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Abstract: Molecular recognition by cal-
ix[6]arene-based receptors bearing
three primary alkylamino side chain
arms (1) is described. Complexation of
Zn" ion provides the dinuclear p-hy-
droxo complex 29", XRD characteriza-
tion of which, together with solution
studies, provided evidence of its host-
ing of neutral polar organic guests G.
Treatment of this complex with a car-
boxylic acid or a sulfonamide (XH) re-
sults in the formation of mononuclear
species 3%, one of which (X = Cl) has
been characterized by XRD. A dicat-
ionic complex 38N is obtained upon
treatment of 29" with a mixture of an
alkylamine and a strong acid. Each of
these Zn" complexes features a tetra-
hedral metal ion bound to the three

enous ligand (either HO™, X7, or
RNH,) sitting outside of the cavity. As
a result, the metal ion structures the
calixarene core, constraining it in a
cone conformation suitable for guest
hosting. The receptor properties of
these compounds have been explored
in detail and are compared with those
of the trisammonium receptor 13,
based on the same calixarene core, as
well as those of the trisimidazole-based
dicationic Zn funnel complexes. This
study reveals very different host prop-
erties, in spite of the common hydro-
phobic, m-basic, and hydrogen-bonding
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acceptor properties of the calixarene
cores. A harder external ligand produ-
ces a less polarized receptor that is
consequently particularly sensitive to
the hydrogen-bonding ability of its
guest. The less electron-rich the apical
ligand, and a fortiori the trisammonium
host, the more sensitive the receptor to
the dipole moment of the guest. All
this stands in contrast with the funnel
Zn complexes, in which the coordina-
tion link plays a dominant role. It is
also shown that the asymmetry of an
exo-coordinated enantiopure amino
ligand is sensed by the guest. This
supramolecular system nicely illustrates
how the receptor properties of a hydro-
phobic cavity can be allosterically
tuned by the environment.

amino arms of ligand 1 and to an exog-

[a] Dr. U. Darbost, Dr. I. Jabin
Unité de Recherche en Chimie Organique et
Macromoléculaire (URCOM)
Université du Havre, 25 rue Philippe Lebon
BP 540, 76058 Le Havre cedex (France)
Fax: (433)232-744-391
E-mail: ivan.jabin@univ-lehavre.fr

[b] Dr. O. Séneque, Dr. Y. Li, Dr. G. Bertho, Prof. O. Reinaud

Laboratoire de Chimie et Biochimie Pharmacologiques
et Toxicologiques
UMR CNRS 8601, Université René Descartes
45 rue des Saints Peres, 75270 Paris cedex 06 (France)
Fax: (+33)142-868-387
E-mail: Olivia.Reinaud@univ-paris5.fr
J. Marrot
Institut Lavoisier, UMR CNRS 8180
Université de Versailles St-Quentin en Yvelines
45 av. des Etats-Unis, 78035 Versailles cedex (France)
[d] M.-N. Rager
Service de RMN, Ecole Nationale Supérieure de Chimie
de Paris (ENSCP), 11 rue Pierre et Marie Curie
75231 Paris Cedex 05 (France)

[c

—

0

under http://www.chemeurj.org/ or from the author.

WWILEY

2078 — Inte rS_;_ien_;e‘

Supporting information for this article is available on the WWW

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Introduction

Molecular recognition is a fundamental phenomenon in
biology, and tuning of the affinity of a receptor for a ligand
by the environment is key for the regulation of biological
processes.l The effector can be, for example, a pH jump,
the binding of a metal ion or a molecule, the phosphoryla-
tion of a proteic residue. In enzymes, for example, the bind-
ing of a substrate may be triggered by a change in the proto-
nation state of a residue or in a metal oxidation state, or by
the presence of a co-factor or co-substrate that affects the
receptor properties at the active site. All these phenomena
involve subtle modifications of the microenvironment defin-
ing the binding pocket.

This has inspired many chemists to design artificial recep-
tors.>?! Being involved in the design of biomimetic recep-
tors, we have developed the first supramolecular system that
mimics metalloenzyme active sites by the selective binding
of a neutral molecule to a metal center incorporated inside
a calix[6]arene cone. The most representative system, de-
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picted in Figure 1, is based on a calixarene to which three
imidazole arms (mimicking the histidine residues of the pro-
tein) have been covalently connected to the narrow rim
through short methylene linkers (X4Ims). This allows the co-
ordination of a metal ion such as Zn** in a tetrahedral ge-
ometry with an introverted labile site. With the hydrophobic
neutral environment augmenting the Lewis acid character of
the metal ion, the so-called funnel complexes!* (X(,Im3Zn)g
revealed themselves to be extremely sensitive to a large va-
riety of exogenous ligands (G) presenting different donors
(amines, alcohols, amides, carboxylic acids, nitriles, and even
aldehydes) and shapes (the calixarene cavity can accommo-
date a long alkyl chain such as that depicted in Figure 1 as
well as a phenyl group). Since the labile site is oriented
toward the inside of the calix[6]arene structure, the hydro-
phobic pocket acts as a highly selective molecular funnel for
neutral molecules. In many respects, this system resembles
the Michaelis complexes of zinc enzymes.

