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Acid-Base Controllable Recognition Properties of a Highly Versatile

Calix[6]crypturea

Mickaél Ménand and Ivan Jabin*!®!

Abstract: Versatile concave receptors
with binding properties that can be
controlled by external stimuli are rare.
Herein, we report on a calix[6]crypt-
urea (1) that features two different
binding sites in close proximity, that is,
a tris(2-aminoethyl)amine (tren)-based
tris-ureido cap that provides conver-
gent hydrogen-bond-donor sites and a
hydrophobic cavity suitable for the in-
clusion of organic guests. The binding
properties of this heteroditopic recep-
tor have been evaluated by NMR spec-
troscopic studies. Compound 1 behaves
as a remarkably versatile host that
strongly binds neutral molecules,
anions, or contact ion pairs. Within
each family of guests, compound 1 is
able to discriminate between different

Indeed, neutral molecules that possess
hydrogen-bond donor and acceptor
groups, chloride anions, and linear am-
monium ions associated to F~ or CI™
are particularly well recognized. In
comparison with all the related recep-
tors, compound 1 displays several
unique features: 1) charged or neutral
species are also recognized in polar or
protic solvents, 2) thanks to the flexibil-
ity of the calixarene structure, induced-
fit processes allow the binding of large,
biologically relevant ammonium salts
such as neurotransmitters, and 3) the
protonation of the basic cap leads to a
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positively charged receptor, 1-H',
which is reluctant to host anions and in
which host properties are now gov-
erned by strong charge—dipole interac-
tions with the guests. In other words,
compound 1 presents an acid-base con-
trollable tris-ureido recognition site
protected by a hydrophobic corridor
that can select guests through induced-
fit processes. Thus, its versatile host
properties can be allosterically con-
trolled by protonation and selective
guest-switching processes are possible.
To illustrate all these remarkable fea-
tures, a sophisticated three-pole supra-
molecular switch, based on the inter-
conversion of host-guest systems dis-
playing either charged or neutral
guests, is described.

guests with a high degree of selectivity.

Introduction

The design and study of novel synthetic receptors for
charged or neutral species is a major objective in supra-
molecular chemistry.'! Indeed, these receptors can find po-
tential applications in many areas, such as sensing, catalysis,
nanoscience, biomimetism, drug delivery, and separation sci-
ence. A classical strategy for the elaboration of efficient re-
ceptors consists of using bowl-shaped macrocycles displaying
a hydrophobic cavity. In this regard, readily available molec-

[a] Dr. M. Ménand, Prof. I. Jabin
Laboratoire de Chimie Organique
Université Libre de Bruxelles (U.L.B.)
Avenue F. D. Roosevelt 50
CP160/06, 1050 Brussels (Belgium)
Fax: (+32)2-650-27-98
E-mail: ijabin@ulb.ac.be
Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200902792.

Chem. Eur. J. 2010, 16, 2159 -2169

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ular platforms such as cyclodextrins,” cucurbiturils,” resor-
cinarenes,” cyclotriveratrilenes,”! and calixarenes® have
been extensively studied. However, most artificial hosts de-
scribed so far have been designed with the aim of being
highly specific for a particular guest or family of guests (i.e.,
metal or ammonium ions," anions,” ion pairs,"* or neu-
tral molecules). With the exception of the well-known
azacryptands,”® which do not possess a hydrophobic cavity,
only few examples of versatile receptors have been report-
ed.”! Such receptors are particularly attractive because the
control of their binding properties by an external stimulus
can be exploited for the construction of unique switchable
systems.[”>

In this context, we have previously described molecular
receptors consisting of a p-rfBu-calix[6]arene framework,
constrained in a cone conformation by an azacryptand
cap.™ The grid-like nitrogenous cap closes the receptacle at
the narrow rim leaving a single entrance controlled by the
flexible rBu door. One of them, calix[6]tris(2-aminoethyl)-
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amine (calix[6]tren, Scheme 1), exhibited remarkably versa-
tile host—guest properties toward polar, neutral molecules,
or cationic species (ammonium and metal ions) and it was

Calix[6]tris-urea

Calix[6]crypturea 1

Scheme 1.

shown that these binding properties can be tuned by the en-
vironment (more or less acid, presence of metal ions,
etc.).'!l Replacing the basic polyamino cap by a cryptamide
moiety led to heteroditopic receptors, the so-called calix[6]-
cryptamides (Scheme 1), able to complex neutral guests or
contact organic ion pairs in a cooperative way.'? It is note-
worthy that examples of metal-free complexation of contact
ion pairs are still rare.’! Very recently, it was shown that
calix[6]tris-ureas (Scheme 1) can strongly bind a wide range
of anions" through induced-fit processes, but can also
behave as unique heteroditopic receptors for organic ion
pairs™! with a remarkable positive cooperativity in the com-
plexation process, the anion acting as an allosteric effec-
tor.'*!"l However, a major drawback of these calix[6]tris-
ureas was their lack of selectivity toward anions due, in
great part, to their high flexibility. In the course of designing
versatile calixarene-based receptors, in which the host prop-
erties can be controlled by external stimuli, a calix[6]arene
bearing a tripodal ureido cap derived from a tris(2-amino-
ethyl)amine (tren) moiety, that is, calix[6]crypturea (1), was
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synthesized.'”) Indeed, such a heteroditopic receptor was ex-
pected to possess unique recognition properties, notably
toward anions and contact ion pairs, because of the close
proximity of two different binding sites; that is, a cap pre-
senting three convergent ureido groups® and a hydropho-
bic cavity. In addition, similarly to calix[6]tren, we envisaged
that the implementation of a proton-sensitive site at the
level of the cap could lead to an acid-base control of the
binding properties of the receptor.?"?]

