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Abstract—The synergic effect of paired anion and cation receptors in the recognition of organic salts is demonstrated by the
combined action of acylated cyclodextrins and calix[6]pyrrole in the solubilisation and complexation of paraquat dichloride in
organic solvents, and its extraction from water solution into dichloromethane. © 2002 Elsevier Science Ltd. All rights reserved.

Recognition and binding of salt species by neutral
receptors is generally plagued by adverse ion-pairing
effects which tend to compete with the mutual host–
guest affinity.1 Heteroditopic receptors have been
devised to circumvent these unfavourable conditions.2

However, the syntheses of such receptors are generally
laborious, as they require careful design and multistep
procedures. As an alternative, ion-pair extraction and
transport of inorganic salts have been accomplished by
the use of mixtures of synthetically more accessible
anion and cation receptors.3 In this context, we have
recently demonstrated that strong enhancements in the
complexation of ion-paired organic salts in non-polar
media can be achieved by carefully chosen ‘binary host
systems’.4

In view of the high toxicity of paraquat dichloride 1
and its widespread use as a herbicide,5 the development
of binary host systems specialised in the selective
extraction (and removal) of paraquat dichloride from
aqueous into organic media is highly desirable. Unlike
native cyclodextrins (CDs),6 which preferably bind
uncharged organic species in aqueous solution,7 some
chemically modified CDs behave as receptors for
organic ions in non-aqueous media.8 Specifically, O-
acetylated CDs (namely, per-2,6-O-dialkyl-3-O-acetyl-
�-cyclodextrins) show a good affinity for dicationic
viologen derivatives in solvents such as acetonitrile or

acetone,6d,9 although the presence of non-competitive
counterions (e.g. hexafluorophosphate) is deemed nec-
essary for complexation to occur.9

In this communication, it will be shown that per-2,6-di-
O-methyl-3-O-acetyl-�-CD 2,10 per-2-O-methyl-3,6-di-
O-acetyl-�-CD 3,11 and per-2,6-di-O-methyl-3-O-
benzoyl-�-CD 4,12 paired with calix[6]pyrrole 513 can
efficiently complex paraquat dichloride 1 in organic
media, and can even extract it from water into
dichloromethane (Fig. 1).

Preliminary 1H NMR analysis of liquid–solid extraction
experiments has shown that a high percentage of solu-
bilisation (>80%) of 1 in CD3CN or CD2Cl2 can be
achieved by the combined action of any of the cation
receptors 2–4 and the anion receptor 5 (Table 1). Since
2 equiv. amounts of anion receptor are required to take
up both chloride ions of 1, extraction experiments were
carried out by using a 1:2:1 ratio of 2–4, 5 and 1,

Figure 1. Receptors and substrate employed in the ‘binary
host’ complexation experiments.
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Table 1. Solubilisation of paraquat dichloride 1 in
CD3CN and CD2Cl2 in the presence of single or paired
receptors 2–5 at 298 K after 60 min sonicationa

% of solubilisation in % of solubilisation inHost(s)
CD3CN CD2Cl2

2 5 12
3 50 �5

20–b4
5 50 –c

2+5 �100 80
�100 803+5

4+5 �100–b

a Data obtained by 1H NMR analysis, integrating the host(s) and
paraquat dichloride signals; percentages are expressed as guest/host
ratio.

b CD 4 does not dissolve sufficiently in CD3CN.
c Below NMR detection limit.

amount of calix[6]pyrrole 5, which is known to be an
effective receptor for chloride ions.13 Strikingly, almost
quantitative solubilisation of 1 in CD3CN takes place
when the two complementary receptors (i.e. 2+5 or
3+5) are simultaneously used. In CD2Cl2 the synergic
effect of these paired receptors is even more pro-
nounced. In this unsolvating medium, under our exper-
imental and detection (1H NMR) conditions, 1 does not
dissolve even in the presence of 5 (2 equiv.). On the
other hand, addition of CDs 2–4 to a CD2Cl2 suspen-
sion of 1 causes a modest solubilisation of the salt
(5–20%). However, when a CD is paired with 5, after
sonication, 80–100% of the suspended paraquat dichlo-
ride is brought into solution.

The solubilisation of solid paraquat dichloride in
organic media is driven by host–guest association phe-
nomena, each of the macrocycles used binding its ‘com-
plementary ion’. An insight into the solubilisation
process is provided by the 1H NMR spectrum of the
3+5+1 mixture (Fig. 2).

The addition of a mixture of 3 and 5 to a CD2Cl2
suspension of 1 results in noticeable spectral changes
for both receptors. Complexation of the two chloride

respectively.† Although paraquat dichloride is insoluble
in CD3CN, upon addition of 1 equiv. amount of CDs 2
or 3—which bind the dication bipyridinium component
of the salt—1 is dissolved up to a 50% extent. Similarly,
50% of 1 is solubilised in the presence of 2 equiv.

