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New phenothiazine macrocycles with polyethyleneoxy chains were synthesized in good yields by react-
ing 10-ethyl-10H-3,7-di(3-hydroxyphenyl)phenothiazine with diiodurated or ditosylated polyethylene-
glycols. Their structures were investigated by NMR spectroscopy and single crystal X-ray
crystallography in the case of one compound. The electronic properties were determined by absorption
spectroscopy and cyclic voltammetry and their complexation ability for alkali cations was investigated
by ES-HRMS.

� 2012 Elsevier Ltd. All rights reserved.
Phenothiazine is an important nitrogen–sulfur heterocycle and
its derivatives exhibit broad pharmacological and biological
activities, being used as sedatives, tranquilizers, antituberculotics,
antipyretics, antitumor agents, bactericides, or parasiticides.1 Phe-
nothiazine derivatives have good donor abilities and low oxidation
potential and form stable radical cations2 and their physiological
activities can be attributed to these properties.1,3 Phenothiazine
has a ‘butterfly structure’,4 and on oxidation to radical cation adopts
a planar geometry. Due to its interesting properties, phenothiazine
has become a popular heterocyclic unit used in material sciences5

and also in biology and biochemistry as a marker for proteins,
DNA, or other biochemical systems.6 Phenothiazine is found as a
core unit in redox-active alkylated7 and heteroarylated8 bi- and ter-
phenothiazines, oligophenothiazine-fullerene dyads,9 cruciform
fluorophores,10 molecular wires,11 or ligands for surface modifica-
tion.12 There are very few reported macrocycles with phenothiazine
units, the most representative being the cyclophanes with phenothi-
azine and bipyridinium or with two phenothiazine units.13

Herein we report the synthesis, structural analysis, and com-
plexation studies of the first phenothiazine macrocycles embedded
in ethylenoxide chains of various lengths (Scheme 1).

The building block for the synthesis of the target macrocycles
was the diphenol 5 which was obtained via a multistep procedure
ll rights reserved.
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starting from 10H-phenothiazine 1 (Scheme 1). The alkylation of 1
with ethyl iodide was followed by core bromination of 10-ethyl-
10H-phenothiazine 2 to afford 3 in 76% yield.14 The diboronic dies-
ter 4 was synthesized according to the literature,15 and further
subjected to Suzuki cross-coupling16 with 3-bromophenol to give
10-ethyl-10H-3,7-di(3-hydroxyphenyl)phenothiazine 5 in good
yield (60%). Next, diphenol 5 was reacted with either diiodurated
or ditosylated polyethyleneglycols in acetonitrile at high dilution,
to afford the macrocycles 6 with different cavity sizes (Scheme 1,
yields up to 32%).17

The structure of the macrocycles 6 was confirmed by their mass
and NMR spectra and also by single crystal X-ray diffraction for 6b
(Fig. 1).18

The solid state molecular structure shows the butterfly confor-
mation of the phenothiazine core with a boat conformation for the
six-membered heterocycle and a bowsprit orientation of the ethyl
substituent located on the N atom (Fig. 1). On the other hand, there
are four types of molecules in the lattice (Fig. 2a), which exhibit
differences between the torsion angles of the aromatic units and
between the torsion angles in the chains. The angles between the
planes of the benzene units of the phenothiazine core have differ-
ent values in the four types of molecules (a = 28.6�, 32.1�, 41.4�,
and 46.7�). The aromatic substituents at positions 3 and 7 are not
coplanar with the benzene rings of the phenothiazine units and
the dihedral angles between their planes are all different, the eight
values varying from 13.15� to 34.47�. This peculiar situation occurs
as the result of numerous C–H� � �p and C–H� � �p contacts, which
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Figure 1. Molecular structure of macrocycle 6b.

