrogen. The carbon skeleton is electrochemically inactive
therefore for its investigation some reducible (or oxidizable) functions have to be
incorporated. In our study, two series of nitro- and nitroso- substituted derivatives of
calixarenes were examined and interpretation of their electrochemical responses enabled
not only fundamental redox characterization of this family of molecules, but also offered
information and data concerning the shape and rigidity of the substituted derivatives.
The calixarenes can possess four conformation types: cone (all compounds in
Figure 1), partially cone, when one aromate is turned downwards, 1,2 alternating, where
two adjacent aromates are turned downwards, and 1,3-alternating, where two opposite
units are turned (compound VII from the second series - cf. Figure 7). In this
contribution only cone molecules will be discussed and compared with 1,3-alt.
The main motivation for this electrochemical research is the fact, that the
calixarene can bear 1 – 4 reducible nitro groups. Such substitution derivatives represent
molecules with multiple redox centers, where many questions appear: Is there some
intramolecular electronic communication among the redox centers? Are they reduced
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simultaneously? Step by step? Which electron transfer takes place as the first? Are the
intermediates of radical nature or pairing of spins occurs? How the interpretations match
with quantum chemical calculations? etc.
Besides this fundamental research, the application of these molecules as
synthetic precursors (3) or sensors based on host-guest interaction is envisaged (4)
Experimental
All calix[4]arenes were synthesized according to (5-9). The experiments were
carried out in non-aqueous dimethylformamide dried by azeotropic distillation followed
by fractionation under reduced pressure according to (10), 0.1M tetrabutylammonium
hexafluorophosphate served as supporting electrolyte. Dc-polarography and cyclic
voltammetry at a mercury drop were used for standard electrochemical characterization,
preparative electrolysis with coulometry on mercury pool or at a gold mesh was realized
in appropriate spectroelectrochemical cell with in-situ simultaneous recording of UV-vis
and EPR spectra. Auxiliary electrode - platinum wire, SCE reference. Concentration of
studied compounds ≈ 1.10–4 to 3.10–3 mol.L-1.
Results and Discussion

Figure 1. First series of studied compounds: I - "monomeric" model compound; II mononitro calix[4]arene; III - cis-dinitro-; IV - trans-dinitro-; V - trinitro- and VI tetranitro derivative.

Majority of aromatic nitrocompounds are reduced in aprotic solvents in two
waves: In the first, one-electron reversible wave a stable radical anion is generated,
which is at more negative potentials reduced by 3 electrons to hydroxylamino derivative
(11-13) (Figure 2, curve a). This pattern was observed – according to expectation – in
the 4-methoxy-3,5-dimethyl nitrobenzene (I), which was used as a "monomeric" model
compound and as a standard for one-electron reversible ET and for a stable radical
anion, eqs. [1] - [2].
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X-Ph-NO2 + e –  [X-Ph-NO2] • –
[X-Ph-NO2]⋅•¯ + 3 e – + 4 H-Solv  X-Ph-NHOH + H2O + 4 Solv –

[1]
[2]

Pinched shape of cone-tetranitro calix[4]arenes
The reduction of tetranitro compound (VI) starts with two reversible twoelectron waves at potentials E1 and E2 (see Table 1), and about 800 mV more negatively
a broad, approx. 12-electron wave appears representing the second reduction step
resulting in the corresponding hydroxylamino derivative (Figure 2, curve b) (10). The
total consumption of 16 electrons is in agreement with the expected reduction
mechanism.

Figure 2. Polarographic curve of a) the monomeric model compound I, b) the tetranitro
calix[4]arene VI.

However, the first question arises: why four, apparently equivalent NO2´s are
reduced at two potentials? The answer is, that the cone-calixarenes in solution cannot be
actually "cone" (C4v) but „pinched“ (C2v), hence, two nitro groups are "close" to each
other, two are "distant" (cf. Figure 3). The observed reduction pattern actually
corresponds to the presence of two different couples of nitro groups that are reduced at
different potentials. The two couples of perfectly overlapped one-electron processes
(two apparently two-electron waves) prove that the two nitro groups in each couple are
equivalent and independently reduced, that means, without any mutual electronic
communication (10). This electrochemically observed finding is, in fact, the
experimental proof of the absence of a circular cavity of cone-calix[4]arene in solution.
Therefore an efficient expected host-guest interaction seems to be questionable in these
series of molecules. Successful host-guest interaction was observed recently with
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fullerene and larger calix[5]arene, where the round bowl-shape was kept by a ring of
hydrogen bonds formed of hydroxyl groups at the lower rim (14).
It is necessary to mention, nevertheless, that in crystal state, the x-ray structure
analysis already showed, that the molecules of cone-calix[4]arenes packed in the crystal
lattice have a pinched shape, too (5).