Calix[6]tris-imidazole
Xglma

HoN
HoN NH,

Calix[6]tris-amine 1

FULL PAPER

More recently we have been studying non-metallic calix-
arene-based receptors that have highlighted the efficiency of
combining a polyammonium site and a hydrophobic cavity
to construct a receptor for neutral molecules that possess
high dipole moments. Indeed, a calix[6]arene bearing three
primary amino arms grafted onto the narrow rim (namely
the calix[6]trisamine 1) can be efficiently structured by
strong acids such as trifluoroacetic acid (TFA) into a polar-
ized receptor 13GH‘ (Figure 1). Hence, upon protonation in an
organic solvent of medium polarity, the three ammonium
arms of calix[6]trisamine 1 become sealed together by the
counter-anions. In chloroform, the resulting host lé}ﬁ, fea-
turing a hydrophobic m-basic cavity terminating in a trica-
tionic protic site, displays an impressive affinity for polar
neutral guests (G) such as ureas, amides, alcohols, or ni-
triles.>®”! This efficiency is the result of the self-assembly of
the ion-paired cap, which closes the cavity, freezes the calix-
arene core into a cone conformation, and stabilizes the neu-

X-ray structure
e
HeptNH,

A Zn funnel complex
model of enzyme active site

of (XglmaZn

(XgImaZm2"

I
Fs3 3 F3
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CF,COOH

_—

&

Ll X-ray structure of 13H"

DMF

A self-assembled
tris-ammonium receptor

Mononuclear active
site of the enzyme

Figure 1. Molecular receptors based on calix[6]arenes bearing nitrogen donors at the narrow rim. Top: Zn funnel complex. Bottom: Ion-paired self-as-

sembled trisammonium receptor.
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tral guests through hydrogen bonding and charge-dipole in-
teractions.

In this paper we describe the coordination of Zn" to cal-
ix[6]trisamine 1, which still produces tetrahedral complexes,
but with different geometries from all previously described
funnel complexes. Indeed, in this less sterically hindered
system, the labile site is oriented toward the outside of the
cavity, so the resulting calixarene cone acts as a polarized
pocket in which the host properties are not dictated by the
coordination link with a guest but can be efficiently tuned
through external binding of either anionic or neutral ligands
to the capping Zn" ion.

Results and Discussion

Calix[6]trisamine 1 was prepared from the C;, tris-O-methy-
lated rBu-calix[6]arene in an efficient two-step sequence by
peralkylation with bromoacetamide in the presence of NaH
and subsequent reduction of the triamide with BH;/THF
(77% overall yield)."! Its properties as a N5 donor for the
coordination of a Zn" ion were first investigated.

Synthesis and XRD characterization of a dinuclear p-hy-
droxo complex: When ligand 1 was treated with one equiva-
lent of [Zn(H,0)¢](ClO,), and one equivalent of KOH in a
CH,Cl,/MeOH mixture, the crystalline Zn?* complex 29t
was isolated in 60 % yield (Scheme 1). Its elemental analysis
was consistent with a 2:2:3 ligand/Zn/perchlorate stoichiom-
etry, thereby suggesting the formation of a dinuclear species.

Single crystals of complex 235, were grown from a cold
(4°C) CHCI; solution, and its
XRD structure is displayed in
Figure 2. Complex 291 . con-
sists of a dinuclear tricationic
species in which two Zn" ions
are bridged by a single hydroxo
ligand. The Zn-Zn distance
[3.54 A] is similar to those in
other monobridged dinuclear
Zn complexes and the zinc ions
are in a tetrahedral geometry
with classical Zn—N,, (2.03 A)
and Zn—O (1.911 A) distances
for hydroxo complexes.”! The
hydroxo ligand is weakly hydro-
gen bonded to one perchlorate
jon [d(O,0) = 3.05A, not
shown].

In comparison with bishy-
droxo complexes,'” such a
monobridged structure is rela-
tively rare; its stabilization may
be attributed to the constrain-
ing structure of the calixarene,
which disfavors the formation
of a double bridge.!"! The calix-
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arene units contain a methanol molecule that is not coordi-
nated to the metal ion [d(08,Zn1) = 3.361 A], but is hydro-
gen-bonded to one oxygen and one nitrogen atom of the
calixarene structure [d(08,01) = 291 A, d(O8N2) =
3.02 A]. Finally, the three amino arms encircling the Zn ion
do not form a helix but adopt an asymmetric conformation
with two coordinated arms presenting mutually opposed rel-
ative helical orientations (Figure 2, top view). Interestingly,
this stereochemistry has also been observed in the X-ray
structures of metal complexes obtained with a tren-capped
calix[6]arene ligand.'?

Synthesis and XRD characterization of a mononuclear com-
plex: When Zn" perchlorate was allowed to react with
ligand 1 in a CH,Cl,/MeOH mixture in the absence of base,
a complex with a different stoichiometry precipitated out of
the solution (31(\:4130411’ 60% vyield; Scheme 1). Its elemental
analysis indicated a 1:1:2 ligand/Zn/perchlorate ratio, thus
supporting a mononuclear structure, while its solid-state IR
spectrum displayed two distinct absorptions at 636 and
625cm™ for the perchlorate anions (instead of one at
624 cm™' for 29%,,), which suggested the coordination of
one of them to the metal center.

All our attempts to grow single crystals of complex 3504,
were unsuccessful, but addition of triethylammonium hydro-
chloride (dissolved in EtOH) to substitute the labile per-
chlorato ligand allowed the growth (by ether diffusion) of
crystals suitable for XRD analysis out of a cold CHCl,; solu-
tion of complex 3{%,;. The molecular structure of complex
3¢ (with G = MeOH or EtOH) is displayed in Figure 3 and
shows a mononuclear and monocationic Zn" center in a tet-

Figure 2. XRD structure of complex 29t,;. The dashed lines depict H bonds. Hydrogen atoms, counter-ions,

and solvent of crystallization have been omitted for clarity. Left: Side view of the dinuclear complex. Right:
Top view of one Zn unit. Selected bond lengths [A] and angles [°]: Zn1-N3 2.029(6), Zn1-N2 2.027(5), Znl—
N1 2.039(6), Zn1-0O7 1.911(3), O7-Zn1-N1 121.8(3), O7-Zn1-N2 113.2(2), O7-Zn1-N3 106.8(6), N2-Zn1-N3
108.6(2), N2-Zn1-N1 104.6(2), N3-Zn1-N1 100.6(3), Zn1-O7-Zn2 135.8(3).
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MeOH

—| 3+, 3C104”
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Scheme 1. Synthesis of Zn complexes 35%, and 200, and guest ex-

change resulting in complexes 28“ (G = alcohol, amide, nitrile, sulfoxide,
ketone). i) Zn[(H,0)4(ClO,),, MeOH/CH,Cl,. ii) KOH. iii) TEA, H,O,
CHCl,.

