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Inherently chiral phosphonatocavitands with various bridging moieties at their wide rim were
synthesized. Optical resolution by chiral HPLC was performed with cavitand 8 to afford enantiopure
compounds (+)-8 and (—)-8. The molecular structures of hosts 8 and 12 were determined by X-ray
diffraction. The host properties were investigated by '"H and *'P NMR spectroscopy. The
phosphonatocavitands form inclusion complexes with chiral ammonium neurotransmitters, some

presenting enantioselectivity towards the right or left-handed host enantiomers.

Introduction

Enantioselective recognition processes are part of various fasci-
nating but complexes biological mechanisms and hence play a
key role in living systems via hormones and neurotransmitters.
A Dbetter understanding of these phenomena can be obtained
from the study of artificial supramolecular systems as illustrated
by several examples reported in the literature during the last
two decades.! Following this pioneering work, an increasing
interest in the design of various chiral systems with different
sizes and binding properties has emerged with, as its target,
potential applications as biosensors,? therapeutic vectors and
also use in asymmetric synthesis and chiral separation.* Among
these examples, calixarene type molecules have been shown to
be some of the most promising candidates due to the possibility
of functionalizing the narrow and/or the wide rim of this rigid
scaffold.* These macrocycles being made from the repetition of
achiral units, a simple way to introduce dissymmetry can be
achieved by adding moieties bearing stereogenic centers usually
located remotely from the cavity.* More recently, a growing interest
in the development of inherently chiral macrocycles has emerged.®
In this specific case, dissymmetry is the consequence of a difference
between the binding sites or the bridging units and the presence
of a curvature.” Atropoisomerism between the aromatic moieties
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is of importance to preserve this curvature leading to molecules
belonging to the C, group, and several examples of inherently
chiral cyclodextrins,® and calixarenes® were thus reported.

Previously, the groups of Cram, Rebek and Dalcanale success-
fully applied such a strategy to design inherently chiral cavitands."
However, in all these cases, the lack of strong binding groups and
the rather achiral character of the inner cavity precluded their use
as efficient enantioselective receptors in solution.! Interestingly,
cavitands based on the phosphorylated resorcin[4]arenes, such as
the tetraphosphonatocavitands,'?> show remarkable binding prop-
erties towards alcohols,'®* metal ions," and ammonium cations."
Recently, our group described the synthesis of diphosphonate
cavitands of the ABii type, AB defining the vicinal positions of
the two phosphorus groups, and #i corresponding to the inward
orientations of the two P—=0 groups (Fig. 1).'¢

Fig. 1 The resorcin[4]arene structure with its four possible bridging sites
A, B, C and D (left), and the ABii(PO) X-ray molecular structure with its
un-bridged C and D sites (right; R = C,H,Ph; from ref. 16a).

The ABii structure possesses two P—O0 bonds oriented towards
the cavity which favor the complexation of guest molecules. This
compound is an ideal precursor for inherently chiral cavitands
since bridging by at least one different group on a third site (C or
D sites, Fig. 1) leads directly to chiral species. Following this idea,
we recently reported the synthesis, the optical resolution and the
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determination of the absolute configuration of the first inherently
chiral phosphonatocavitand (compound 1, Fig. 2).'%

Fig. 2 Enantiomers of the inherently chiral phosphonatocavitand 1:
(—)-cR-1 and (+)-¢S-1.

This compound showed interesting enantioselective bind-
ing properties towards L-adrenaline picrate, the complex L-
adrenaline@(+)-1 being favored in a 2:1 ratio compared to the
complex L-adrenaline@(—)-1. In order to better understand the
interactions involved in this type of cavitand, we wished to extend
this study to other chiral host molecules as well as other chiral
ammonium guests of biological interest such as nicotine and

1. P{(NMey)a

EtN(i-Pr)z/Toluene
2.5

ICH.CI
K3CO4, DMF

90°C, oin
1. PhPCly
Pyridine/Toluene
2.5
1eq. PhPCly 29%
2eq. PhPCl; —— Not observed

ephedrine derivatives and to compare the new cavitands towards
the enantioselective complexation of such guest molecules. These
species are known to take part in biological processes such as
information transfers in the neuronal system.”