Table 1 Experimental electrochemical data of the first series of nitro calix[4]arenes
E2 a

i1 : i2 b

E3

i3 b

-1.22 c
-1.48
c
-1.25
-1.47
(-1.21 -1.29) d
2x NO2 -trans
-1.23
-1.43
IV
2x NO2 -cis
-1.23
-1.42
III
c
1x NO2
-1.32
II
(-1.27 -1.37) d
-1.26
I "monomer" NO2

2:2
1.7 : 1.3

-2.6 c
-2.5 c

∼ 12
∼9

1:1
1:1
1
(0.5 : 0.5)
1

-2.5 c
-2.5 c
-2.4 c

∼6
∼6
∼3

-2.3

∼3

Compound
VI
V

Upper rim

E1 a

4x NO2
3x NO2

a in V, vs. SCE
b in passed electrons per molecule
c broad wave
d attempt to separate two very close waves

The above mentioned finding provokes another question: Which nitro groups are
reduced more easily - the close or the distant ones? Since the first reduction potential of
the tetranitro calixarenes is very close to the reduction potential of the "monomer" I, one
can estimate that at this potential the "distant" nitro groups could be reduced since they
are more isolated. For the proof, quantum chemical calculations were performed by prof.
Al Fry (10). From the calculated maps of electrostatic potential of mono-, di-, tri- and
tetra anions (Figure 3) it is evident that the distant nitro groups are really reduced first.
This calculation also confirmed the pinched shape of the molecule, which is not changed
during gradual reduction.

Figure 3.
Calculated maps of electrostatic potential of VI (upper view). Color coding:
red - negative, yellow - slightly negative, green - slightly positive, blue - positive.
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Radical intermediates of mono-, di-, tri- and tetranitro-calix[4]arenes
Taking into account the fact that the nitro groups do not mutually communicate
within the molecule and that they are reduced gradually, the question is, if the
intermediates are of radical nature. To solve this problem, in-situ EPR
spectroelectrochemical experiments were carried out a) using all derivatives from the
Figure 1; b) using gradual reduction of the tetranitro calixarene at potentials E1 and E2
(the first stage of nitro group reduction).
As a probe, the monomer I was reduced in the cavity of EPR spectrometer and
the EPR spectrum was recorded in-situ during reduction. The obtained spectrum of
radical anion centered at the nitro group (63 lines) was very clear and was in perfect
agreement with the simulated one.
In the same way, spectra of mono-, di-, tri- and tetranitro-calix[4]arenes were
recorded, both at the first (E1, -1.3V) and second (E2, -1.6V) wave. In all cases the
measured EPR spectrum corresponds to the radical anion of a single isolated nitro group
on the calix skeleton obtained in the mononitro derivative II (Figure 4). It is evident that
in all cases spin pairing does not occur and in the first stage of reduction the number of
reducing electrons corresponds to the number of unpaired spins (15).

Figure 4. EPR spectra of the studied compounds in their first reduction stage
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This qualitative finding was further confirmed quantitatively by advanced UVvis-EPR-coulometric spectroelectrochemical experiments, where the consumed charge,
number of spins and absorbance of the characteristic spectral band were simultaneously
recorded and plotted against potential. All measured parameters coincide and the
intensity of the EPR signal representing number of spins, exhibit linear dependence on
the passed electrons at both waves E1 and E2. It follows from all these results that
during reduction in the studied series of nitrocalix[4]arenes, stable anion radical, dianion
diradical, trianion triradical and tetraanion tetraradical are selectively generated (15).
Manifestation of dynamic behavior of calix arenes
The electrochemical data concerning reduction pattern of studied compounds are
presented in the Table 1. In all cases the expected reduction mechanism of nitro
compounds in aprotic media takes place – the primary reversible one-electron transfer is
followed by approx. 3-electron irreversible reduction process yielding the respective
hydroxylamino compound. In this study our attention is focused only to the first oneelectron reduction which appears at potentials E1 (distant nitro groups) and E2 (close
nitro groups).
It was already mentioned that the tetranitro derivative VI is reduced in two
reversible two-electron waves of the same height (cf. Figure 2), the trinitro compound V
exhibits also two waves in proportion 1.7 : 1.3, cis-dinitro- (III) and trans-dinitro (IV)
calixarenes show the same polarographic behavior: two well separated one-electron
processes, and the mononitro derivative II is reduced in one broad wave which, in fact,
consists of two ill-separated waves. The curve of I was added for comparison (Figure 5).
VI