Herein, we report the binding properties of 1 that prove
to be highly versatile and chemically controllable through
the addition of acid or base to the medium. Remarkably, it
was possible to exploit these properties for the elaboration
of a unique three-pole supramolecular switch.*’!

Results and Discussion

NMR conformational analysis of calix[6]crypturea (1) and
1-H": '"HNMR spectra of 1 recorded in either CDCl,,
CD;0OD, or CD;CN show similar C;, symmetrical patterns
characteristic of averaged straight-cone conformations with
the methoxy groups directed outside of the cavity!!™
(AOtg, < 0.21 ppm and gy >3.10 ppm in all cases) (see Fig-
ure 1a for the spectrum in CDCL,).*" However, with CDCl,
as the solvent, the chemical shifts of most of the signals
were found to be dependent on the amount of residual
water. In particular, progressive upfield shifts of the OMe
and CH,N signals, as well as downfield shifts of the CH,O
and NH signals, were observed upon the addition of traces
of water. Similar shifts were obtained by lowering the tem-
perature of recording from 328 to 258K (Adome=
0.35 ppm).?*! All these data show that host 1 can bind water
in apolar solvents, such as CDCI;, through a complexation
process that is fast on the NMR spectroscopy timescale. The
upfield shift of the OMe signal observed upon the addition
of water seems to indicate that these groups fill the cavity of
the complex. Thus, water is likely to be recognized through
hydrogen bonding between the convergent ureido groups of
the cap. Such a result is highly compatible with what was ob-
served on the parent calix[6]tren receptor.!']

The protonated derivative, 1.H*, was obtained quantita-
tively after the addition of picric acid (PicH; 1 equiv) to a
solution of 1 in CDClI,. Its broad NMR pattern at room tem-
perature became sharp at high temperature (328 K), show-
ing a C;, symmetrical cone conformation with the methoxy
groups directed outside the cavity (dope=3.48 ppm™).24
The protonation of the bridging tertiary amine was clearly
evidenced by the impressive chemical shift of the NCH, pro-
tons (1: Oncip=2.52 ppm versus 1-H': Oy =3.42 ppm™).

Similarly to related tris-ureido cryptands,?®! it is assumed
that the nitrogen lone pair of 1 and the NH* proton of 1-H*
are directed toward the inside of the cap to interact through
intramolecular hydrogen bonding with the ureido groups.

Neutral molecule recognition: The ability of 1 to bind neu-
tral guests (G) was first investigated by '"H NMR spectrosco-

Chem. Eur. J. 2010, 16, 2159 -2169


www.chemeurj.org

A Versatile Calix[6]crypturea

cDcl,

"

8.0

7.0

60 50

40

/lppm

30 20 10

FULL PAPER
.ﬁﬂ

HNH H

Q
IOMe,

12 1Imi

1-H'>CD,0D (»)

Figure 1. '"H NMR spectra (300 MHz, 298 K) of a) 1 in CDCl;; b) after addition of Imi (5 equiv) to 1; ¢) 1-H*>Imi in CDCI; obtained after addition of
Imi (5 equiv) to 1.-H*; d) mixture of 1-H*DImi and 1-H*>CD;OD in CD;OD obtained after addition of 86 equiv of Imi to 1-H*. @: Imi included; O:

free Imi; @: Pic™; *: 1.HTDCD;0D; W: water; S: residual solvent.

py in CDCl;. Thus, addition of approximately 5equiv of
imidazolidin-2-one (Imi) to 1 gave rise to the host-guest
complex 1>Tmi exclusively (K,>10°m™") (Scheme 2).! This
complex displays a C;, symmetrical flattened cone confor-
mation with the methoxy groups outside of the cavity
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Scheme 2. Host-guest properties of 1, 1-H*, and 1-H*>CD;0D toward neutral guests in CDCl; and CD;0D.
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(0ome=3.84 ppm) and a high-field singlet at 6=0.20 ppm
corresponding to one equiv of included Imi (Figure 1b). The
complexation induced shift (CIS) of the CH, protons of the
guest, that is, 0=—3.35 ppm, is typical of a positioning in
the heart of the hydrophobic cavity (Table 1).1”! Interesting-