Starting from the precursor ABiiPS 2, we synthesized the four
new inherently chiral cavitands 5, 8, 11 and 12, which differ in
their extra bridging groups, which should afford different binding
properties (Scheme 1). Another chiral cavitand was prepared
from the tri-thiophosphonate cavitand 14, incorporating a
binaphthyl bridge (compound 16) synthesized as a racemate and in
one enantiopure form (Scheme 2). In this case, the molecule is not
inherently chiral, with asymmetry resulting from the stereogenic
binaphthyl group.

Results and discussion
Synthesis

We have considered four different bridges that were introduced
in the ABii type molecule bearing two inward oriented Ph—P=0
moieties: (i) one inward Me,N-P=0 (C site; compound 5), (ii)
one methylene bridge (C site; compound 8), (iii) one inward

traces
25% 25%

traces

Scheme 1 Synthesis of the inherently chiral cavitands 5, 8, 11 and 12 from the precursor ABi#iPS 2 (R = C, H;).
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Scheme 2 Synthesis of racemic cavitand (£)-16 and enantiopure (R,)-16.

Ph-P=S (C site; compound 11) and (iv) one inward Ph-P=S
bridge and one outward Ph—P=S bridge (C and D sites; com-
pound 12).

Concerning compound 5, a survey of the literature showed
that amidophosphite cavitands can be synthesized efficiently
using tris(dimethylamino)-phosphine as reactant,” leading after
sulfurization to the inward orientation of the thiophosphoryl
moiety. The addition of one equivalent of tris(dimethylamino)-
phosphine to a toluene solution of compound ABiiPS 2 in the
presence of Hiinig’s base (N,N-diisopropylethylamine) followed
by the addition of sulfur, led to a mixture of compound (¥)-
3 and tetra-bridged derivative 4 that both have the desired
inward orientation of the P—=S groups. These compounds were
separated by column chromatography in 43% and 14% yields
respectively (Scheme 1). The three P—=S moieties of compound
(3)-3 were further transformed into P—=0 groups by reaction with
m-chloroperoxybenzoic acid (m-CPBA) to give cavitand (1)-5, the
inward orientation of the three chelating groups being preserved.

Tetraresorcinarene type molecules bearing methylene bridges
are well described in the literature.»* Following the reported
procedures, the addition of one equivalent of iodochloromethane
onto cavitand ABiiPS 2 in the presence of potassium carbonate,
in DMF at 90 °C, led to the desired chiral cavitand (£)-6 together
with the tetra-bridged parent molecule 7. Similarly to compounds
(£)-3 and 4, compounds (£)-6 and 7 were separated by column
chromatography in 53% and 21% yield respectively (Scheme 1).
As described above, the thiophosphonate groups in (£)-6 and 7
were further transformed into phosphonate groups by reaction
with m-CPBA to give cavitands ()-8 and 9, respectively, in high
yields. Compound 9 has been already reported and was obtained
in 33% yield by addition of iodochloromethane to compound
10,2 or by addition of phenyldichlorophosphine oxide to the bis-
methylene-bridged precursor (10% yield).** Chiral compound 8
crystallizes in the triclinic crystal system (P1) to give the racemate
(1)-8.1 The molecular structure depicted in Fig. 3 shows one
encapsulated CH;OH molecule with the CH; group located inside