Figure 3. XRD structures of complexes 3§,y (top) and 3%, (bottom).

The H bonds are displayed in dark dashed lines. Hydrogen atoms and
counter-ions have been omitted for clarity.' Selected bond lengths [A]
and angles [°]: Zn1A—N47A 2.010(4), Zn1A-N1A 2.030(4), ZnlA—
N51A 2.052(4), Zn1A—CI1A 2.160(2), Zn1B—N47B 2.024(4), Zn1B—N1B
2.018(6), Zn1B—N51B 2.081(5), Zn1B—CI1B 2.164(2), N47A-Zn1A-N1A
106.9(2), N47A-ZnlA-N51A 101.6(2), N1A-ZnlA-N51A 107.2(2),
N47A-Zn1A-CI1A 112.3(2), N1A-ZnlA-CI1A 113.9(2), N51A-ZnlA-
CIIA 1143(1), N47B-Zn1B-N1B 107.2(2), N47B-Zn1B-N51B 100.2(2),
N1B-Zn1B-N51B 106.2(2), N47B-Zn1B-Cl1B 115.6(2), N1B-Zn1B-CI1B
115.7(2), N51B-Zn1B-Cl1B 110.6(2).
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rahedral geometry, coordinated to the three amino arms and
a chloride anion with classical Zn—N,, (2.04 and 2.03 A for
3¢, and 3¢ ., respectively) and Zn—Cl (2.16 A for both
complexes) distances for chloro complexes.™™ Similarly to
the case of 201, the calixarene cavity is occupied by an al-
cohol molecule (either MeOH or EtOH!) that is not coor-
dinated to the metal center. The alcohol guest is stabilized
through multiple hydrogen bonds with its host [3y,.
d(O86B,04B) = 293 A, d(O86BN1B) = 2.95A; 3% .
d(085 A,054 A) = 2.89 A, d(O85AN51A) = 2.96 A] and
additional CH—n interactions [d(C-C=C) = 3.63 A] in the
case of G = EtOH. Unlike those in 2/} ,;, the amino arms
in the two complexes 3% ., and 3¢l ., adopt helical confor-
mations around their metal centers, conferring C; symmetry
on the hosts.

Solution study of 297, and 3§%,: Complex 200, did not
appear to be base-sensitive: indeed, addition of nBu,NOH
(up to 4equiv, 1M in methanol) or triethylamine (TEA,
22 equiv) did not affect its NMR signature in CDCl;. The
conformational and host-guest properties of complex 294
in solution were investigated by NMR spectroscopy in
CDCl,, and its '"H NMR spectrum at 293 K, displayed in Fig-
ure 4a, shows D;; symmetry with a normal methoxy reso-
nance at 3.93 ppm for the anisole units pointing away from
the cavity. The two well separated tBu and H,, resonances
indicate that the calixarene is in a flattened cone conforma-
tion, with its aromatic units alternatively in in and out posi-
tions relative to the cavity. The observed CH,N downfield
shift (0 = 3.31 ppm) supports the coordination of all three
amino arms to the Zn ion. At 243 K, extra resonances in the
high-field region pointed to the presence of a MeOH mole-
cule in the calixarene cavity [a doublet at 0.39 ppm
(CH;0H) and a quadruplet at 0.84 ppm (CH;OH)].'! This
MeOH guest was easily exchanged for EtOH, as was shown
by the disappearance of the MeOH,, resonances at 243 K
and the concomitant appearance of two triplets at —1.73
and 1.01 ppm (CH;CH,0OH;, and CH;CH,OH,,, respective-
ly) observable even at RT (see complex 297 ., Figure 4b and
C).[16]

Whereas the substitution of the MeOH guest for a variety
of polar molecules (amides, nitriles, DMSO, acetone, see
below) could be observed, primary amines such as PrNH,
displayed very low affinities for the calixarene cavity.'”! This
contrasts with the previously reported Zn funnel complexes
(X(Im;Zn)2, based on calix[6]trisimidazole (Figure 1), in
which, under the same conditions, primary amines were stoi-
chiometrically included because of the strong coordination
link to the Lewis acidic Zn" center. Additionally, the com-
plexation-induced upfield shifts (CISs) of the RCH,OH pro-
tons in 29" (G = RCH,OH) were much higher (ca. 1 ppm)
than those measured in (X,Im;Zn)Z [see Table 1, Entries 6
and 7 for 23" vs. (X,Im;Zn)Z |. These two observations sup-
port the contention that in solution, as in the solid state, the
guests are not coordinated to the Zn ion in complex 20"

When AcNH, (4 equiv) and EtOH (3 equiv) were added
to CDCl; solutions of 290, two sets of signals were ob-
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=
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T T under these experimental con-
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These NMR data highlight
the fact that complex 227 can

o) crcron] [ercron host a wide variety of com-
. R N pounds: particularly amides and
2% ousk ¢ alcohols, but also a sulfoxide
eon (24310 w and a ketone. Moreover, com-
W ", s plex 29" exhibited shape selec-
° : ~ o tivities, since no coordination of
)\ JL LL 1 \[L iBuOH, propane-1,2-diol, or
R T T T T T e ‘ MeSO,NH, was detected under
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Figure 4. a) '"H NMR spectrum (400 MHz) of complex 20%  in CDCl; at 300 K. b) Spectrum obtained at
300 K after addition of EtOH (14 equiv). c) Spectrum obtained at 243 K: v = EtOH;,., @ = EtOH,,, * = sat-
ellite peak of CH;CH,OHj,... Solvent, water, and reference have been labeled “S”, “W”, and “R”, respective-

ly.

