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Two molecular cages have been tested as receptors for the persistent
organic pollutant chlordecone. Whereas the host bearing amide functions displays a moderate binding constant (126 M 1), the receptor with
a tris(2-aminoethyl)amine moiety exhibits a higher association constant
(2.1  104 M 1). The recognition process was investigated by NMR
experiments and DFT calculations.

Chlordecone (CLD) is an organochlorine insecticide that presents a
rare perchlorinated bishomocubane structure (Fig. 1). Due to cyclic
constraint and electron withdrawing eﬀects, the ketone moiety of
CLD can readily hydrate, both in the neat form and in organic
solution (benzene, acetone, acetonitrile) when exposed to air
moisture.1,2 All these specificities render the hydrophobic molecule
slightly soluble in water (from roughly 2 mg L 1 at acidic and
neutral pH to 176 mg L 1 at pH 10.9)3 and very recalcitrant towards
environmental conditions.4 In the laboratory, CLD was successfully
degraded into hydrochlordecone and polychloroindene derivatives,
using either chemical reductants,5 UV-irradiation1 or microorganisms.6 CLD was widely used from 1958 to the beginning of
the 1990s, in particular in the French West Indies in order to fight
against the banana black weevil cosmopolites sordidus, which
attacks at the roots of banana trees. However, CLD has proven to
be highly toxic to humans, hence its use was forbidden in
Guadeloupe and Martinique in 1993. Indeed, epidemiological
and toxicological studies have proven that CLD is both toxic for
central nervous system and an endocrine-disrupting chemical;
furthermore, it is considered as responsible for the increase in
the risk of prostate cancer observed for people living in the
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surrounding site where CLD was used.7 Moreover, CLD remains
in the soils, crops and rivers, leading to a persistent environmental
pollution and has been classified as Persistent Organic Pollutants
(POPs) in 2009.4 CLD is extremely hard to remove from drinking
water, hence it can still be found in the blood of people from the
French West Indies. Thus, the supramolecular recognition of CLD
is related to both environmental and health issues since it will
allow its easier detection and its removal from water.
In this context, a host–guest approach appears as particularly
appealing to bring new insight into the purification of water
contaminated by CLD.8 Nevertheless, the complexation of CLD, a
large poly-chlorinated compound, by host molecules has been
rarely reported. To the best of our knowledge, only one example
dealing with recognition of CLD by cyclodextrins has been
described.9 However, no titration curve or association constant
was given, preventing to estimate the strength of the binding.
Moreover, after 4 h, the uncomplexed cyclodextrin was restored,
showing the weak stability of the host–guest complex with time.
Among the hosts capable of complexation of guest molecules like
cyclodextrins,10 calixarenes,11 or cucurbiturils,12 the hemicryptophanes built from a cyclotriveratrylene unit and another C3 symmetrical moiety arouse a growing interest.13 Indeed, they have been
proven to be efficient and selective receptors for cations,14 ionpairs,15 zwitterions,16 and carbohydrates.17 Nevertheless, they were
mainly limited to ionic or sugar guests, which are hydrophilic
substrates. However, the cavity of hemicryptophanes, capped on
the upper part with a hydrophobic CTV unit and on the lower part
with a polar moiety should be able to recognize CLD.
Here we report on the eﬃcient recognition of CLD by the
known hemicryptophanes 1 and 2 (Fig. 1). A very high binding
constant of 2.1  104 M 1 was obtained with host 2. DFT
calculations were performed and highlighted the perfect fit
between the cavity size and that of the CLD. The nature of the
interactions responsible for this very eﬃcient recognition process is also discussed.
Hemicryptophane 1 was synthesized according to our published
procedure in order to investigate its recognition properties toward
CLD.18 The amide units in the south part were expected to give rise

Fig. 1

(a) Structure of chlordecone and its hydrate form, (b) structure of hemicryptophanes 1 and 2.