I Crystal data 8-CHCl;-CH;0H: CyH,,;CLO,, P, M = 1513.23, triclinic,
P1, a=11.9557(4), b = 15.3805(4), ¢ = 22.8398(6) A, o = 95.810(2)°, B =
95.876(2)°, ¥ = 90.902(2)°, V = 4155.92) A}, Z=2, D, = 1.209 g mL",
u(Cu-Ko) = 1.816 mm™, 26,,, = 124.3°, T = 100 K, 60303 reflections
collected, 13020 unique reflections with I > 20(l), R, = 0.050 (928
parameters) and R, = 0.092, wR, = 0.200, GooF = 1.042, CCDC 783437.
12: CoH,,,0,0P,S,, M = 1626.06, monoclinic, P2,/c, a = 14.338(1), b =
34.567(3), ¢ = 18.529(2) A, o =90.00°, B =106.02(1)°, ¥ = 90.00°, V =
8827(1) A3, Z =4, D, = 1.224 g mL™!, u(Cu-Ko) = 1.686 mm™, 26,,., =
134.7°, T = 100 K, 64964 reflections collected, 15406 unique reflections
with I > 20(I), R, =0.063 (1009 parameters) and R, =0.130, wR, =0.295,
GooF =1.07, CCDC 783436.

Fig. 3 Sticks and CPK views of the X-ray molecular structure of
CH,OH@(2)-8.

the molecular cavity (mean distance to the phenyl centroids =
3.74 A), the OH group forming a strong H-bond with one
PO group (d(P=O0---OH) = 2.763 A). A chloroform molecule
occupies interstitial positions in the lattice.

The mixed cavitand with P—=0 and P==S groups, was synthe-
sized from the AB#iPO derivative 10. Addition of one equivalent
of dichlorophenylphosphine, followed by in situ addition of sulfur,
led predominantly to the tri-bridged chiral compound (1)-11 with
the P=S bond pointing inward, isolated in 29% yield. Interest-
ingly, when adding two equivalents of dichlorophenylphosphine
under the same reaction conditions, a 1:1 mixture of the chiral
ABii(PO)CDio(PS) ()-12 and the achiral ABii(PO)CDii(PS) (¥)-
13 was exclusively obtained. These compounds were separated
by column chromatography and both obtained with 25% yields.
It seems unlikely that the chiral compound 12 will possess any
binding affinity for a guest molecule as one of the P-phenyl groups
is shielding the accessibility to the cavity. This is shown by the
X-ray molecular structure depicted in Fig. 4.1 Single crystals were
grown from hexane solution to give racemate (£)-12. The ii and
io orientation of the phosphonate and thiophosphonate groups,
respectively, are confirmed in the solid, and one phenyl group is
oriented towards the molecular cavity. The molecules are tightly
packed in the crystal with efficient Van der Waals interactions
between the long chain substituents of the narrow rim.

Fig. 4 Sticks and CPK views of the X-ray molecular structure of (£)-12
showing the occupancy of the molecular cavity by a P-phenyl group.

Finally, as a matter of comparison, chiral cavitand 16, bearing
a binaphthyl stereogenic group was synthesized in two steps
from the 3iPS cavitand 14 (Scheme 2)."* Combination of 14 and
2,2’-bis(bromomethyl)-1,1’-binaphthyl, which was prepared from
1,1’-bi(2-naphthol) (BINOL) following a reported procedure,?
in the presence of Cs,CO; in acetonitrile at reflux temperature
led to compound 15. The reaction of this latter compound with
m-CPBA gave cavitand 16 quantitatively. While starting from
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(1)-BINOL, (1)-16 was obtained, whereas enantiopure (R,)-
BINOL gave enantiopure (R,)-16 (Scheme 2).