served for each of these guests (two CH; signals for
AcNH,;, at —0.98 and —1.03 ppm and for EtOH;, at —1.70
and —1.73 ppm). Further addition of EtOH (12 equiv) re-
sulted mostly in an increase in the EtOH,, signal at
—1.73ppm and a decrease in the AcNH,, signal at
—0.98 ppm, the two other signals being less affected. This
observation is consistent with the dimeric nature of the com-
plex, which can host two different guests, giving rise to mix-
tures of three different species: 200 rons 20iomac,: and
20 1, acum,- The solution structure of 20 was further sup-
ported by T1 measurements,'® which indicated a high mo-
lecular weight compound similar to a recently described
self-assembled biscalix[6]arene adduct.

All these NMR data indicate that the pu-hydroxo dinuclear
structure of complex 20" is maintained in solution, while the
calixarene cavities, constrained by the coordination links at
the narrow rim, play the role of good hosts for polar neutral
guests in spite of the lack of a coordination link.

Surprisingly, complex 3%, presented a 'HNMR spec-
trum (in CDCl,) identical to that of complex 295 suggest-
ing the spontaneous release of one equivalent of HCIO,
upon dissolution. Indeed, TEA was stoichiometrically pro-
tonated by 3%, and not by 207, Consistently with this,
when a CHCl; solution containing complex 3%, was
washed with water and TEA, complex 295, was isolated

(Scheme 1).
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conditions in which nBuOH
had been included. It also dis-
plays a strong preference for di-
polar guests (a very low affinity
for amines relative to alcohols,
no inclusion of ethers under the
same conditions). The CIS
values for the guest protons are
reported in Table 1 and are compared to those previously
obtained with 13" and (X,Im;Zn)Z ! In many cases, the
highest CIS values (ca. —3 ppm) measured for 29" corre-
sponds to the PB-position relative to the heteroatom that
must point toward the Zn" ion. This is quite similar to the
situation with the funnel Zn complex (X¢Im,Zn)Z but differ-
ent from that with receptor 13/, in which the y position
clearly corresponds to the highest CIS values (see, in partic-
ular, entry 7 for nPrOH). This indicates that the shape of re-
ceptor 29M resembles that of (XsIm;Zn)?% and that these two
hosts should position their guests more centrally in their
cavities than 1}, due to their more tightly linked amino
arms, which push the guest back towards the entrance of the
cavity. Indeed, a comparison of the XRD host-guest struc-
tures, displayed in Figures 1-3, highlights a “higher” position
of the DMF guest in 1311 .
exo Coordination of anionic or neutral ligands—NMR char-
acterization of the corresponding mononuclear Zn com-
plexes 3¢1C00, 340, 3HSONH qng 3ZNM:: Treatment of com-
plex 298 . with a protic donor such as a carboxylic acid or a
sulfonamide (XH) was studied by 'H NMR spectroscopy at
low temperatures in CDCl; containing a few molar equiva-
lent of EtOH. In each case a novel species was produced, as
attested by the appearance of a different resonance in the
high-field region for the ethanol guest, a modification of the
peaks corresponding to the coordinating amino arms and

Chem. Eur. J. 2007, 13,2078 -2088
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Table 1. NMR complexation-induced upfield shifts (CISs) in CDCl; (223 K or 243 K) observed on endo-com-  the aromatic protons (Figure 5,
plexation of neutral organic guests (G) by complex 29" and comparison with the dicationic calix[6]trisimida- Scheme 2). T1 measurements!!8!

zole Zn funnel complex (XgIm;Zn)Z% ! and trisammonium 131" indicated that these new species

fa]
Entry G Host—guest complex CISs (ppm) 5 have much lower molecular
a . .
— ! weights than 29 in agree-
! AcNH, ?;( Im.Zn)2 - 732; B - ment with the formation of
131-?‘ e _ 72'79 _ _ mononuclear complexes
A .
2 EtCONH, 204 - n.d.® -256 - 3R om)-
EL - —2.04 —2.98 - Treatment of the complex
i OH c] . .
i %ﬁglldln—}one ig“ o —2.74 72'8;:1] - 20" with PhCO,H (2 equiv)
o -2. - -2. - . o g
(XeImsZn)2 141 B _pgoldl B resu.lted in the quantitative for
B 125 _ 3.8l _ mation of the new complex
5 MeOH 208 -3.03 - - - 3MC0O A single resonance in
6 EtOH 25" ~3.02 —2.96 - - the high-field region (triplet at
XsIm;Zn —2.00 —2.78 - - . c .
;;,.? JZn)g o 303 B B —1.67 ppm, Flgure 5b) indicated
7 ZPrOH 20H _9 540¢] 295 271 _ that one equivalent of EtOH
(Xﬁlm3Zn)(J —1.60 -2.90 253 - was still present in the cavity,
B n.d.™ -3.05 -3.12 - while three new resonances in
()H [e] .
2 rll)?\:[l;)é{ ;()H —2.43 *ig —2.91 194 the aromatic area (6.40, 6.46,
0 - -3. - - .
(XeImsZn)2 B 275 B ~ and 6.50 ppm) for. the arolma.tlc
B _ ~3.00 _ _ protons of the anisole units in-
10 MeCN 208 - -3.23 - - dicated a slight loss of symme-
(ﬁ?}mszﬂ)é - —2.76 - - try. Three new signals in the
1 - ~3.36 - “ lowdi .
ow-field region (at 8.17, 7.82
11 MeCOMe 201 - -2.99 - - & ( i ’
12 nPrNH, 20m 213 278 _266 3 and 7.52 ppm, next to those cor-