V

IV
III

II
I

Figure 5

First part of polarographic curves of studied compounds I - VI
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According to the above mentioned finding of the pinched shape of studied nitro
calix[4]arenes, the reduction curves of cis- and trans-isomers of dinitro compound (III
and IV) should not be the same, but in reality, they are.
For explanation of this discrepancy one should take into account the observation
in NMR that the calixarenes undergo in the solution "pinched-pinched" interconversion
which is much slower than the electron transfer (tens till hundreds of Hz). Considering
the time scale of electron transfer, in the instant of reduction all molecules behave like
"frozen", hence the simple statistics can be applied. In any moment the number of close
and distant nitrogroups are the same regardless the cis- or trans isomer - Figure 6.
Therefore the apparent electrochemical response of both dinitro calixarenes is identical.
The same effect can be observed also in the case of mononitro calixarene, where the first
reduction process is split into two close "half-electron" waves (cf. Table 1). This
observation shows that the electrochemical data can reflect even the dynamic properties
and flexibility of molecules dissolved in solution.

Figure 6.
"Pinched-pinched" interconversion of cis- (III) and trans- (IV) dinitro
compounds.
Influence of conformation, site of substitution and type of redox probe on flexibility
The availability of other structural types of calix[4]arenes – see the second series
of compounds presented in the Figure 7 – enabled to reveal at least partially the
question, whether (and how) the electrochemical response reflects also the flexibility /
rigidity of other calix[4]arenes a) with changed conformation; b) with changed position
of substituents in case of isomers ( para- / meta- ); c) with changed redox probe (nitro
→ nitroso) (16).
The comparison of electrochemical responses of the cone- and 1,3-altconformers of trans-dinitro calix[4]arene shows that unlike the cone- derivative IV, the
1,3-altarnating conformer VII is reduced only in one two-electron reversible wave
pointing to the rigid pinched shape of the molecule with the two mutually independent
nitro groups in distant positions.
The reduction curves of the cone-derivatives where at least one nitro group is in
the position meta- (compounds VIII, IX and X) exhibit always only one two-electron
reversible wave at the potential around -1.25 V in contrast to the para-analogues II and
IV, where two waves are observed. This finding suggests that any substitution in metaposition makes the skeleton rigid.
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The first reduction of the nitroso derivatives XI, XII and XIII proceeds always
in a single one-electron (XI) or two-electron (XII and XIII) reversible waves, like in the
case of their nitro- analogues VIII, IX and X. Consequently, the nitroso derivatives
bearing at least one meta-substituent are also rigid.
The only difference between the analogous nitro and nitroso derivatives is the
reduction potential, which reflects the known fact that the nitroso group is reduced about
300 mV more positively that the nitro function. From this comparison follows that the
change of the nitro- redox probes for the nitroso ones has no influence on
rigidity/flexibility of the calixarene skeleton.

Figure 7. The second series of studied calix[4]arenes comparing cone-and 1,3-alt
conformation (IV and VII), para- and meta- position of substitution and nitro- and
nitroso substituent as a redox probe.
Conclusions
The first electrochemical investigation of various nitro- substituted calix[4]arenes
revealed that:
• cone-calixarenes in solutions are not "cone" (C4v) but „pinched“ (C2v)
• the NO2s do not communicate electronically
• more distant NO2s are reduced first
• pinched shape was confirmed by quantum chemical calculation
• each NO2 is reduced to independent radical anion (from anion radical up to tetraanion
tetraradical)
• electrochemical manifestation of dynamic behavior (flexibility) of nitro-conecalix[4]arenes was revealed and the pinched-pinched interconversion was confirmed
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• other shape effects were found: whereas para-nitro - cone - calix[4]arenes are
flexible, the 1,3-alt - conformation and the meta- substitution causes rigidity of the
skeleton
• nitroso- derivatives are reduced by about 300 mV less negative (as expected) than the
nitro ones and follow the pattern of nitro compounds.
In this contribution the ability of electrochemical approach to identify
experimentally various shape and space arrangement of molecules actually in solution
was presented.
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Full Paper
Electrochemical Reduction and Intramolecular Electron
Communication of Nitro Substituted Thiacalix[4]arenes
Alan Liška,[a, b] Pavel Lhot#k,[c] and Jiř& Ludv&k*[a, c]
This contribution is dedicated to my teacher, and more than a friend, professor Petr Zuman at the occasion of his 90th
birthday