Chiroptical properties

The optical resolution of compound 8 was performed by
semi-preparative HPLC using a Chiralpack IA column and
a hexane/isopropanol/CHCl; 92/4/4 mixture as eluant. This
afforded up to 19 mg of each enantiopure (+)-8 (Rt = 9.03 min)
and (-)-8 (Rt = 12.39 min) with ee >99.5%. Interestingly, these
compounds display no optical rotation at wavelengths A = 589,
578, 546, 436 and 365 nm in CHCI; or ethanol solution. Thus,
the dextrogyre and levogyre species were attributed from the sign
observed with the ECD detector of the HPLC at 295 nm. The ECD
spectra of (+)-8 and (-)-8 (¢ ~ 4 x 10~ M, CH,Cl,) showed identical
mirror-image signals confirming their enantiomeric relationship,
and were compared to the previously reported ECD spectra of
(+)-1 and (-)-1 (Fig. 5)."® A similar pattern was observed with
two consecutive strong positive Cotton effects (around 240 nm
and 280 nm) and a strong negative Cotton effect (around 295 nm)
for the levogyre compounds (same but opposite observation for
the dextrogyre compounds). Considering the high resemblance
between the structures of cavitands 1 and 8, it is likely that both
levogyre compounds are of ¢R configuration and the dextrogyre
compounds have the ¢S configuration. However, this hypothesis
needs to be confirmed without ambiguity by other means. All
attempts to perform the optical resolution, by semi-preparative
HPLC, of the other inherently chiral cavitands 4, 11 and 12, failed.
As mentioned above, compound 16 was obtained enantiopure
([a]? = 158, ¢ ~ 0.1, acetone) when using (R,)-BINOL as the
starting material. The ECD spectra of (R,)-16 (¢ ~ 10° M, CH,Cl,)
displayed a characteristic excitonic coupling around 230 nm
corresponding to the 'B,(1) et 'B,(2) transitions from the two
naphthyl moieties: a positive followed by a negative Cotton effect
corresponding to the (R,) configuration as depicted in Fig. 6.2

60+

404

Ag (cm? mmol-')
o

A (nm)
_60 T T T T T T T T
255 275 295 315 335 355 375 395

Fig. 5 ECD spectra of (-)-1 (red solid line), (+)-1 (blue solid line), (-)-8
(red dotted line) and (+)-8 (blue dotted line) (¢ ~ 4 x 10° M, CH,Cl,).

Enantioselective complexation

The enantioselective complexation experiments consist in adding
a solution of the racemic cavitand (in CDCl; or CD,Cl,) to a
solution of the enantiopure ammonium picrate salts in a 1:0.4
equiv host: guest ratio. This resulted in the formation of two
diastereomeric host-guest complexes. The complexation can be
observed either by *'P NMR spectroscopy (downfield shift of

130

100

50

A€ (cm2 mmol-)

A (nm)

-70 | I | 1 | 1 |
225 250 300 350 400

Fig. 6 ECD spectra of cavitand (R,)-16 (¢ ~ 10~ M, CH,Cl,).

the 3'P signals) or by '"H NMR spectroscopy by following the
highfield shift of the NCH; protons (for adrenaline, ephedrine and
pseudoephedrine), of the terminal CH; protons (for norephedrine,
ephedrine and pseudoephedrine), or by the split of the CH
bridging protons of the cavitands (for nicotine) (Fig. 7).

HO
—p G
NC A
HO + AN Y
nH, M CHs

L-adrenaline nicotine
H2N + HQN - H3N B
AN
ephedrine pseudoephedrine  norephedrine

Fig.7 Structures of the ammonium guests investigated.

The temperature was carefully controlled to run the experiment
under slow exchange conditions on the NMR time scale, so
that a good separation of the signals of the two diastereomeric
host-guest complexes could be observed in the 'H or P NMR
spectra. NMR experiments were performed at room temperature
for nicotine, but as a general trend, it appeared necessary for
the other ammonium guests to perform the experiments at lower
temperatures (253 K for adrenaline and 233 K for ephedrine and
its derivatives). In the cases where the cavitands were available in
their enantiopure form (i.e. for compounds 1 and 8) it has been
possible to assign each diastereomeric host—guest complex.

The results are gathered in Table 1. As expected, compound
12 with an inward oriented phenyl group displayed no com-
plexation towards ammonium salts. The other chiral cavitands
tested formed host—guest complexes. Among the inherently chiral
cavitands, only cavitands 1 and 8 showed noticeable diastere-
oselectivities except for nicotine (d.r. ~ 1:1). As mentioned
above, the complex L-adrenaline@(+)-1 was favored in a 2:1
ratio over complex L-adrenaline@(—)-1. A similar behavior was
observed with pseudoephedrine with a 2.2:1 ratio in favor of
pseudoephedrine@(+)-1. Interestingly, no diastereoselectivity was
observed with ephedrine and a reversed selectivity was obtained
with norephedrine (1:2.5 ratio in favor of norephedrine@(-)-
1) (Fig. 8). Concerning cavitand 8, a good selectivity was only
observed with pseudoephedrine (2.5: 1 ratio in favor of cavitand