[a] Defined as Ad = 6(G;,)—(Gyee)- @, P, v, O refer to the relative positions of the protons with respect to the responding to free benzoate:)
oxygen atom or to the nitrogen atom in the case of MeCN and PrNH,. [b] Not determined due to overlapping attested to the external coordi-
of the host and guest signals. [c] Values determined for CH,CH,CH,. The CH,N resonance was not deter- nation of one equivalent of
mined, due to overlapping of the host and guest signals. [d] Average value of the two nonequivalent methyl benzoate to the metal center.

groups. [e] Determined through either COSY or NOESY experiments. Hence, treatment of the hy-

| Guest region: EtOH in |

3 -1.73
*
OH
p e
b 4 _
) 3PhCOO . 167
EtOH
W __JL_
%
»
Vo * MEEA —158 ) *
3ewon + 2EtOH Jt ‘JL * N
>
9 -1.59
3MeSONH
EtOH

e) -1.59
3BuNH;
3eoH

LI e S S S B B B Sy B B s R B B S H S | T T T T T L — I LA S S s ey e B |

8.0 7.0 8.0 4.0 3.0 -1.0 -2.0
6 [ppm]

Figure 5. '"H NMR spectra (400 MHz) in CDCl; at 243 K (left: aromatic region of the host; center: CH, region of the host; right: guest region). a) Com-
plex 298, in a CDCl; solution containing ca. 9 equiv of EtOH. b) +PhCO,H (2 equiv). c¢) +AcOH (10 equiv) and TEA (14 equiv). d) +MeSO,NH,
(2 equiv) and TEA (8 equiv). €) +BuNH, (13 equiv) and TFA (1 equiv). * = 20% - @ = PhCOO~ coordinated, ¥ = 355, v = EtOHj,., m = MeS-
O,NH, ... Solvent has been labeled “S”.
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With = Polar neutral guest
RNH;
20H
3ClO;
MeCH

Scheme 2. Interconversion between different host-guest species in chloroform.

droxo complex with benzoic acid gave rise to a novel com-
plex, 3t"CO0  which is not C;,-symmetrical, probably because
of steric crowding at the metal core (Scheme 2).

With the less acidic acetic acid or methanesulfonamide,
the substitution of the hydroxide ligand required the addi-
tion of these acids together with TEA, so treatment of 224 ;
with AcOH/TEA (20 and 100 equiv)™ or with MeSO,NH,/
TEA (2 and 8 equiv) produced the corresponding mononu-
clear complexes 3559, and 3MSO:NH ' regpectively. In each
case the guest EtOH resonance was slightly shifted relative
to 22 . (Figure 5¢c,d). The calixarene core is characterized
by two single resonances for its H,, protons, which indicates
that it remains C;, symmetrical, thanks to the small size of
the external binding anion. Interestingly, when the exchange
was not complete, species 3%, and 221 were distinctly ob-
served at 243 K, which means that external exchange of the
binding anion was slower than the NMR timescale, as illus-
trated in Figure Sc.

It was also possible to stabilize a mononuclear dicationic
state for the Zn" complex with the aid of the coordination
of a strong neutral donor such as a primary amine in the
apical position (Scheme 2). Indeed, when RNH, (with R =
nPr or nBu, >13 equiv) and EtOH were added to complex

3%, in CDCl,, the novel compound 383 was produced.

The same compound was obtained on treatment of 295,
with the amine after the addition of 1equiv of TFA (see
Figure Se for R = nBu). The high-field shifted triplet of the
ethanol guest was observed at —1.58 or —1.59 ppm in 3} 37
and 350", respectively. Very interestingly, when a chiral pri-
mary amine [(S)-(—)-1-phenylethylamine (PEA)] was coor-
dinated to the Zn" ion, a splitting of the ArCH, and CH,N
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X resonances of the calixarene

| core was observed as well as
HQN"'?ZH\NHE—I * the resonance of the guest (6 =
2N —0.52 and —0.54 ppm for G =
DMSO, instead of one at

—0.57 ppm for complex 3panit;

see Figure 6 for 3754 ). This in-

dicates that the calixarene
3 é methylenic protons and the
With X = PhCQO, AcO guest methyl  groups  had

or MeSO,NH become diastereotopic, so the

external coordination of a

chiral ligand to the metal center

I AN j 2 transforms the calixarene into a

2N/ e chiral pocket that is sensed by
the guest.

RNH;

Tuning and comparing the host
properties of the different mo-
lecular receptors: A compara-

o (F}!NHQ eeut
tive 'HNMR study of the host

; OH
With RNH; = PrNHp, BuNH; properties of receptors 27",
or (-)-PEA 350, 3YSONH and 3ZNM: was
conducted at 223 K in CDCl,.
For each experiment, a solution
° ArCH, < 0l
tBu
M 1l bwmsoin
}L\ CH,N
\
./ ‘\x/\\_/\’
L O B A I ] L¥
35 3.0
ArH(calix) OMe\ -04 -06
— e\ ;
> R /
/
L 4 \\ L /
! w
N e v
20 10 00 -10

80 70 60 50 40 30
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Figure 6. 'HNMR (500 MHz) spectrum of complex 30a, recorded at

273 K in CDCl;. ¥ = DMSOy,.., V = (—)-PEA. Solvent, water, and ref-
erence have been labeled “S”, “W”, and “R”, respectively.