Abstract: This contribution is focused on the question,
what is the influence of the sulphur bridging units in thiacalix[4]arenes on their electrochemical response. For this
reason, two series of oligonitro thiacalix[4]arenes were investigated, where the “classic” methylene groups are replaced by the sulphur bridge. The reduction pattern of ptetranitro-1,3-alt-thiacalix[4]arenes (2 + 2 + 12 electrons)
resembles that of the p-tetranitro-cone-calix[4]arenes and
refers to the presence of two different couples of non-interacting nitro groups in the molecule. In contrast, m-oligonitro-1,3-alt-thiacalix[4]arenes exhibit a mutual intramolecular communication between multiple redox centers

(nitro groups) due to the combination of two circumstances: nitro groups in the m-positions towards the lower
rim are in fact in para- and/or ortho position towards the
thia-bridges enabling thus 1,2- and 1,4-quinoid resonance
structure, and larger sulphur bridging atom forms two adjacent C-S bonds, which are able to exhibit a hyperconjugative effect. In any case, the intramolecular electron
communication takes place via the skeleton, not through
space. Consequently, the substituent (inductive, mesomeric) and charge effects are observable, additive and partly
quantifiable. Classic polarography proved to be the optimal technique for such investigations.

Keywords: 1,3-alt-thiacalix[4]arenes · nitro substituents · polarography · electrochemical reduction · aprotic conditions ·
intramolecular electron communication

1 Introduction
The calixarene skeleton is an attractive framework in
supramolecular chemistry [1–4]. It is, however, not electroactive. Therefore, to enable investigation of these systems by means of electrochemical methods (DC-polarography, cyclic voltammetry etc.) it is necessary to introduce
a suitable substituent which is capable to be reduced or
oxidized under conditions provided during electrochemical measurements. In our case (i.e. aprotic, non-aqueous
media) the nitro group [4–8] as well as the nitroso group
[5] proved to be in the role of “redox probe”, when the
reduction potential of the redox probe reflects the electron density and electron distribution in the parent molecule. The polarographic reduction of the nitro group
[6, 9–10] in aprotic solutions usually occurs in two steps
(Eq. 1–2). The first reversible one-electron reduction
leads to formation of a stable nitro radical anion which
can (at much more negative potentials) be reduced further to produce a correspondingly substituted N-hydroxylamino derivative.
R@NO2 þ e@ ! RNO2 @ C

E1 , ðE2 , E3 Þ

R@NO2 @ C þ 3e@ þ 4 SolvHþ
! R@NHOH þ 4 Solv þ 2 H2 O
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E4

ð1Þ

ð2Þ

Generally, the calix[4]arenes can exist in four atropoisomers: cone-, paco- (partial cone), 1,2- and 1,3-alt(alternate) which are stable under ambient temperature if
there is a sufficiently bulky substituent on the upper/
lower rim present. In our recent electrochemical investigation of “classic” calix[4]arenes (having methylene
bridges between the phenolic units), it was experimentally proved and theoretically (by DFT) confirmed [7] that
the cone-atropoisomers do not have the ideal symmetric
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2 Experimental
Thiacalix[4]arenes P1 to P8 were prepared according to
published procedures using the reaction of starting thiacalix[4]arene with diazomethane [12] (P1) or with the corresponding alcohol under Mitsunobu reaction conditions
[13] (P2-P7). Thiacalixarenes M1-M4 were prepared by
direct nitration of starting tetrapropoxy thiacalix[4]arene
(1,3-alt) [14].
All experiments were performed by means of DC-polarography (W: dropping mercury electrode, R: SCE, A:
platinum wire) and cyclic voltammetry (W: Pt, R: SCE,
A: platinum wire) in aprotic media (0.1 M tetrabutylammonium hexafluorophosphate in anhydrous N,N-dimethylformamide, dissolved oxygen removed by bubbling
argon through the solution before measuring). Typical analyte concentration varied in the range of 10@4–10@3 M.
www.electroanalysis.wiley-vch.de