This journal is © The Royal Society of Chemistry 2011
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Table 1 Diastereomeric ratios d.r. (guest@(+)-host/guest@(—)-host) for the complexes of the racemic cavitands 1, 5, 8, 11, 12 and 16 with enantiopure
ammoniums (picrate salts; 1:0.4 host/guest ratio) measured by 'H and/or *'P NMR

Host
Guest 1 5 11 12 16
Nicotine ~1:14 — ~1:14 — No Complex. —
Adrenaline ~2:1° ~1:14 ~1:1¢ —* No Complex. ~1:1°
Ephedrine ~1:1¢ — ~1:1.3¢ ~1:1° — —
Pseudoephedrine ~2.2:1¢ —* ~2.5:1¢ — — ~1:1.5°
Norephedrine ~1:2.5¢ — — — —

@At 298 K in CDCl;. ® At 253 K in CDCl;. € At 233 K in CD,Cl,. “ No split visible by 'H and 3P NMR between the two diastereomeric host-guest

complexes. ¢ Not done.

G= pseudoephedrine ephedrine norephedrine
OH OH OH
Ve I_Me 1 me
NH,Me NH,Me TNH,

203K, ()G —— —
—_—_—
1:1)

N

293K; (2)1/G
1:0.4)

NHCR; " NHCH;
cH, + N CH, CHy dr~25:1
233K; (+)-1/G NN\ N 0 cH,

a1 [dr~22:1] dr~1:1 CH,

233K; (2)-1/G AN )L A )
(1:0.4)

233K; ()-1/G /N -_JL.JL N
(1)

233K; (+)-1/G . ) —JL __ J\_.. ~_.w,,,,/\‘x

() <10 <15 -20 [ppm]  -0.6 -10 -14 [ppml 1, 15 .55 .26 [ppm]

Fig. 8 Diastereomeric ratios (d.r) obtained from 'H NMR spectra
(CD,Cl,) during complexation experiments with cavitands (£)-1, (-)-1 and
(+)-1 and with guests (G) pseudoephedrine, ephedrine and norephedrine
(host : guest ratios are in parentheses).

(+)-8), the other ammoniums leading to either poor (1:1.3
ratio with ephedrine) or no selectivity at all (with adrenaline).
Finally, compounds with 3i stereochemistry 5, 16 (three inward
orientated P=0 groups) and 11 (two inward P=O and one
inward P=S), display either low selectivity (1.5:1 ratio with
pseudoephedrine@(+)-16 in favor of (—)-16) or no selectivity (1: 1
ratio with adrenaline and ephedrine for 5 and 11, respectively).
The rather achiral character of the inner cavity is probably the
reason for such behavior.

Chemoselective complexation

Considering the high similarity between the three ephedrine
derivatives, we wondered if the chiral cavitands 1 and 8 could
discriminate one of the three ammoniums in a competitive
complexation experiment. To do so, we mixed the three CD,Cl,
solutions containing each host-guest complex in a 1:1 ratio,
the guests being ephedrine, pseudoephedrine and norephedrine
picrate salts. This led to a 1:1 host-guests ratio (i.e. 3 equiv.
of host and 1 equiv. of each of the three guests). Two sets of
experiments for each cavitand 1 and 8 were performed, one with
the dextrogyre cavitands and one with the levogyre cavitands.
In all cases, when lowering the temperature to 233 K, the three
complexed ammonium guests were easily distinguishable in the
'H and *'P NMR spectra. Due to the slight precipitation of
the ammonium salts in the NMR tube at this temperature, the
integration of the signals for each ammonium led to a small
deviation from the expected 1: 1 : I stoichiometry. To this solution
was added 2 more equivalents of a 1:1:1 ratio of the three
ammoniums, resulting in a 1:3 host-guests ratio (i.e. 3 equiv. of