containing EtOH and another neutral substrate G was

added to complex 295, to yield the corresponding basic

species 205, and 29", Subsequent addition of either XH/
TEA (with XH = AcOH or MeSO,NH,) or BuNH,/TFA
then provided a mixture of complexes 3% ,; and 3% or 35'0H:
and 38"™": respectively. A '"H NMR spectrum was recorded
after each step, and integration of the free and bound sub-
strates (EtOH and G) gave the ratio of the corresponding
complexes (see the Experimental Section). The relative af-
finities of the receptors for EtOH, DMF, DMSO, AcNH,,
and MeCN are reported in Table 2 and compared with those
previously reported for the trisammonium® 13GH+ and the
funnel Zn complex (XgIm;Zn)% “! It is noteworthy that the
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Table 2. Relative affinities of complexes 20, 350, 3MeSO:NH | apd 3BuNH:
for G = EtOH, DMF, DMSO, AcNH,, and MeCN measured by
"H NMR spectroscopy at 223 K in CDCl; and comparison with the dicat-
ionic Zn funnel complex® (X(Im;Zn)Z and trisammonium®® 131",

Relative affinities for G referred to EtOH

G EtOH MeCN DMF DMSO AcNH,
u D] (1.67)  (3.92) (382) (396 (3.7
complex 207 1 < 0.004 0.003 0.16 2,514
complex 3§eSO:NH 1 - 0.007  0.73 20
complex 33 1 < 0.009€  — 0.69 16
complex 35N 1 - 002 29 42
trisammonium 1" 1 0.05 1.3 35 35
complex (XeIm;Zn)Z 1 0.08 0.21 1.1 1.4

[a] Errors estimated +10%. [b] Defined as [G,,)/[EtOH,,] x [EtOH..]/
[Giree] 2 [c] MeCN,;, could not be detected by 'H NMR. [d] In this par-
ticular case, [AcNH,,,] corresponds to the included AcNH, of 22/, AcNH,

and 290 o, Similarly [EtOH,,] is related to 208 .y, and
g0H 120}
EtOH,EtOH"

CIS values observed with these neutral guests!™ were very
similar for all the Zn complexes and quite different from
those obtained with the trisprotonated receptor 1>™".

The data collected in Table 2 first show that acetamide is
the best ligand for all receptors, and MeCN the weakest.
They also show that the relative affinities are highly depen-
dent on the nature of the receptor: the reported data for the
relative DMF/EtOH affinities, for example, are spread over
an impressively wide range of almost three orders of magni-
tude. The common features of all these receptors are the
calixarene cavity, which allows CH-x interactions with the
guest alkyl chain, and H-bonding to the aryl ether oxygen
atoms with the protic guests. Differences obviously stem
from the nature of the cap, which indeed variously provides
a coordination link within the Zn funnel complex, strong H-
bonding donors for the trisammonium, or a variable charge—
dipole interaction due to the charge on the cap, which is
either tri-, di-, or monocationic. MeCN, for example, is rela-
tively better bound to the funnel receptor, which is due to
its coordination link to the metal center [with Cu" in place
of Zn" this value is even higher (0.33)].1! The trisammoni-
um compound presents the highest relative affinities for
guests possessing high dipole moments and oxygen atom
donors, such as DMF and DMSO, while AcNH, is the
“winner” guest for all receptors, with a particularly strong
affinity for the tri- and dicationic receptors. Indeed, this
guest combines a high dipole moment, a good hydrogen
bond donor (NH,), and a good acceptor (CO).

Very interestingly, the natures of the external ligands
greatly influence the relative affinities of the neutral guests
for Zn complexes 2 and 3. Complex 25", which possesses
the more basic external ligand, presents smaller relative af-
finities for MeCN, DMF, and DMSO. Indeed, with these
polar aprotic guests the stabilization of the host—guest ad-
ducts is due mainly—besides CH-m interactions—to the
charge—dipole interaction between the metal center and the
polar guest, so the smaller the positive charge at the metal
center, the less stabilizing the effect of the charge—dipole in-
teraction. Replacing the hydroxide by the less basic acetato
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ligand indeed raises the relative affinities for DMSO and
acetamide, while replacing the oxygen donor by the nitrogen
donor of a deprotonated sulfonamide also increases these
values, which are the highest when the apical anionic ligand
is substituted for a neutral one (for example, BuNH,).

All these results show allosteric control of the host prop-
erties of the calix[6]trisamine 1 through small modifications
at the level of the amino arms, which are ca. 3 A away from
the calixarene narrow rim. Interestingly, this can be exploit-
ed to switch the guest by effecting a modification to the en-
vironment. To illustrate this point, we carried out an NMR
experiment in which host-guest systems 29" and 13" were
quantitatively interconverted through the acid/base-mediat-

ed Zn decoordination/coordination process (Figure 7,
a)
OH —
by ZEon
TFA
O
o) 1omF
M TEA
VYO0
OH <
T rrrrrTT T T 2E(OH
0.0 -1.0
& (ppm)

Figure 7. Reversible switching of the EtOH guest for DMF governed by
the acidic/basic conditions. a) High-field region of the '"H NMR spectrum
(300 MHz, 223 K) of a CDCI; solution of 22: ., in the presence of EtOH
and DMF (6 and 100 equiv, respectively). b) After addition of TFA
(6 equiv). c) After subsequent addition of TEA (30equiv).”! v =
EtOH,,, v = DMF,,. Reference has been labeled “R”.

ins in*

Scheme 2).”!! Thus, when a chloroform solution of complex
29" contains a 100:6 molar ratio of DMF/EtOH, EtOH is
the winner guest, as 200, is observed together with only
traces of 201 (< 5%). Addition of TFA then results in the
exclusive formation of the trisammonium receptor L1
with the replacement of DMF for EtOH in the cavity. Addi-
tion of TEA restored the Zn receptor, 201, thus resulting
in the expulsion of DMF and back-inclusion of EtOH.