3 Results and Discussion
The first series of thiacalixarenes (Fig. 1) involves eight ptetranitro-1,3-alt-thiacalix[4]arenes P1–P8 which differ in
the lower rim substituent. Because of their 1,3-alt-conformation, these molecules (except for P1 bearing methyl
groups at the lower rim, which enable conformation mobility of the skeleton) are expected to be rigid (see above
the conclusions made with methylene-bridged 1,3-alt-calixarenes [11]).

Fig. 1. Series of p-tetranitro-1,3-alt-thiacalix[4]arenes: R = CH3
(P1), n-C3H7 (P2), n-C4H9 (P3), n-C5H11 (P4), n-C6H13 (P5), @
CH2C / CH (P6), CH2C6H5 (P7), CH2CH(CH3)C2H5 (P8) and
their schematic reduction pattern.

However, their reduction starts with two reversible
two-electron waves (E1 & @1,0 V and E2 & @1,2 V). This
result says that the molecule must contain two different
couples of nitro groups. Since each step corresponds to
the transfer of two electrons at the same potential, the
two nitro groups within the couple are equivalent, without mutual electron communication and therefore they
are reduced simultaneously. Hence, this system behaves
similarly like the previously published series of methylene
bridged flexible p-tetranitro-cone-calix[4]arenes [7, 8]. In
addition to this, the first two potentials are separated (by
appr. 200 mV) as in the case of the p-tetranitro-cone-calix[4]arenes, pointing to a possible analogy, too.
There are in fact two possibilities, how to explain the
observed electrochemical pattern of the tetranitro-thia1,3-alt-calixarenes in correlation with the previously studied methylene bridged tetranitro-cone ones: Either the
molecule is truly rigid in the pinched shape or, due to
a high symmetry of the molecule with a rotation-reflection axis (S4), the molecule is flexible undergoing permanent “pinched cone-pinched cone” interconversion, just
like the p-tetranitro-cone-calix[4]arenes. In addition to
this, it is necessary to take into account the fact that a C@
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bowl shape (C4v) but have a “pinched” one (C2v). In addition to this, in solutions, the p-oligonitro-cone-calix[4]arenes undergo periodic conformational changes (C2v !
C4v !C2’v, the “pinched cone-pinched cone” interconversion) [7]. These findings were based on the fact that,
though the four nitro groups of tetranitro-cone-calix[4]arenes seem to be equivalent, their reduction proceeds in
two 2-electron steps. Consequently, in this case the
system has to contain two pairs of different nitro groups
without their mutual communication among them [7],
which is consistent only with the pinched shape and the
above mentioned flexibility and dynamic behavior. According to the quantum chemical calculations, the nitro
groups on the more distant benzene rings in the pinched
shape are reduced first [7]. As the intermediates, stable
oligo radical anions were proved and characterized by
EPR [8].
In our further studies [11] it was found, that the dynamic behavior of the calixarenes (a “pinched conepinched cone” interconversion) depends substantially on
the position of the substituent and on the type of atropoisomer. Thus the shift of the substituent (nitro group)
from p- to m-position causes rigidity of the framework [5]
similarly like the change of cone- to 1,3-alt-conformation..
Nevertheless, neither p-, nor m-nitrocalix[4]arenes, neither cone- nor alt-nitrocalix[4]arenes show any evidence
of intramolecular communication between individual
redox centers, that is between the individual phenylene
units. This property is caused by the presence of methylene bridging groups totally blocking the electron communication. The nitroso analogues behave similarly like
nitro, hence, the change of the type of redox probe seems
to have no significant effect on the qualitative reduction
pattern.
This contribution is focused on the question, what is
the influence of replacing the “classic” bridging methylene groups by a sulphur on the electrochemical response.
For this reason, the two series of oligonitro thiacalix[4]arenes shown in Fig. 1 and 2 were investigated.
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calixarenes and due to the lower symmetry of the molecule, these meta-substituted 1,3-alternate derivatives
should be all rigid.
The first member M1 behaves electrochemically like
a common nitrobenzene derivative. It is reduced by 1 + 3
electrons according to the literature and therefore it was
used as a convenient one electron current standard for
the evaluation of the di- and trinitro derivatives M2–M3
(Table 2).
In the case of dinitro compounds M2 and M3, it was
observed that the first two electrons reduce the molecule
in two processes. It means that there must exist
some kind of intramolecular electronic communication
(measurable by the potential separation DE = j E2@E1 j).
The isomeric thiacalixarenes M2 and M3 exhibit very similar electroreduction behaviour even though the geometrical distance of both nitro redox centres is different.
Thus, the electronic communication in these molecules
must be led through the skeleton (number of bonds between the nitro groups is the same in M2 as in M3), not
through space.
This effect (some kind of electron delocalization) can
originate from the shift of the nitro groups from p-position towards the lower rim (P-series) to m- position (Mseries) in combination with the presence of larger sulphur
atoms in the bridging units.
The explanation is based on the fact that the nitro
groups in the m-positions towards the lower rim are in
fact in para- and/or ortho position towards the thiabridges enabling thus 1,2- and/or 1,4-quinoid resonance
structures. In combination with the presence of two adjacent C@S bonds which are less rigid than the methylene