cavitand host, 3. equiv of ephedrine, 3 equiv. of pseudoephedrine,
and 3 equiv. of norephedrine). Interestingly, norephedrine is no
longer complexed by the cavitands (+)-1, (-)-1, (+)-8 and (-)-8.
Concerning the dextrogyre cavitands (+)-1 and (+)-8, a selectivity
towards pseudoephedrine compared to ephedrine was observed
with ~1.7:1 and 1.6:1 ratios, respectively (Fig. S69 and S71,
respectively, in the ESIT). Furthermore, the levogyre cavitands
(-)-1 and (-)-8 are selective for ephedrine, with a 1.8:1 ratio for
(-)-1 (Fig. S68 in the ESI), and complete selectivity (>98:2) for
host (-)-8, ephedrine being the unique species complexed by this
cavitand as shown in Fig. 9.

TH NMR (CD2Cl2, 500.1 MHz) 31P NMR (CD2Cl2, 202.5 MHz)

—
-

M ©

-/ \\._,JL_.,,_/\_.‘__.M,___,__, ®)
S

Ephedrine ©

Norephedrine

Pseudoephedrine ﬂ
N ¥
(d)
|

(e)

T

45 20 ppm 16.0 14.0 12.0 10.0 ppm
Fig. 9 Chemoselective complexation experiments followed by 'H
and P NMR in CD,Cl, at 233 K: (a) ephedrine@(-)-8 (1:1);
(b) pseudoephedrine@(—)-8 (1:1); (c) norephedrine@(—)-8 (1:1);
(d) [ephedrine][pseudoephedrine][norephedrine]@(-)-8 (1:1:1:3); (e)
[ephedrine][pseudoephedrine][norephedrine]@(—)-8 (1: 1:1:1).

Conclusions

In summary, we have developed an efficient synthesis of inherently
chiral cavitands following a strategy that can be extended to other
dissymmetrical cavitands. Semi-preparative chiral HPLC was
revealed to be an efficient means to optically resolve some of these
hosts and their chiroptical properties have been investigated. Single
crystal X-ray analyses were performed for the two chiral hosts (1)-
8 and (+)-12 and confirmed the stereochemistry at the phosphorus
atoms, which adopt the inward orientation of the P—O or
P=S bonds, an important feature for efficient complexation of
ammonium cations. The phosphonatocavitands are particularly
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This journal is © The Royal Society of Chemistry 2011



efficient in the recognition of neurotransmitter guests. NMR
was used to study in solution the encapsulation process and
showed for some of them enantioselective recognition towards
adrenaline and ephedrine derivatives. Competition experiments
between ephedrine, norephedrine and pseudoephedrine in the
presence of cavitands 1 or 8 showed, in the case of (—)-8 a complete
chemoselectivity towards ephedrine.

Acknowledgements

The authors are extremely grateful to Dr Béatrice Dubessy for
her contribution in the early stage of this project. Sandrine
Denis-Quanquin and Dr Denis Bouchu are acknowledged for
NMR assistance and mass spectra measurements, respectively. The
Centre de Diffractométrie Henri Longchambon (CDHL, Institute
of Chemistry, Lyon) is acknowledged for X-ray facilities access.

Notes and references

1 (@) J-M. Lehn, Ed., J. L. Atwood, J. E. D. Davies, D. D. Macnicol
and F. Vogtle, Executive Eds, Supramolecular Reactivity and Trans-
port: Bioorganic Systems. Comprehensive Supramolecular Chemistry,
Y. Murakami Ed., Elsevier, Amsterdam, 1996, Vol. 4; () S. Shirakawa,
Y. Tanaka, T. Kobari and S. Shimizu, New J. Chem., 2008, 32, 1835;
(¢) G. A. Hembury, V. V. Borovkov and Y. Inoue, Chem. Rev., 2008, 108,
1; (d) E. Pinkhassik, I. Stibor, A. Casnati and R. Ungaro, J. Org. Chem.,
1997, 62, 8654; (¢) A. Scarso and J. Rebek Jr, Supramol. Chirality, 2006,
265, 1; (f) J. Kim, B. Raman and K. H. Ahn, J. Org. Chem., 2006, 71,
38.