to hydrogen bonds with the OH group of the CLD, as the gem diol
structure of CLD is the major one in solution (Fig. 1). The binding
constant was determined by 1H NMR titration experiments in
CDCl3 at 298 K. NMR spectra were recorded after progressive
addition of CLD to a solution of the receptor. In each case, only
one set of signals was observed for the complex and for the free
host, showing that host–guest exchange is fast on the NMR time
scale, as usually observed in recognition processes involving hemicryptophanes. Complexation induced shifts of the aromatic H of
the linkers at 6.4 ppm on the receptor were plotted as a function of
the guest/host ratio (Fig. 2). The resulting curves were fitted using
Bindfit program and a 1 : 1 model to give a moderate binding
constant of 126 M 1.19 Both the high rigidity and the small size of
the cavity could account for this modest association constant. Thus,
to improve the efficiency of the recognition process, host 2 was
used as receptor for CLD: removal of the amide units should
provide both more flexibility and space inside the cavity.20
1
H NMR titration experiments were therefore also performed
with host 2 (Fig. 3). In that case, variations in the chemical shift
upon addition of the guest are also observed, showing that the
host–guest equilibrium is also fast on the NMR time scale. The
complexation of the chlordecone molecule induces both upfield
shift and a broadening of most of the NMR signals of cage 2. In
particular, the two well-defined doublets at 3.4 ppm, which
correspond to the diastereotopic Ar-CH2–N– protons, give a
broad signal upon addition of CLD. (Fig. 3(a)). Moreover, a
Fig. 3 (a) 1H NMR spectra (500 MHz, CDCl3, 298 K) of host 2 upon
progressive addition of chlordecone (0, 0.17, 0.29, 0.53, 0.72, 0.95, 1.1
and 2.3 equivalents from bottom to top). (b) 1H NMR titration curves for the
complexation of chlordecone (7 mM) with host 2 (3 mM). The chemical
induced shifts Dd of host’s protons at 6.4 ppm were used.

Fig. 2 1H NMR titration curves for the complexation of chlordecone
(7 mM) with host 1 (3 mM). The chemical induced shifts Dd of host’s
protons at 6.4 ppm (the aromatic H of the linkers) were used.

strong change in the slope of the titration curve was observed
after addition of 1 equivalent of CLD, suggesting a high binding
constant and confirming the expected 1 : 1 stoichiometry
(Fig. 3(b)). The modelled curve gives an association constant of
2.1  104 M 1, which validates our strategy and demonstrates
the much higher affinity of host 2 toward CLD when compared
to host 1. No change in the chemical shifts was observed after
several days when a 1 : 1 ratio of CLD and hemicryptophane 2
were mixed in CDCl3 (Fig. S10 and S11, ESI†). This is in sharp

contrast with the previously described CLD@cyclodextrin
complex, which turns out to be weakly stable with time.9
13
C NMR experiments were also performed to support
the complexation of CLD by hemicryptophane 2. Long-term
13
C NMR measurement of a CLD saturated solution in CDCl3
demonstrated the unique presence of the gem diol form as
previously reported in acetonitrile and acetone.1 Indeed, the
only five visible signals associated with CLD originated from
the presence of two symmetrical planes in the CLD structure.
Among them, the signal detected at 102 ppm is characteristic of
the gem diol function (Fig. S5, ESI†). The signal integration
ratio from a sub-saturated and a saturated solution of CLD
enabled the solubility of CLD in CDCl3 to be estimated at 11.3 
0.2 g L 1 (Fig. S6, ESI†). For the complexation study, shorterterm acquisition parameters were used leading to only one
detectable signal for CLD (Fig. 4(a)). The 13C NMR spectrum of
a mixture of CLD and cage 2, recorded with exactly the same
acquisition parameters, exhibits the expected signals of
the cage, but with additional signals corresponding to CLD.
Indeed, the complexation of CLD by host 2 increases its solubility,
accounting for this experimental result. This increase in solubility
of the guest was further confirmed by the following experiment: to
a saturated solution of CLD, hemicryptophane 2 was added, and
further addition of solid CLD to the mixture did not lead to any
precipitate, demonstrating the improvement of the solubility of the
guest. Thus, the 13C NMR spectrum of the host/guest mixture
shows well-defined and clear signals for the encaged CLD within
the cavity of the receptor (Fig. 4). It can be noted that the same
acquisition parameters were used for both set of experiments.
Moreover, the direct comparison between the 13C NMR spectra of