ly, at the level of the cap, only
the protons of the NH groups
in close proximity to the cavity
undergo a significant downfield
shift upon complexation
(Adyy=1.34 ppm).""  More-
over, the NH protons of the
guest are shifted downfield de-
spite the shielding of the cavity
(Table 1). These data are fully
consistent with a recognition
process involving a four hydro-
gen-bonding system (see the
structure displayed in Fig-
ure 1b) besides the favorable
CH-m interactions with the aro-
matic walls of the host.”
Among the other neutral guests
tested, such as pyrrolidin-2-one
(Pyro), CH;CN, MeOH, DMF,
and DMSO, only the inclusion
of Pyro was detected (Table 1).
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Table 1. Complexation induced shifts (CIS), relative affinities (K/p,,,) and association constants (K, and K,,,) 1-H+3CD3OD

of the neutral guests (G) in the case of 1>G and 1:-H*DG.

(Figure 1d).P"
Despite the competitive process

15G in CDCl, 1>G in CD;0OD
Guest  Kgpyo!  CISP K, v st

1-H*>G in CDCl,
KG/Pyro[a] CIS[b]

1-H*>G in CD,0D

with the solvent, the apparent
Ko M7 CISM

association constant for Imi

Imi 52 +036 (a) 0.6 -320(8) 55 +0.05 (@) 10 3288  (K,,p,=10M"") is more than one
—335 (B) —3.40 (B) . .
. order of magnitude higher than
Pyrol! 1 -361 (8 nd nd' 1 +0.66 () nd!® nd' " . & o &
317 () _3.71(B) the “true .assocw?tlon constant,
—3.14 (y) K,, determined with the neutral
DMF  nd nd'! nd'! nd'! 0.03 -3.01 ()¥  nd" nd" host 1. Again, the enhancement

[a] Relative affinity calculated at 293 K and defined as ([G;,] % [Pyroge.])/([Giree] X [Pyro;,]); the subscript “in”
stands for “included”; errors estimated at £10%. [b] CIS calculated at 293 K and defined as Ad =d(complexed
G)—d(free G). [c] K, was determined at 293 K by integration of the different species in equilibrium; K, is de-
was determined at 293 K by integration of
is defined as K,,,=[1-H">G]/([1-H*DCD;0D] x [G]); error estimat-

fined as K,=[1DG]/([1]x[G]); error estimated at £10%. [d] K|,
the different species in equilibrium; K,

pp
app app —

of the host affinity obtained
with the protonated receptor
1-H* stems from the supple-
mentary charge—dipole interac-

ed at £10%. [e] Not detected. [f] The CIS of the CH,CO group (0) was not determined because of signal tion.

overlapping. [g] Average value of the two inequivalent methyl groups.

Thus, similarly to the parent calix[6]cryptamide receptor,
host 1 can specifically bind polar, neutral molecules that
possess hydrogen-bond donor and acceptor groups such as
amides or ureas. A "H NMR spectroscopy competitive bind-
ing experiment showed that the relative affinity of Imi
toward host 1 is 52 times higher than that of Pyro (Table 1).
This result emphasizes the remarkable complementarity be-
tween Imi and the calixarene core in terms of size, shape,
and electronic structure. Compared to 1, the protonated re-
ceptor 1-H™ displayed similar strong binding properties
toward Imi and Pyro®" (K,>5x10* and 10°m™, respective-
ly) (Table 1, Figure 1¢ for 1.-H*D>Imi), Again, the NH pro-
tons in close proximity to the cavity experienced an impres-
sive downfield shift upon complexation, showing the pres-
ence of similar hydrogen-bonding interactions.””’ However,
complex 1-H* was also able to bind DMF with a relative af-
finity three orders of magnitude lower than Imi (Table 1).
The complexation of CH;OH and CH;CN was also evi-
denced, but, in both cases, the host-guest process was fast
on the NMR spectroscopy timescale, even at low T (243 K).
This substantial increase in affinity with respect to 1 is likely
to be due to a stronger stabilization of the polar guests
through an additional charge—dipole interaction with the
protonated cap.

The next step was to evaluate the host—guest behavior of
1 and 1-H* toward neutral guests in a protic solvent. There-
fore, the addition of a large excess of Imi (40 equiv) to a so-
lution of 1 in CD;0OD afforded approximately a 1:1 mixture
of 1 and the expected complex 1D>Imi, the exchange process
between the two species being slow on the NMR spectrosco-
py timescale. No guests other than Imi could be detected
under similar conditions. Despite the weak association con-
stant (K,=0.6M™"), the endo-complexation of Imi constitutes
a rare example of a cavitand-based neutral receptor accom-
modating a neutral guest through hydrogen bonding in a
protic solvent.” In the case of host 1-H* the solvent
(CD;0OD) was a significant competitor for the calixarene
cavity. Nevertheless, upon the addition of an excess of Imi
(86 equiv), the complex 1-H*DImi was obtained almost
quantitatively, besides traces of the starting complex
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Anion recognition: The binding