Table 1
Selected electronic properties of macrocycles 6a�c

Compd Absorption kmax, abs
a (nm) E0

0/+1b (mV)

6a 276, 327 824
6b 280, 335 777
6c 280, 333 786

a Adsorption spectra were recorded at room temperature in CH2Cl2.
b Cyclic voltammetry measurements were performed in CH2Cl2 at rt, m = 100 mV/

s, electrolyte: nBu4N+PF6
�, Pt working electrode, Pt counter electrode, and Ag/AgCl

pseudo reference electrode.
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ensure the favorable packing in the lattice. Thus, one can consider
the lattice to be formed by pairs of macrocycles (highlighted in dif-
ferent colors: blue–orange and green–pink) exhibiting perpendicu-
lar phenothiazine cores (Fig. 2a).

In each pair considered, the benzene rings of the phenothiazine
cores and one phenol ring exhibit edge-tilted to face (T) structures
(Fig. 2b and c). Thus, in the green–pink assembly, the dihedral an-
gles between the similar aromatic rings are a = 76.83� and 84.36�
for the rings of the phenothiazine core and a = 62.14� for the phe-
nol rings, while the C–H� � �p contacts correspond to the H-centroid
of aromatic ring distances d = 2.941, 2.823, and 3.039 Å. The similar
data for the orange–blue assembly are: a = 79.15�, 84.95�, and
67.92� and d = 2.904, 2.814, and 3.093 Å, respectively. Additionally,
C–H� � �p contacts between H atoms of the chains and aromatic
units of the neighboring macrocycles could also be observed in
both assemblies [d = 2.893 Å (Fig. 2b) and d = 2.806 Å (Fig. 2c)].

Some relevant interactions can be also noticed between mole-
cules belonging to different assemblies. For the green–blue
(Fig. 2d) and pink–orange (Fig. 2e) pairs, T structures involving
one of the benzene rings of the phenothiazine cores could be ob-
served. The characteristic data are: a = 85.09� and 84.28�;
d = 2.759 and 2.960 Å, respectively. C–H� � �p contacts involving
the H atoms of the methyl groups of the orange and green mole-
cules respectively, and the phenol units of their partners were also
revealed (distances from the H atom to the centroid of the aromatic
unit d = 2.905 and 3.110 Å, respectively). Other details of the inter-
molecular C–H� � �p contacts in the lattice are given in the SI. The
oxygen atoms of the chains exhibit intra- and intermolecular C–
H� � �p contacts involving the H atoms of the polyethyleneoxide
units (see the Supplementary data).

The 1H NMR spectra of 6a–c exhibit characteristic patterns for
the phenothiazine core and for the polyethyleneoxide chains with
four, five, and six ethyleneoxy units, respectively. The similar aro-
matic units as well as the similar parts of the ethyleneoxy chains
are magnetically equivalent showing unique sets of signals. How-
ever, a certain flexibility of the chains and a partial rotation of
the aromatic substituents of the heterocyclic core have to be taken
into consideration, and these motions, at the average of the confor-
mational equilibria, render the similar groups of the macrocycles
equivalent in the NMR.

The electronic properties of the macrocycles 6a–c were investi-
gated by UV–Vis absorption spectra and cyclic voltammetry. The
electrochemical data of the compounds 6a–c were obtained by
cyclic voltammetry at room temperature in the anodic region,
and the redox potentials calculated against ferrocene are summa-
rized in Table 1. The one-electron reversible oxidation potentials
of phenothiazine derivatives 6a–c are in the expected regions for
phenothiazine derivatives and correspond to the formation of
stable phenothiazine radical cations. Compared to N-methyl-phe-
nothiazine (E0

0/+1 = 767 mV)7c and N-hexyl-phenothiazine [(E0
0/+1 =

728 mV),7c N-ethyl-phenothiazine has, most probably, an
intermediate value of E0

0/+1], anodic shifts being observed for mac-
rocycles 6a–c. This is consistent with the electrochemical behavior
of other 3,7-aryl substituted phenothiazines bearing electron-
withdrawing groups.14 The difference in E0

0/+1 of the three macro-
cycles is probably due to the enclosure of the macrocycles which
favors the increase of the torsion angle of the benzene rings
belonging to the phenoxy units with respect to the phenothiazine
core. The quasi-orthogonal orientation of the benzene rings re-
duces the influence of the phenoxy substituents to the �I effect.
The higher observed value of the E0

0/+1 (824 mV) for the



Figure 2. (a) Part of the crystal structure of 6b showing the four different types of molecules; view of the lattice showing selected C–H� � �p interactions between the pair of
molecules, (b) green–pink assembly, (c) orange–blue assembly, (d) green–blue assembly, (e) pink–orange assembly.