Fig. 2. Polarographic reduction of p-tetranitro-1,3-alt-thiacalix[4]arenes P1–P8.

Table 1. Electrochemical data of the compounds P1–P8.
Comp.

Lower rim

E1/V

E2/V

E4/V

Ratio of currents
i1 : i2 : i3

P1
P2
P3
P4
P5
P6
P7
P8

4 X@OCH3
4 X@OC3H7
4 X@OC4H9
4 X@OC5H11
4 X@OC6H13
4 X@OCH2C / CH
4 X@OCH2C6H5
4 X@OCH2CH(CH3)C2H5

@0,95
@0,96
@1,00
@1,01
@1,00
@0,98
@1,03
@0,98

@1,13
@1,15
@1,18
@1,19
@1,20
@1,14
@1,22
@1,19

@2,18
@2,33
@2,37
@2,41
@2,39
@2,25
@2,27
@2,18

2 : 2 : 12
2 : 2 : 12
2 : 2 : 12
2 : 2 : 12
2 : 2 : 12
2 : 2 : 12
2 : 2 : (3 : 9)
2 : 2 : 12
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S bond is longer than a C@C bond, 1.81 c vs. 1.54 c
(average length). Then it is quite possible that the sulfurbridged calixarenes would be significantly less rigid than
the methylene-bridged calixarenes. Therefore the second
explanation seems to be more probable. Nevertheless,
this question is still open and under investigation.
In comparison with the methylene-bridged derivatives,
both reduction potentials E1 and E2 of the thia-bridged
compounds are shifted by appr. 300 mV positively. The
last reduction step (E4) at much more negative potentials
is a broad irreversible wave which corresponds to the 12electron reduction of the four nitro radical anions leading
to the formation of a tetra-hydroxylamine derivative
(Fig. 2).
From the electrochemical data in the Table 1 it is evident that variation in the lower rim substituents does not
affect much the electrochemical response (apart from
steric substituents) even if the conformer is conformationally labile (case of P1). Although the inductive influence
of the substituents can differ (moderately electron donating CH3 group vs. slightly withdrawing C / CH group),
the first reduction potentials E1 remain nearly the same
(E1 = @0,95 V for P1 vs. E1 = @0,98 V for P6). It is apparent that the oxygen atom with two sigma bonds is capable
of effective shielding the aromatic parts of the molecule
against the inductive and/or mesomeric effects of the
alkyl/alkenyl groups.
The second series of compounds M1–M4 consists of
meta- substituted mono-, di- and trinitro-1,3-alt-thiacalix[4]arenes which differ in the number of nitro groups or
in their mutual stereochemical orientation (M2–M3 – cf.
Fig. 3). Based on the experiences with previously studied
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Fig. 3. Series of oligo-m-nitro-1,3-alt-thiacalix[4]arenes M1–M4.
Table 2. Reduction potentials and coulometric data of the first step(s) of the nitro groups reduction in the compounds M1–M4.
M1
M2
M3
M4