behavior of host 1 toward
anions (X~) was first evaluated by "H NMR spectroscopy in
CDCl; through the progressive addition of the correspond-
ing tetra-n-butylammonium salts (TBAtX"). Whereas the
initial spectrum remained unchanged in the presence of I-,
HSO,", and H,PO,", the complexation of F~, CI", Br~, CN",
CH;CO,™ (AcO7), N;7, and NO;~ through hydrogen-bond-
ing interactions was clearly evidenced by the substantial
downfield shift of the ureido protons. Moreover, a concomi-
tant downfield shift of the CH,O protons and an upfield
shift of the OMe signal was observed. In all cases, the ex-
change process between 1 and 1DX™ was found to be fast
on the NMR spectroscopy timescale and a conformational
flip of the aromatic unit was apparent because the Bu;, and
Bu,,;, as well as the ArH;, and ArH,,, interchange their po-
sitions.”"! Thus, receptor 1 recognizes the anions at the level
of the crypturea cap through an induced-fit process that in-
volves the highly favorable filling of the cavity by the me-
thoxy groups and the spreading of the ureido arms
(Scheme 3). In CD;CN, the complexation of anions led to
similar conformational changes of the calixarene core, how-
ever, broad spectra were obtained upon the addition of less
than 1 equiv of CI", Br', CN7, and AcO~. When 1 equiv of
CI™ was added, a sharp signature in the NMR spectra corre-
sponding to quantitative formation of the complex 1DCl-
was observed (Figure 2)." Interestingly, at 243 K, the com-
plexation process was found to be slow on the NMR spec-
troscopy timescale for several anions (Cl-, Br-, CN~, and
AcO‘).[z‘” In these cases, the association constants, K,, were
determined through integration of the appropriate signals
(i.e., those of 10X~ and 1) (Table 2)."% In the other cases
(N;~ and NO;"), it was achieved through '"H NMR spectro-
scopic titration by monitoring the CISs of either the CH,O
or H,, protons of host 1.”* Indeed, these protons displayed
significant shift upon complexation and no overlapping
region.*!

First, the relative affinity of CI™ towards host 1 is at least
25 times higher than all the other anions tested. The associa-
tion constants displayed in Table 2 indicate that the binding
discrimination is mostly based on the size of the anions. This
is well illustrated with the halide series (entries 1-3)P¥ but

Chem. Eur. J. 2010, 16, 2159 -2169
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Figure 2. '"H NMR spectra (CD;CN, 300 MHz, 298 K) of a) 1; b) after addition of TBATCI™ (1 equiv) to 1. ¥:

TBATY; W: water; S: residual solvent.

Table 2. Association constants (K,) of calix[6]crypturea (1) toward
anions X~ in CD;CN.

Entry Anion, X Geometry of X~ K, [m 10
1 crt spherical 483004
2 Br- spherical 1930

3 I spherical nd!
4 CN linear 640

5 N;~ linear 2150

6 AcO~ V shaped 160

7 NO;~ trigonal 98l

[a] TBAY salts. [b] K, determined at 243 K and defined as K,=[12X"]/
([1]x[X7]); errors estimated at +10%. [c] Hydrate salt. [d] Determined
through a "H NMR competitive binding experiment with Br~. [e] Not de-
tected. [f] Determined at 298 K.

also by the fact that the most basic anions (i.e., AcO~ or
CN") as well as trigonal anions (i.e., NO;") are poorly rec-
ognized by 1 as compared to CI~ (entries 4, 6, 7 vs. 1). This
selectivity for the smaller chloride anion was further con-
firmed by ESI-MS competitive experiments. Indeed, injec-
tion of an equimolar mixture of 1 and five TBA™ salts of
anions (i.e., CI7, Br-, CN~, AcO7, and N;) in either CHCl;

Chem. Eur. J. 2010, 16, 2159 -2169
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‘/\‘ 4 HN—ngA tween the ureido arms
(Scheme 1).'!  Indeed, these
flexible receptors were able to
adjust their tris-ureido recogni-
tion site to the size of the anion

13C|

and, thus, the stronger affinities
were observed toward the most
basic anions (e.g., AcO~) as
well as anions possessing acidic
hydrogen atoms (e.g.,
HSO, ), large anions such as I" also being recognized. In
the case of 1, the higher preorganization of the covalent tris-
ureido cap ensures an impressive selectivity toward the
smaller anions. The role of the cap was further evidenced
through the binding of Cl™ in a protic solvent (K,=20+
2m! at 298 K in CD;0D).”" This remarkable result high-
lights the fact that neutral receptors can bind anions in
protic solvents provided that they possess a highly preorgan-
ized recognition site,*” isolated from the solvent.