Conclusion

The Zn funnel complexes previously obtained with aromatic
amino arms exhibit four-coordinate tetrahedral zinc dicat-
ionic centers that selectively coordinate neutral guests sit-
ting inside the cavity. Because of the reduced steric hin-
drance provided by the primary amino arms of calix[6]trisa-
mine 1, the corresponding tetrahedral Zn" complex prefer-
entially coordinates the fourth donor externally. As a result,
a dinuclear species (29") bridged by a single hydroxo ligand
is obtained upon treatment with zinc perchlorate. This com-
plex is particularly robust, as it did not yield a bis-hydroxo-
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dinuclear Zn complex, as has been described with the classi-
cal NV; ligands, or undergo decoordination of the metal ion
when exposed to an excess of base. The basic hydroxide
ligand of 20" reacts with carboxylic acids and sulfonamides
to provide monocationic mononuclear Zn" complexes 3§°°°
and 3859"" with exo-coordinated carboxylato and sulfona-
midato ligands, respectively. Application of a strong but
neutral donor such as a primary amine also results in the
formation of a mononuclear complex, 38", which is dicat-
ionic. All these different species, mono- or dinuclear,
behave as good and selective endo-receptors for neutral
polar guests. The characterization of the multiple-species-
based calix[6]trisamine 1 (the previously reported trisammo-
nium 1M and the Zn complexes 201, 3RC00, 3RSONH - apq
38NH2) provided a unique opportunity to compare their host
properties directly. On the one hand, in all of them, part of
the stabilization of the host-guest adducts is due to CH-xt
interactions and possible hydrogen bonding with the calixar-
ene core. On the other hand, this study highlights efficient
tunability of the host—guest affinity through external binding
(HO~, RCOO~, MeSO,NH™, or RNH,) to the Zn center.
The higher the positive charge capping the calixarene
narrow rim, the more polarized the cavity and the more effi-
cient the binding of dipolar molecules. As a consequence,
substitution of the external apical ligand for a better or
weaker donor changes the host properties of the complex. A
harder external ligand results in a less polarized receptor
that will consequently be particularly sensitive to the hydro-
gen-bonding ability of the guest, while a less electron-rich
apical ligand, and a fortiori the neutral one (RNH,), will
make the receptor more sensitive to the dipole moment of
the guest, which will become the major point of discrimina-
tion with the tricationic trisammonium receptor 131", All
this stands in contrast with the funnel Zn complexes, in
which the coordination link plays a dominant role. Interest-
ingly, the asymmetry of an external enantiopure amino
ligand is transmitted to the calixarene core, thus providing a
chiral environment sensed by the guest.

In conclusion, this supramolecular system illustrates how
the receptor properties of a hydrophobic cavity can be
finely tuned by the environment (presence of metal ions, co-
ordinating species, protons, etc.). From a biomimetic point
of view, these results may be highly relevant to enzymes, the
active site host properties of which (formation of Michaelis—
Menten complexes) are most often dependent on the pH,
the presence and redox state of a metal ion, the co-binding
of second molecule, etc. All these allosteric effectors allow
fine tuning of the affinity of the protic site for its substrate
and product.

Experimental Section

General procedures: CH,Cl, was distilled over CaH, under argon.
"H NMR spectra were recorded at 500, 400, or 300 MHz and “C NMR
spectra were recorded either at 75 or 50 MHz. Traces of residual solvent
or poly(dimethylsiloxane) (R) were used as internal standard. All reac-
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tions were performed under an inert atmosphere. Elemental analyses
were performed at the Laboratoire de Microanalyse Organique (IRCOF,
France) and at the Service de Microanalyse, (I.C.S.N., Gif sur Yvette,
France).

Safety Note—CAUTION! Although we have not encountered any prob-
lem, it is noted that perchlorate salts of metal complexes with organic li-
gands are potentially explosive and should be handled only in small quan-
tities with appropriate precautions.

[Zn(1)(MeOH)(C10,)](C10,) (35['3(;,,): Methanol (30 mL) and dichloro-
methane (80 mL) were added to a flask containing [Zn(H,0)](ClO,),
(0.545 g, 1.46 mmol) and calix[6]trisamine 1 (1.46 g, 1.28 mmol). After re-
moval of the resulting precipitate, the reaction mixture was stirred at
room temperature for 10 min and was then concentrated to a third of the
volume by bubbling argon through the solution. The resulting precipitate
was separated from the solvent, washed with pentane, and dried under
vacuum, yielding the complex 35w, (1.10 g, 60%) as a white solid. M.p.
270°C (decomp); IR (KBr): # = 3296, 3241, 636, 625 cm™'; elemental
analysis caled (%) for [Zn(C;sH,(sN;04)(CH;0H)[(ClO,),: C 63.35, H
7.62, N 2.92; found: C 63.55, H 7.44, N 3.10.
[Zn,(1),(MeOH),(OH)](ClO,); (Z&Z‘OH): This complex formed spontane-
ously upon dissolution of complex 3{%, in chloroform in the presence of
traces of H,O. '"H NMR (400 MHz, CDCl;): 6 = 0.74 (s, 27H; (Bu), 1.41
(s, 27H; Bu), 3.31 (brs, 6H; CH,N), 3.42 (d, J] = 15Hz, 6H; ArCH,,),
3.68 (brs, 6H; NH,), 3.93 (s, 9H; OCHj;), 4.10 (brs, 6H; CH,0), 4.47 (d,
J = 15Hz, 6H; ArCH,,), 6.53 (s, 6H; ArH), 7.30 ppm (s, 6H; ArH);
BCNMR (50 MHz, CDCly): 0 = 29.0, 31.1, 31.6, 33.8, 34.3, 42.6, 60.9,
73.0, 1229, 1283, 1322, 1329, 1452, 146.4, 152.0, 152.1 ppm; IR
(CHCL): # = 3606, 3311, 3242, 623 cm ™.