E1 (V)

n1

E2 (V)

n2

@1,11
@1,07
@1,06
@0,99

1,00
0,98
0,74
0,98

@1,18
@1,16
@1,15

0,86
0,77
0,85

bridge and which can exhibit a hyperconjugative effect
[15, 16] the partial electron communication among the
nitro group and the next phenyl ring becomes possible.
As a result, the reduction of one nitro group causes the
other nitro group(s) less easily reducible and shifts the
next reduction potential to more negative value.
On the other hand, in the compounds P the nitro
groups in the p-position towards the lower rim are in fact
in meta-position towards the thia-bridges, hence the
above mentioned resonance effect is blocked and despite
the presence of the thia-bridge the communication among
the nitro groups in the frame of a nitro thiacalix arenes is
not effective.
The further theoretically six-electron irreversible reduction of the dianion of M2 (M3) to hydroxylamine derivative, occurs in two more negative steps, instead of one
broad wave observed in methylene bridged derivatives.
This is also consistent with certain electron interaction of
the two nitro groups.
www.electroanalysis.wiley-vch.de

E3 (V)

@1,38

n3

S napp (theor)

0,98

1,00
1,84
1,52
2,81

(1 el.)
(2 el.)
(2 el.)
(3 el.)

The trinitro derivative M4 is reduced by first three
electrons in three reversible one electron steps. It is
therefore evident that here exists also intramolecular
communication of the three nitro redox centers. Let us
analyze the situation: in the molecule M4 there are electron withdrawing nitro groups (EWG) in the role of substituents, pushing the reduction potentials to less negative
values. On the other hand, a nitro group being reduced to
its radical anion, acts as a negatively charged electron donating substituent shifting the reduction potential(s) of
the remaining nitro group(s) to more negative values.
Taking into account this consideration, the first electron
should attack the middle nitro group (as a consequence
of the electron withdrawing effect of next two nitro
groups present on the adjacent benzene rings), the
second reduction leads to the formation of racemic pair
of diradical dianions influenced both by its own negative
charge but also by the third nitro group as EWG. Consequently, the most negative reduction represents the for-
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mation of a triradical trianion (Fig. 4, Table 2). At even
more negative potentials the irreversible reduction processes yielding the hydroxylamine derivative occur.
The direct comparison of electrochemical data (presented in the Table 1 and 2) allows us to estimate the potential differences between the nitro groups present in
the m-oligonitro-1,3-alt-thiacalix[4]arenes. Comparing the
E1 in M1 and M2 (M3), respectively, we get a positive potential shift for E1 of 40–50 mV, which refers to the EWG
effect of the nitro group on the opposite aromatic unit.
Similarly from the comparison of E1 in M1 and M4 it is
possible to read the difference of appr. 120 mV positively
caused by the two nitrogroups (60 mV each) on the neighbouring benzene ring. Thus, the shift caused by a neighbour nitro group (60 mV) is larger than that caused by
the opposite nitro group (40–50 mV).
The second reduction potential E2 in M2 and M3 is
more negative than the E1 in M1 because of the presence
of the negative charge. The E2 in M4 is, however, shifted
slightly to less negative potentials (in comparison with
the E2 in M2 and M3) due to the simultaneous presence
of the third unreduced nitro group as an EWG (Fig. 5).
The potential E3 in M4 is the most negative, according to
expectations. The combination of the induction and mesomeric effects with the electrostatic repulsion is here evident.

Fig. 5. Substituent and charge effect of multiple nitro groups on
the reduction potentials E1 (E2, E3) – cf. Table 2.

4 Conclusions
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Fig. 4. Stepwise reduction of m-trinitro-1,3-alt-thiacalix[4]arene
M4. (The empty arrows represent meta-nitro groups, the full
arrows their reduced forms – radical anions).

ferent couples of non-interacting nitro groups in the molecule. In contrast, m-oligonitro-1,3-alt-thiacalix[4]arenes
exhibit a mutual intramolecular communication between
multiple redox centres (nitro groups) evidently due to
combination of two effects: sulphur bridging atom (larger
than the methylene carbon) forming two C@S bonds enabling partial conjugation with the nitro groups in the mpositions towards the lower rim which is in fact in paraand/or ortho position towards the thia-bridges. In any
case, the intramolecular electron communication takes
place via the skeleton, not through space. Consequently,
the substituent (inductive, mesomeric) and charge effects
are observable, additive and partly quantifiable.
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