Finally, the effect of the protonation of the cap toward
anion recognition was evaluated. While one might have ex-
pected a reinforcement of the anion coordination with the
positively charged receptor, the addition of PicH (1 equiv)
to the complex 1DCI™ in either CDCl; or CD;CN led to the
quantitative formation of 1-H* or 1-H*>CD;CN, respective-
ly, showing a complete release of the anion (Scheme 3).%4
The expulsion of the anion can be reasonably explained by
a steric repulsion with the introverted NH* proton. Interest-
ingly, the successive addition of a base, such as triethylamine
(TEA, 1.5equiv), restored the initial host-guest complex
1>C1~.P¥ This interconversion between 1>Cl~ and 1-H* or
1-H"DCD;CN can be achieved several times in the same
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Figure 3. '"H NMR spectra (300 MHz, 298 K) of a) 1 and 2 equiv of PrNH;*Pic™ in CDCls; b) after addition of TBA*CI™ (5 equiv); ¢) 1>DodecNH;"Cl™
in CDCl; obtained after addition of DodecNH;*Cl™ (ca. 3 equiv) to 1; d) IDTMA*Cl™ in CDCly/CD;0D (4:1) obtained after addition of TMA*CI~
(5 equiv) to 1; ) 1IDACh*Cl™ in CDCI; obtained after addition of ACh*Cl™ (7 equiv) to 1. W¥: included ammonium; V: free ammonium; O: TBA™; &:

Pic™; x: 1DCI™; W: water; S: residual solvent.

NMR tube without any observable degradation of the differ-
ent species.””! Thus, the anion complexation can be con-
trolled by the addition of acids or bases to the external
medium, allowing reversible guest switches between neutral
molecules and anions.

Ton-pair recognition: The addition of an excess (2 equiv) of
propylammonium picrate (PrNH;*Pic™) to a solution of host
1 in CDCl, afforded a complex '"H NMR spectrum display-
ing broad signals (Figure 3a). At 258 K, multiple high-field
signals (0 <0 ppm) of low intensity were visible, attesting to
the intracavity complexation of the ammonium ion. The fur-
ther addition of PicH led to an ill-resolved NMR pattern
with a reduced number of high-field signals, but still in very
small proportions compared with the calixarene species.
These data seem to indicate a weak binding of PrNH;" by
hosts 1 and 1-H*. In contrast, upon the addition of TBA*Cl~
(5 equiv) to a solution of 1 in CDCI; containing PrNH;Pic™

2164 ——
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(2 equiv), a unique species displaying sharp signals charac-
teristic of a C;, symmetrical flattened-cone conformation
was obtained (Figure 3b). The presence of high-field signals
resulting from the inclusion of 1 equiv of PrNH;t (6=-1.31
and —1.77 ppm), as well as the downfield shift experienced
by the NH protons of the ureido groups, and the expulsion
of the OMe groups from the cavity (doy. =4.04 ppm) attest-
ed to the formation of the host—guest complex
1DPrNH;*Cl™ (Scheme 4). The association constant™! for
both PrNH," and Cl- was estimated to be >1.6x10°m?
through the exclusive formation of 1>PrNH;*Cl-, obtained
by the addition of 1 equiv of PrNH;*Cl~.[*

This result denotes that the complexation of the ammoni-
um ion is greatly reinforced when the anion is bound in the
tris-ureido cap. This positive cooperativity is clearly due to
the close proximity between the two complexed ions and
consequently to their strong electrostatic interaction. Thus,
in analogy with the parent calix[6]tris-ureas!"” and calix[6]-

Chem. Eur. J. 2010, 16, 2159 -2169
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Scheme 4. Host—guest properties of 1 toward contact ion pairs and CISs observed for TMAY and the biologically relevant ammonium ions.

cryptamide,?! host 1 behaves as a heteroditopic receptor
that can bind contact organic ion pairs. However, compared
with the former receptors, major improvements of the host—
guest properties were observed with host 1.

First, host 1 was also able to accommodate the ion pair
PrNH;™Cl™ in the presence of a large amount of protic sol-
vent (CD;OD/CDCls; 1:1), as well as PrNH;*F~ in polar sol-
vent (CD;CN).*? This result clearly illustrates the high com-
plementarity between the three partners and denotes excep-
tional stability of the ternary complexes 1DPrNH, X", It is
noteworthy that besides these complexes, the intermediate
complexes 10X~ were also observed in such solvents.

In contrast with the parent receptors, the strong binding
of large ammoniums salts was also achieved with 1. Indeed,
introduction of either hexyl (Hex) or dodecylammonium
(DodecNH;*) chloride salts (ca. 3 equiv) in a solution of 1
in CDCl, led, almost quantitatively,“” to the corresponding
complexes 1DHexNH,;*Cl™ and 1>DodecNH;*Cl™, as indi-
cated by the high-field signals belonging to the included am-
monium ions (Scheme 4 and Figure 3¢).*!! Remarkably, in
both cases, all the methylene protons of the included alkyl
chains appeared as well-separated resonances.*! The CISs
of the included ammonium chains of PrNH;*, HexNH;",
and DodecNH;* were determined and an excellent correla-
tion was obtained with their position relative to the ammo-
nium group (Figure 4). Hence, whereas the a, 0, and &€ meth-
ylene protons undergo a medium shielding effect (6=-1.37
to —1.52 ppm), the B and y methylene protons are strongly
affected (6=-2.63 to —3.13 ppm), suggesting a location in