Figure 2. 1H NMR spectra of CD 3 (a), calix[6]pyrrole 5 (b) and a mixture of 3, 5 and 1 (c) in CD2Cl2 at 298 K. An asterisk
indicates residual solvent peak.

† In a typical experiment, the cation (4 �mol) and anion (8 �mol) receptors were added as solids either separately or together to a suspension of
1 (4 �mol) in 0.8 mL of solvent. Each of these mixtures was sonicated for a fixed time (60 min), filtered to remove any undissolved 1, and then
analysed by 1H NMR spectroscopy. A control experiment showed that the amount of 1 dissolved in either solvent was below the NMR detection
limit.
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ions of the salt by calix[6]pyrrole is confirmed by the
appearance of a broad singlet at �=10.92 ppm,
assigned to the NH hydrogens of 5 involved in Cl−

binding.14 The pyrrole CH protons of 5, which in the
free receptor (Fig. 2, trace b) appear as a doublet (J=3
Hz), become a broad singlet and the sharp singlet of the
isopropylidene groups at 1.50 ppm turns into a broad
singlet at 1.71 ppm upon complexation. Furthermore,
the H-3 and H-6a,b hydrogens (which are located in the
proximity of the acetyl groups) as well as the acetyl
groups of 3 undergo significant complexation induced
shifts as a result of the inclusion of the bipyridinium
dication inside the complementary CD cavity. Addi-
tional 1H NMR titration experiments, carried out by
adding increasing aliquots of paired receptors to a
suspension of 1 (in CD3CN or CD2Cl2), were consistent
with a slow exchange process for the Cl−�5 complex
(doubling of the peaks for complexed and uncomplexed
5) on the NMR time-scale, and a fast one for all
bipyridinium2+�CD complexes (progressive up or
downfield shift of both the bipyridinium and CDs
resonances). In CD2Cl2, where the benzoylated CD 4 is
totally soluble, the 4+5 binary host system is the most
effective in the solubilisation of solid 1. The higher
efficiency of 4 over 2 or 3 may be rationalised in terms
of more favourable bipyridinium ion/carbonyl group
interactions, as a result of a more pronounced electron-
donating character of benzoate versus acetate moieties.
In addition, the presence of the phenyl groups on the
secondary face of CD 4, may also contribute to extend
the cavity of this receptor.

Further evidence for the simultaneous binding of the
charged components of 1 by the binary CD/
calix[6]pyrrole host systems was provided by the elec-
trospray ionisation mass spectrometry (ESI-MS)15 of
host/guest mixtures (CDs/5/1 in the molar ratio 1:2:1)
in acetonitrile. The positive-ion ESI-MS spectra are
dominated in all instances by prominent peaks corre-
sponding to the [bipyridinium�CD]2+ superdications
(doubly charged molecular ions at m/z=905.3 with 2,
1122.4 with 3, and 1003.2 with 4). Similarly, the nega-
tive-ion ESI-MS spectra showed a very intense peak at
m/z=677.5, corresponding to the Cl−�5 superanion
(Fig. 3).

The efficiency of the CD/calix[6]pyrrole systems in the
complexation of 1 is further demonstrated by liquid–
liquid extraction experiments, carried out by using a
1:2:1 molar ratio of 2–4, 5 and 1, respectively.‡ No
paraquat dichloride was detected by 1H NMR analysis
of the CD2Cl2 layer either in the blank experiment or
when a single receptor was initially present in it. On the
other hand, when the binary host systems were used,
significant amounts of 1 were extracted (13, 18 and
40%, for the couples 2+5, 3+5 and 4+5, respectively).

Figure 3. (a) Positive-ion ESI-MS spectrum for the [bipyri-
dinium�CD]2+ complex. (b) Negative-ion ESI-MS spectrum
for the Cl−�5 complex.

To the best of our knowledge, this is the first instance
of paraquat dichloride extraction from water into a
non-polar organic medium (CD2Cl2). The lower
efficiency of liquid–liquid versus liquid–solid extraction
of 1 can be easily explained in terms of adverse solvat-
ing effects due to the presence of D2O, and reduced
activity of the anion binding sites of 5, involved in
hydrogen-bonding with water molecules.14

In conclusion, it has been demonstrated that efficient
binding of paraquat dichloride in organic solvents, as
well as extraction from water into CH2Cl2, can be
achieved by the use of CD/calix[6]pyrrole binary host
systems. The success of this approach relies on the
formation of a supramolecular system consisting of one
superdication and two superanions ([bipyridinium�
CD]2+ and Cl−�5, respectively). We believe that these
findings will pave the way for the development of
analytical procedures of environmental relevance for
the removal of 1 from aqueous solutions.
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