Fig. 4 13C NMR spectra in CDCl3 of (a) chlordecone (saturated solution)
(blue), host 2 (green), mixture of host 2 and chlordecone (red) and (b) focus
on some specific changes in the chemical shift of either the guest or the
host upon complexation. The correspond to the signals of chlordecone
to the signals of hemicryptophane 2.
and the

Fig. 5

DFT-optimized structures of chlordecone@2.

the free CLD or the empty host 2, highlights changes in their
chemical shifts, underlining the interaction between the two
partners (Fig. 4(b)). This high binding constant and the lack of
host–guest complex decomposition with time, prompted us to
examine which interactions are involved in this very efficient
complexation process, using Density Functional Theory (DFT)
calculations.
The DFT optimized structure of the complex reveals that
CLD is fully encaged in the hemicryptophane cavity (Fig. 5).
Hydrogen bonding between the gem diol moiety and the
nitrogen of the tren unit can be observed (N+H  O distances
between 2.580 Å and 2.254 Å; and N  HO distances between
2.156 Å and 2.264 Å). Moreover, the host/guest structure reveals
halogen–p interactions between the chlorine atoms of CLD and
the aromatic rings of both the CTV units and the linkers
(several Car  Cl distances typically in the range of 3.1 Å).

Fig. 6 Structures of (a) monohydrochlordecone and (b) chlordecone
alcohol. 1H NMR titration curves for the complexation of (c) 10monohydrochlordecone (7 mM) and (d) chlordecone alcohol (7 mM) with
hemicryptophane 2 (3 mM). The chemical induced shifts Dd of host’s
protons at 6.4 ppm were used.

All together, these interactions strongly stabilize the CLD@2
complex, accounting for the high binding constant measured.
Interestingly, as the CLD molecule also presents a cage framework, this structure can be viewed as a cage into a cage.
Then, we studied the ability of cage 2 to complex two
other derivatives of CLD: 10-monohydrochlordecone and chlordecone alcohol, which are also persistent pollutants detected in
the French West Indies (Fig. 6). Binding constants were
obtained using the same methodology as that described for
CLD (Fig. 6). 10-Monohydrochlordecone is also well recognized
by host 2, with a binding constant of 2.6  104 M 1,
slightly higher than that of CLD. The replacement of one
chlorine by a hydrogen atom probably releases the steric
constrain in the host–guest complex and facilitates the
recognition process. In contrast, chlordecone alcohol exhibits
a much lower affinity with a binding constant of 136 M 1, two
orders of magnitude lower than CLD. This highlights the
crucial role played by the hydrogen bonding between the two
OH unit of CLD and the nitrogen atoms of host 2, as observed
in the DFT minimized structure of the host–guest complex
(Fig. 5).
In summary, we have described the eﬃcient recognition of
CLD, an Organic Persistent Pollutant, by a molecular host,
which is, to the best of our knowledge, unprecedented. NMR
titration experiments allowed estimating a high binding constant of 2.1  104 M 1. DFT calculations underline interactions
responsible of the encapsulation of CLD. Syntheses of watersoluble and fluorescent hosts are in progress in our laboratory
in order to complex and detect easily CLD in water.

Conflicts of interest
There are no conflicts to declare.

Acknowledgements
MLC work was funded by CEA and ODN work was supported
by the ‘‘IDI 2017’’ project funded by the IDEX Paris-Saclay,
ANR-11-IDEX-0003-02. The authors would like to thank Olek
Maciejak and Marie-Jeanne Clément (SABNP, INSERM U 1204 Université d’Evry Val-d’Essonne, Université Paris-Saclay, France)
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