2 G. A. Hembury, V. V. Borovkov and Y. Inoue, Chem. Rev., 2008, 108,

1.

(a) C. Moberg, Angew. Chem., Int. Ed., 2006, 45, 4721; (b) S. A.

Fernandes, F. F. Nachtigal, M. Lazzarotto, F. Y. Fujiwara and A. J.

Marsaioli, Magn. Reson. Chem., 2005, 43, 398; (¢) A. V. Yakovenko,

V. I. Boyko, V. I. Kalchenko, L. Baldini, A. Casnati, F. Sansone and

R. Ungaro, J Org. Chem., 2007, 72, 3223; (d) J. 1. Kikuchi and Y.

Murakami, J. Inclusion Phenom. Mol. Recognit. Chem., 1998, 32, 209;

(e) J. 1. Kikuchi, K. Ariga and K. Ikeda, Chem. Commun., 1999,

547; (f) B. Escuder, A. E. Rowan, M. C. Feiters and R. J. M. Nolte,

Tetrahedron, 2004, 60, 291; (g) R. Katoono, H. Kawai, K. Fujiwara and

T. Suzuki, Chem. Commun., 2005, 5154.

4 (a) S. Cherenok, J.-P. Dutasta and V. Kalchenko, Curr. Org. Chem.,
2006, 10, 2307; (b) V. Simulescu and G. Ilia, J. Inclusion Phenom.
Macrocyclic Chem., 2010, 66, 3.

5 For representative examples, see: (¢) Y. Kubo, S. Y. Maeda, S. Tokita
and M. Kubo, Nature, 1996, 382, 522; (b) C. Dieleman, S. Steyer, C.
Jeunesse and D. Matt, J. Chem. Soc., Dalton Trans., 2001, 2508; (¢) F.
Sansone, L. Baldini, A. Casnati, E. Chierici, G. Faimani, F. Ugozzoli
and R. Ungaro, J. Am. Chem. Soc., 2004, 126, 6204; (d) C. Gaeta, M.
De Rosa, M. Fruilo, A. Soriente and P. Neri, Tetrahedron: Asymmetry,
2005, 16, 2333; (e) A. Quintard, U. Darbost, F. Vocanson, S. Pellet-
Rostaing and M. Lemaire, Tetrahedron: Asymmetry, 2007, 18, 1926;

W

(f) A. Marson, Z. Freixa, P. C. J. Kamer and P. W. N. M. van Leeuwen,
Eur. J. Inorg. Chem.,2007,4587; (g)J. Bois, I. Bonnamour, C. Duchamp,
H. Parrot-Lopez, U. Darbostab and C. Felix, New J. Chem., 2009, 33,
2128.

6 (a) V. Bohmer, D. Kraft and M. Tabatabai, J. Inclusion Phenom. Mol.
Recognit. Chem., 1994, 19, 17; (b) C. S. M. Visotsky and V. Bohmer,
Adv. Supramol. Chem., 2000, 7, 139.

7 (a) A. Dalla Cort, L. Mandolini, C. Pasquini and L. Schiaffino,
New J. Chem., 2004, 28, 1198; (b) A. Szumna, Chem. Soc. Rev., 2010,
39, 4274.

8 S. Guieu, E. Zabarova, Y. Blériot, G. Poli, A. Jutand, D. Madec, G.
Prestat and M. Sollogoub, Angew. Chem. Int. Ed., 2010, 49, 2314.