Chem. Eur. J. 2010, 16, 2159 -2169 © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org
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Figure 4. CISs of the included alkylammonium chains in the case of the
ternary complexes 1ORNH,Cl™ (with R=Pr, Hex, Dodec).

the heart of the aromatic cavity. Moreover, the CISs de-
crease dramatically from the ¢ methylene protons, indicating
that the dodecyl chain protrudes out of the cavity. Finally, it
is noteworthy that the rBu, ArH, and OMe signals of the
anisole moieties of 1>HexNH;"Cl™ and 1>DodecNH; Cl™
experience a downfield shift compared with those of host—
guest complexes obtained with smaller guests (see Figure 3b
versus 3c¢). Indeed, these aromatic units have to adopt a
straighter conformation, more parallel to the C; axis, since
their Bu groups are expelled from the cavity by the alkyl
chain of the included ammonium ion.

It is important to note that the inclusion of guests possess-
ing an alkyl chain longer than propyl is generally precluded
with p-rBu-calix[6]arene-based receptors because it leads to
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a steric clash with the introverted Bu groups that close the
cavity of the host. However, the binding of large amino
guests was observed with metal complexes of p-rBu-calix[6]-
arenes thanks to the strong coordination link to the metal
center that allows the spreading of the /Bu groups from the
C; axis and thus extension of the cavity size.''* In the case
of receptor 1, this conformational energy penalty resulting
from the repulsion of the tBu groups is largely compensated
by the strong electrostatic attraction that prevails in the con-
tact ion pair.

All these findings prompted us to investigate the binding
of quaternary ammonium salts and, to this end, tetramethy-
lammonium chloride (TMA*CI™) was added to a solution of
1 in CDCl;. Despite the extremely poor solubility of
TMA*Cl™ in CDCl;, a significant amount was extracted
since a new species corresponding to the complex
1DTMA*Cl™ (O1masin=0.78 ppm) was clearly apparent in
addition to the signals of the free host 1.* No free
TMATCI™ was observed showing a high affinity of the ion
pair toward host 1 (K,>2.3x10°7%). In CD;0D/CDCI,
(1:4), a 9:1 mixture of I>TMA™CI™ and 1DCI~ was observed
upon the addition of an excess of TMA*CI™ (5 equiv) (Fig-
ure 3d)."! This result underscores the remarkable ability of
1 to host bulky ammonium ion pairs, even in the presence of
protic solvents.

The next challenge was to test the inclusion of bulky, bio-
logically relevant ammonium salts with either primary am-
monium groups, such as 3,4-O-dimethyldopamine hydro-
chloride (Me,DOPAH*Cl") and 5-O-methylserotonine hy-
drochloride (MeSEROH*CI™), or quaternary ammonium
groups, such as acetylcholine
chloride (ACh*CI")."™! To our
delight, receptor 1 presented a
strong affinity for the neuro-
transmitter acetylcholine chlo-
ride and the ternary complex
1DAch*Cl™  was  obtained
almost quantitatively (>90%)
upon the addition of an excess
of ACh*Cl~ (7equiv) (Fig-
ure 3¢).% In addition, the com-
plex was still visible in a mix-
ture of CD;OD/CDCl; (4:1),
highlighting a remarkable stabi-
lization of the contact ion pair
by 1. Introduction of
Me,DOPAH*CI™ (1 equiv) to a
solution of 1 in CDCl; led to a
small proportion (ca. 25%) of
the desired contact ion pair
complex 1>Me,DOPAH*C1~,*"
together with the chloride com-
plex 1DCI™ in fast exchange
with the free host 1. Increasing
the amount of Me,DOPAH*CI~
(6 equiv) mostly favored the

chloride complex to the detri- Bu group of the calixarene.
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ment of the free host. In contrast, MeSEROH™Cl™ was too
sterically demanding to yield a stable adduct, either in
CDCI,; or after the subsequent addition of CD;OD to solubi-
lize a larger amount of salt. All these data show that the
binding process is highly sensitive to the geometry of the
guest. Indeed, the channel-like cavity obtained upon the
spreading of the tBu groups seems to be selective for the
most linear guests.

Acid-base control of the host properties: In addition to the
acid-base controlled switch between anions and neutral
molecules described above, the unique versatility of 1 was
further illustrated by the facile and reversible transforma-
tion of three different host-guest complexes (1-H*DImi,
1OPrNH;*Cl-, and 1DTMATCI") in solution. The guest-
switching cycle started with a mixture of 1-H* and three
competing guests, that is, TMA*CI™ (2.5 equiv), PrNH;*Cl~
(15 equiv), and Imi (2.5 equiv), in CDCL/CD;OD (98:2).
The '"H NMR spectrum of this complex initial mixture only
showed the host-guest complex 1-H*DImi (Figure 5, inset
a). Addition of diaza(1,3)bicyclo[5.4.0Jundecene (DBU)
(2 equiv)™® gave rise, exclusively, to the complex
1DPrNH;*Cl™ through the deprotonation of the cap
(Figure 5, inset b). The subsequent addition of a large excess
of DBU led to the deprotonation of the propylammonium
and, therefore, to the quantitative formation of the ternary
complex 1DTMA™TCI™ (Figure 5, inset ¢). The full reversibili-
ty of the switching processes was demonstrated through the
progressive addition of PicH, restoring cleanly, first the com-
plex 1DPrNH;*Cl, and then the initial species 1-H*>Imi