I. Medrut� et al. / Tetrahedron Letters 54 (2013) 1107–1111 1109
macrocycle with the shortest chain 6a, could be attributed to a
nearly coplanar disposition of the phenolic rings with respect to
the phenothiazine unit (conformation in which both �I effect of
OH group and �E effect of the phenyl ring can operate). A coplanar
disposition of the aromatic rings ensures the shortest distance be-
tween the oxygen atoms of the phenoxy substituents. The increas-
ing number of the ethyleneoxy units leads to an increase of the
torsion of the phenoxy substituents of the phenothiazine core hav-
ing as result the decrease of the E0
0/+1 values. A similar trend was

observed for the variation of kmax (in these cases diminishing of
the kmax values) when the spectra of 6b and those of 6a and 6c
were compared.

In order to investigate their ability to complexation of alkali me-
tal cations, which is characteristic for the crown ether class,19 the
macrocycles 6a–c were subjected to ES-HRMS experiments that re-
vealed high affinities for Li+, Na+, and K+ cations. The investigations



Table 2
Relative intensity peaks of complexes of macrocycles 6a–c and alkali metal cations
(samples of equimolecular amounts of 1.5 � 10�4 M solution of 6 dissolved in
acetonitrile and 1:1:1:1:1 mixture of LiCl, NaSCN, KSCN, Rb2CO3, and Cs2CO3, each salt
1.5 � 10�4 M solution dissolved in acetonitrile).

6a (%) 6b (%) 6c (%)

[M+Li]+ 100 37 6
[M+Na]+ 78 100 59
[M+K]+ 78 60 100
[M+Rb]+ — — —
[M+Cs]+ — — 2
[2M+K]+ 11 21 4
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were performed with solutions containing equimolecular amounts
of multicomponent mixtures formed by the macrocyclic host and
the five guest cations as well as samples containing the macrocycle
and a single guest cation. Thus, the mass spectra of the solutions of
equimolecular amounts of macrocycle 6 and LiCl, NaSCN, KSCN,
Rb2CO3, and Cs2CO3 showed the highest preference to formation
of [6a+Li]+, [6b+Na]+, and [6c+K]+ complexes, respectively (Table 2),
according to the macrocycle cavity size. Macrocycles 6a and 6b,
with four and five ethyleneoxy units, also exhibited a peak corre-
sponding to sandwich20 [2M+K]+ complexes, besides the 1:1 com-
plex with K+ (Table 2). There were no traces of the [M+Rb+] or
[M+Cs+] peaks for macrocycles 6 even in the samples containing
only the macrocycle and rubidium or cesium carbonate, except
for 6c which exhibited a peak corresponding to the complex with
Cs+ (Table 2). However, the experiments conducted with lithium
chloride revealed some interesting aspects. The ES-HRMS spectra
of the samples of macrocycles 6 and LiCl showed no affinity for
the lithium cation, while in the samples of 6 with equimolecular
amounts of the alkali metal salts, the corresponding [M+Li]+ peak
was present (Table 2). This noticeable change in complexation abil-
ity can be explained by the change in pH to slightly basic,21 since in
the samples containing all alkali metal salts the corresponding car-
bonates (for Rb and Cs) or thiocyanates (for Na and K) were used
and chloride for Li.

In summary, we report here the synthesis, structural analysis,
and complexation ability of new phenothiazine macrocycles. To
the best of our knowledge these are the first examples of crown
ethers embedding phenothiazine units. Macrocycles 6 exhibit an
electrochemical behavior similar to N-alkyl phenothiazine. The
ES-HRMS experiments performed in order to determine the affinity
of 6 for alkali cations, revealed a high affinity of 6a for Li+, 6b for
Na+, and 6c for K+, respectively. In the case of 6b, the solid state
molecular structure investigations showed numerous intra- and
intermolecular C–H� � �p and C–H� � �p interactions.
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