9 For representative examples see: (a) J. K. Browne, M. A. McKervey,
M. Pitarch, J. A. Russell and J. S. Millership, Tetrahedron Lett., 1998,
39, 1787; (b) F. Narumi, T. Hattori, N. Matsumura, T. Onodera, H.
Katagiri, C. Kabuto, H. Kameyamaa and S. Miyanob, Tetrahedron,
2004, 60, 7827; (c) S. Shirakawa, A. Moriyama and S. Shimizu, Org.
Lett., 2007, 9, 3117; (d) Z.-X. Xu, G.-K. Li, C.-F. Chen and Z.-T.
Huang, Tetrahedron, 2008, 64, 8668; (¢) S. A. Herbert and G. E. Arnott,
Org. Lett., 2009, 11, 4986; (f) M. A. Kliachyna, O. A. Yesypenko,
V. V. Pirozhenko, S. V. Shishkina, O. V. Shishkin, V. Boyko and V. L.
Kalchenko, Tetrahedron, 2009, 65, 7085.

10 (a) D.J. Cram, L. M. Tunstad and C. B. Knobler, J. Org. Chem., 1992,
57, 528; (b) P. Soncini, S. Bonsignore, E. Dalcanale and F. Ugozzoli,
J. Org. Chem., 1992, 57, 4608; (c) A. R. Renslo, F. C. Tucci, D. M.
Rudkevich and J. Rebek Jr, J. Am. Chem. Soc.,2000,122,4573;(d) A.R.
Renslo, D. M. Rudkevich and J. Rebek Jr, J. Am. Chem. Soc., 1999,
121, 7459.

11 M. Vincenti, E. Dalcanale, P. Soncini and G. Guglielmetti, J. Am. Chem.
Soc., 1990, 112, 445.

12 J.-P. Dutasta, Top. Curr. Chem., 2004, 232, 55.

13 M. Melegari, M. Suman, L. Pirondini, D. Moiani, C. Massera, F.
Ugozzoli, E. Kalenius, P. Vainiotalo, J.-C. Mulatier, J.-P. Dutasta and
E. Dalcanale, Chem.—Eur. J., 2008, 14, 5772.

14 B. Bibal, B. Tinant, J.-P. Declercq and J.-P. Dutasta, Supramol. Chem.,
2003, 15, 25.

15 (a) P. Delangle, J.-C. Mulatier, B. Tinant, J.-P. Declercq and J.-P.
Dutasta, Eur. J. Org. Chem., 2001, 3695; (b) R. M. Yebeutchouand
and E. Dalcanale, J. Am. Chem. Soc., 2009, 131, 2452.

16 (a) S. Harthong, B. Dubessy, J. Vachon, C. Aronica, J.-C. Mulatier and
J.-P. Dutasta, J Am. Chem. Soc., 2010, 132, 15637; (b) J. Vachon, S.
Harthong, B. Dubessy, J.-P. Dutasta, N. Vanthuyne, C. Roussel and
J.-V. Naubron, Tetrahedron: Asymmetry, 2010, 21, 1534.

17 D. A. Dougherty, J. Org. Chem., 2008, 73, 3667.

18 B. Dubessy, S. Harthong, C. Aronica, D. Bouchu, M. Busi, E. Dalcanale
and J-P. Dutasta, J. Org. Chem., 2009, 74, 3923.

19 E. E. Nifantyev, V. I. Maslennikova and R. V. Merkulov, Acc. Chem.
Res., 2005, 38, 108.

20 (a) J. C. Moran, S. Karbach and D. J. Cram, J. Am. Chem. Soc., 1982,
104, 5826; (b) D. J. Cram, Science, 1983, 219, 1177; (¢) P. Timmerman,
H. Boerrigter, W. Verboom, G. J. Vanhummel, S. Harkema and D. N.
Reinhoudt, J. Inclusion Phenom. Mol. Recognit. Chem., 1994, 19, 167.

21 M. Shumanm, M. Freddi, C. Masera, F. Ugozzoli and E. Dalcanale,
J. Am. Chem. Soc., 2003, 125, 12068.

22 P. C. B. Page, B. R. Buckley and A. J. Blacker, Org. Lett., 2004, 6, 1543.

23 M. Rubio, M. Merchan, E. Orti and B. O. Roos, Chem. Phys., 1994,
179, 395.

This journal is © The Royal Society of Chemistry 2011

Org. Biomol. Chem., 2011, 9, 5086-5091 | 5091