(#) 1>TMAYCI™

Figure 5. Reversible guest switches between 1-H*DImi, 1DPrNH,;*Cl™, and 1>TMA*CI triggered by the addi-
tion of acid or base and monitored by "H NMR in CDCly/CD;0D (98:2). Inset: "H NMR spectra (400 MHz,
298 K, high-field region) of a)mixture of 1-H*, TMA*Cl™ (2.5 equiv), PrNH;*Cl~ (15equiv), and Imi
(2.5 equiv); b) after addition of DBU (2 equiv); c) after addition of DBU (25 equiv); d) after addition of PicH
(12 equiv); e) after addition of PicH (22 equiv). @: included Imi; W: included PrNH;*; #: included TMA™; *:

Chem. Eur. J. 2010, 16, 2159 -2169


www.chemeurj.org

A Versatile Calix[6]crypturea

(Figure 5, insets d and e). These results constitute an unpre-
cedented example of a three-pole supramolecular switch
based on host—guest complexes that differ by the nature of
the guests (i.e., neutral molecules or contact ion pairs). It
was also possible to achieve an acid-base-controlled guest-
switching  process (e.g., between 1-H*D>Imi and
1DPrNH;*Cl7) by replacing PicH and DBU by trifluoroace-
tic acid (TFA) and TEA, respectively.”"

All these reversible interconversions triggered by the ad-
dition of acid or base demonstrate the possible tuning of the
binding properties of 1 by the environment. The versatility
of the system is, in part, due to the protonation of the cap,
which, 1) polarizes the receptor and thus favors the com-
plexation of polar, neutral guests through charge—dipole in-
teractions, and 2) causes anion release through steric repul-
sion. Thus, to some extent, the proton present on the
charged nitrogen of the cap acts as an allosteric effector be-
cause it allows the switch from one mode of recognition to
another and a remarkable guest selection from a complex
mixture. In other words, host 1 illustrates how the host prop-
erties of a hydrophobic cavity can be tuned by an allosteric
effector, which is reminiscent of natural systems and their
propensity to undergo allosteric control.

Conclusion

All these results show that calix[6]arenes are superb molecu-
lar platforms for the elaboration of sophisticated host-guest
systems. The key features of the unique host properties of
calix[6]crypturea 1 are as follows:

1) The combination of two different binding sites in close
proximity, that is, a tris-ureido cap and a hydrophobic
cavity suitable for the inclusion of organic guests. This
unusual association leads to multiple neighboring binding
centers that can operate cooperatively. Indeed, the tris-
ureido cap provides convergent hydrogen-bond-donor
sites, whereas the calixarene core offers hydrogen-bond-
acceptor sites, in addition to electron-rich aromatic walls
favoring CH—x interactions. Furthermore, the hydropho-
bic channel-like cavity controls the access to the tris-
ureido recognition site, protecting the bound guest from
the external medium. All these structural features give
rise to a heteroditopic receptor displaying high affinities
for neutral guests, anions, and ion pairs, most of the
host-guest complexes are even stable in polar or protic
solvents. Despite its versatility, this multipoint recogni-
tion system shows a remarkable selectivity that is domi-
nated by the presence of complementary hydrogen-bond
donor and acceptor groups in the case of neutral guests,
the size in the case of anions, and a good geometrical fit
in the case of ammonium salts. Finally, the strong com-
plexation of ammonium salts in apolar or protic solvents
stresses the importance of the proximity of the two bind-
ing sites. Indeed, these guests are accommodated as con-
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tact ion pairs and thus the highly energetically unfavora-
ble dissociation of the ion pair is avoided.

2) The high, but controlled, flexibility of the calixarene
framework proves to be a major advantage. Indeed, the
cavity of 1 can adapt its size and geometry to the guest
for an optimized host-guest binding energy. Hence, im-
pressive conformational reorganizations of the calixarene
cavity have been evidenced upon the binding of anions
and ion pairs. Remarkably, this flexibility allows the in-
clusion of small ammonium salts as well as large, biologi-
cally relevant ammonium salts, such as neurotransmitters,
thanks to an induced-fit process involving the spreading
of the anisole units. Such host properties based on inter-
active processes stand in contrast to rigid concave recep-
tors, which exhibit strong binding only when there is a
good fit between the size of the guest and of the cavity.