Compound 2: Two different synthetic procedures allowed the isolation of
pure 2oy

Procedure A: Methanol (0.5mL) and dichloromethane (2.5mL) were
added to a flask containing [Zn(H,0)](ClO,), (31.0 mg, 0.083 mmol) and
calix[6]trisamine 1 (96 mg, 0.084 mmol), the reaction mixture was stirred
at room temperature for 30 min, and a KOH solution (1M in MeOH,
84 uL, 0.084 mmol) was added in 10 pL portions. After 15 h at room tem-
perature, the resulting precipitate (KClO,) was removed by centrifuga-
tion and methanol (2 mL) was added to the solution. After concentration
to a third of the volume by bubbling argon through the solution, a crys-
talline product was obtained, separated from the solvent, and dried
under vacuum, to give the dinuclear complex 200, (70 mg, 60%) as a
white solid. M.p. 275°C (decomp); IR (KBr): # = 3675 to 3345, 3303,
3258, 624 cm™; elemental analysis caled (%) for
[Z0,(Cy50Hy10N(O 1,)(CH;OH),(OH)](CIO,)5(H,0),: C 64.38, H 7.93, N
2.96; found: C 64.25, H 7.93, N 2.92.

Procedure B: Chloroform (1 mL) and triethylamine (5 puL, 0.062 mmol)
were added to a flask containing 3504, (30 mg, 0.021 mmol). After 15 mi-
nutes at room temperature, the reaction mixture was washed three times
with distilled water (1 mL), the organic layer was stirred on molecular
sieves and filtered through celite, and the solvent was removed. The
crude compound was recrystallized from dichloromethane/methanol to
afford 201 (25 mg, 86 %) as a white powder.

'MeOH

'H NMR determination of the “relative affinities” reported in Table 2:>*!
In a typical procedure, DMSO (76 equiv) and EtOH (38 equiv) were suc-
cessively added to a CDCl, solution of complex 2900 A "H NMR spec-
trum was recorded at 223 K and showed the guest resonances of the two
endo-complexes 200 and 20}, together with the signals corresponding
to the free EtOH and DMSO. The integrations of the methyl groups of
the free and included EtOH and DMSO were used to calculate the rela-
tive affinity, defined as [DMSO,,J/[EtOH,,]x [EtOHg.]J/[DMSOy..]
(errors estimated +10%).

X-ray structure analysis of complex 29v ,.: X-ray quality crystals were

grown at 4°C from a CHCl; solution in which complex 2%, was dis-

solved in the presence of a large excess of TEA and trace of water.

Crystal data: [C,50H;,00,3N¢Zn,]-3 C10,3 CHCL;-2H,0, M,, = 3128.48, or-
thorhombic, colorless crystal (0.6x0.3x0.2 mm?), a = 46.8870(3), b =
19.2130(3), ¢ = 20.6100(10) A, V = 18566.3(1) A®, space group Pccn,
Z =4,p = 1.119gem ™, u(Mog,) = 49cm™!, 17143 reflections mea-
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sured at 223 K (Bruker-Nonius KappaCCD diffractometer)® in the
0.43-26.04° 6 range, 15954 unique, 987 parameters refined on F* with use
of 15954 reflections [ShelxI]®! to final indices R[F>>40F?] = 0.129, wR =
0.339 [w = 1/[0*(F2)+(0.1099P)*+4.0995P] where P = (F2+2F2)/3].
Refinement details: the dinuclear compound 20% , co-crystallized with
four molecules of disordered chloroform with occupancies equal to 0.5,
one disordered molecule of chloroform, three CIO,” counter-ions, and
two disordered molecules of water. No hydrogen atoms were found ex-
perimentally. The last residual Fourier positive and negative peaks were
equal to 1.05 and —0.66, respectively.

X-ray structure analyses of complexes 35, and 35,,: A colorless crys-

tal of dimensions 0.15 x 0.08 x0.04 mm® was mounted with Paratone-N oil
(Hampton Research) coating and immediately placed in a nitrogen cold
stream. X-ray intensity data were collected at 100 K on a Bruker-Nonius
X8-APEX2 CCD area-detector diffractometer with use of Moy, radia-
tion (1 = 0.71073 A). Four sets of narrow data frames (90 s per frame)
were collected at different values of 6 for one and three initial values of
¢ and o, respectively, with use of 0.5° increments of ¢ or w. Data reduc-
tion was accomplished by use of SAINT V7.03.! The substantial redun-
dancy in data allowed a semiempirical absorption correction (SA-
DABS V2.10)®! to be applied, on the basis of multiple measurements of
equivalent reflections. The structure was solved by direct methods, devel-
oped by successive difference Fourier syntheses, and refined by full-
matrix, least-squares on all F2 data with the aid of SHELXTL V6.14.¢!
Hydrogen atoms were included in calculated positions and allowed to
ride on their parent atoms. Several disordered molecules were initially
modeled as discrete ClO,” counter-ions but were ultimately removed
from the structure. The data set was corrected with the program
PLATON/SQUEEZE.®"

Crystal data: [Cys50H;47,50sN5Cly2sZn], M, = 1307.09, triclinic, space
group P1; dimensions: a = 17.763(2), b = 22.293(3), ¢ = 23.722(3) A,
a = 93.538(5), B = 107.585(5), y = 99.724(5)°, V = 8762(2) A%, Z = 4;
total reflections collected: 63277; independent reflections: 24226 (7367
F, > 40 (F,)); data were collected up to a 26,,,, value of 46° (99.3 % cov-
erage). Number of variables: 1597; R, = 0.1316, wR, = 0.3108, § =
1.045; highest residual electron density 1.06 e A~

CCDC 227284 (201 ) and -613414 (3., and 3¢, contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.
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