3) The implementation of an acid-base control for guest
binding at the level of the tris-ureido cap. The protona-
tion of the cap leads to a positively charged receptor
1-H*, in which the host properties are governed by
strong charge—dipole interactions with the guest. First, in
the case of neutral guests, a significant increase in bind-
ing strength is observed with the polarization of the re-
ceptor. Second, anion release results from the protona-
tion of the host, making possible the reversible intercon-
version of different modes of recognition. This allosteri-
cally controlled binding system can lead to highly selec-
tive guest exchanges from complex mixtures. In
particular, three-way supramolecular switches, based on
the interconversion of host-guest systems displaying
either charged or neutral guests, are possible.

Hence, host 1 displays 1) a tunable recognition site, protect-
ed by a hydrophobic corridor, that can adapt its conforma-
tion to the size of the guest through induced-fit processes,
2) versatile host properties that can be allosterically con-
trolled by protonation, and 3) a high selectivity based on the
electronic, geometric, or size complementarity with the
guest. In other words, host 1 behaves as a remarkable bio-
mimetic receptor and current efforts are now being directed
toward the grafting of water-soluble groups to develop vari-
ous applications, such as the sensing or the vectorization of
biologically relevant species, as well as the design of acid-
base controllable artificial molecular machines.

Experimental Section

General: '"H NMR spectra were recorded either at 300, 400, or 600 MHz.
Traces of residual solvent were used as internal standards and CDCl; was
filtered over a short column of basic alumina to remove traces of HCL
Mass spectra were recorded on an ESIMS apparatus equipped with an
ion trap using the following settings: flow rate: 10 L min~!, spray volt-
age: S5kV, capillary temperature: 160°C, capillary voltage: —15V, tube
lens offset voltage: —30 V.

Estimation of the K, values in CDCl;: Association constants, K,, for the
host—guest systems in CDCI; were estimated according to the following
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procedure: suitable aliquots of a solution of G (G =Imi, Pyro) or G,G,
(G,=PrNH;*, TMAT, and G,=Cl") in CDClywere added to a solution of
receptor H (1 or 1-H*, 1x107-4x107*m) in CDCl, in such a way that
the corresponding 'H NMR spectra recorded at 298 K revealed the total
disappearance of the free host H (the equilibria were reached instantane-
ously) except in the case of TMATCI™, which is limited by its poor solu-
bility in CDCl;. The concentration of the undetectable species (H and in
some cases G or G; and G,) and the concentration of HDG or HOG,G,
were estimated to be 5 and 95% of the starting host concentration, re-
spectively. K, values were estimated according to the following equa-
tions: K, >[HDG]/([H][G]) or K,>[HDG,G,]/([H][G,][G,)).

The relative affinities of the neutral molecules, Kgpyy, in the case of 1
and 1-H* were determined through "H NMR spectroscopic competitive
binding studies in CDCl;: Pyro (>1equiv) and a second guest G
(>1 equiv) were added successively to a solution of 1 or 1.H* (3x10*m)
in CDCl; in such a ratio that a '"HNMR spectrum recorded at RT
showed the resonances of both endo-complexes 1DPyro and 1DG or
1-H*DPyro and 1-H*DG, in addition to the signals corresponding to the
free guests (Pyro and G). Integration of the signals of the included
guests, Pyro;, and Gy,, and of the free guests, Pyrog.. and Gy, allowed
the calculation of the relative affinity, Kgpyo, defined as ([G;,]-
[Pyrogee])/([Giree)[Pyr0in]) (errors estimated at £10%).

Determination of the K, values of 1 toward anions X~ in CD;CN: In the
cases of Br-, CN7, and AcO", the association constants, K,, were deter-
mined according to the following procedure: suitable aliquots of a solu-
tion of the TBA™ salt of the anion (X~) in CD;CN were added to a solu-
tion of receptor 1 (ca. 10°m) in CD;CN in such a way that the corre-
sponding '"H NMR spectra recorded at 243 K revealed the presence of all
partners in slow exchange on the NMR spectroscopy timescale, thus al-
lowing the determination of the constant K, (the equilibria were reached
instantaneously). Hence, the concentrations of 1, X, and 10X~ at equi-
librium were determined by integration of suitable signals. Thus, associa-
tion constants were calculated according to the following equation: K,=
[I>X7)/([1][X7]). In the case of Cl, the association constant was deter-
mined through a competitive experiment with Br~: suitable aliquots of a
solution of TBA*Br~ salt in CD;CN were added to a solution of the com-
plex 1>CI,TBA* in CD;CN (10 *m) in such a way that the correspond-
ing '"H NMR spectra recorded at 243 K revealed the presence of the two
host-guest complexes (1DCl™ and 1DBr") in slow exchange on the NMR
spectroscopy timescale, thus allowing the determination of the associa-
tion constant through their relative affinity (the equilibria were reached
instantaneously). Hence, the concentrations of Cl°, Br~, 1>Cl", and
1DBr~ were determined through integration of the TBA* signals and the
characteristic NH signals. The association constant was then determined
with the following equation: K, =K@, x ((1DCI"][Br])/([1DBr~][CI7]).
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