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Metalloenzymes are fascinating natural ªfactoriesº adept at
transforming organic molecules with high efficiency and
selectivity.[1] A good chemical model for metalloenzymes is

a key to the understanding of the fundamental mechanisms of
the chemistry involved in the catalytic cycles and to the design
of efficient and selective new tools for the synthetic chemist.
Although mononuclear copper enzymes constitute an impor-
tant class of proteins,[2] few, if any, chemical systems allow the
specific chemistry at a monocopper site to be modeled. The
first step for the elaboration of a biomimetic system is the
conception of a synthetic model for the active copper(i) center
(since the copper center in this oxidation state is the active
form for the activation of small molecules).[2] For this purpose,
three important elements are required:
* A polydentate ligand to coordinate to the cuprous ion and

reproduce the geometry and the chemical properties of the
amino acid residues involved in the coordination sphere of
the metal.

* An appropriate environment to prevent the formation of
binuclear species.

* A vacant site to allow the coordination and exchange of an
external ligand.
The classic strategy to protect a redox metal center, is based

on tuning the sterical environment provided by a tripodal ligand.
This approach presents a dilemma: high steric hindrance will
prevent the cuprous ion from reacting with an external
substrate molecule; but on the other hand, a decrease in the
steric bulk will drive the reaction with O2 (or any other
oxidant) to produce binuclear copper(ii) complexes.[3]

Here we describe a new supramolecular model of the
mononuclear cuprous sites, which takes advantage of the
conic shape of a calix[6]arene that is appropriately function-
alized with three pyridine (Py) moieties. The role of the
pyridine groups is to provide an N3 donor set for the copper
ion, thereby mimicking the imidazole residues which coor-
dinate the type II cuprous ion in enzymes such as dopamine b-
hydroxylase, peptidylglycine a-amidating monooxygenase,
copper amine oxidases, as well as nitrate reductases.[2] The
geometry of the system is designed to orient the fourth
coordination site toward the inside of the conic cavity
provided by the calixarene skeleton. The role of the calix-
arene is thus to protect the metal center from any undesired
interaction with another metal center, to facilitate the
approach of an organic molecule, and finally to operate a
means of selection based on its size and nature.

The new tridentate N-ligand X6Me3Pic3 was synthesized in
two steps from p-tert-butylcalix[6]arene (X6H6). The first step
involved the alternate protection of three out of the six
phenolic OH functions of the calixarene by a known selective
methylation procedure.[4] Treatment of this key intermediate
X6Me3H3 with picolyl chloride in the presence of K2CO3 in
DMF provided the desired tripod X6Me3Pic3 in 87 % yield
(Scheme 1). The 1H NMR spectrum of this ligand recorded at
297 K is characteristic of a major flattened cone conformation
with C3 symmetry. The methoxy groups are projected toward
the inside of the cavity as indicated by the high field shift of
the methyl protons in the spectrum. However, a low-temper-
ature study revealed the presence of a minor conformer of
lower symmetry, which is in equilibrium with the conic
conformation.[5]

The addition of 1.1 equivalents of [Cu(MeCN)4]PF6 to a
solution of X6Me3Pic3 in CDCl3 resulted in the formation of a
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Scheme 1. Synthesis of X6Me3Pic3. Conditions: PyCH2Cl ´ HCl, K2CO3,
DMF, reflux 3 h; 87 %.

new compound as shown by 1H NMR spectroscopy. The
simplicity of the overall profile excludes the presence of
oligomeric species and is in good agreement with a mono-
nuclear complex with C3 symmetry. The large chemical shifts
observed for the protons on the pyridine ring, together with
the IR stretches of the corresponding C5N skeleton attest to
the coordination of the copper(i) ion to the nitrogen atoms on
the pyridine rings. The 1H NMR signal for the methoxy
protons now appears at a lower field in the spectrum, thus
indicating that the calixarene conformation has changed upon
complexation. There is also a new broad resonance at d�
ÿ1.2 that does not belong to the calixarene-based ligand and
vanished upon addition of deuterated acetonitrile. All these
observations strongly suggest that the cuprous ion is four
coordinate surrounded by: a) three pyridine groups, which are
projected toward the inside of the cone of the calixarene, thus
pushing out the methoxy groups, and b) an acetonitrile
molecule, which sits inside the p-basic conic cavity as a
consequence of the steric hindrance induced by the capping at
the lower rim of the calixarene (Scheme 2).
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Scheme 2. Synthesis and ligand exchange of cuprous X6Me3Pic3 com-
plexes.

The acetonitrile ligand was easily exchanged by the
addition of 20 molar equivalents of propionitrile as shown in
the 1H NMR spectrum by the appearance of two new signals
at d�ÿ0.7 (q, 2 H) and ÿ1.7 (t, 3 H). Under the same
experimental conditions, allyl nitrile was also effective for this
substitution process, whereas neither benzonitrile nor ben-
zylnitrile were effective, even after two days. These observa-
tions may be attributed to steric crowding, which causes
unfavorable interactions between these large molecules and
the calixarene cavity.

Single crystals of the cuprous complex were obtained from
a CHCl3 solution containing 25 molar equivalents of propio-
nitrile. The structure of [Cu(X6Me3Pic3)(NCEt)]PF6 was

established by X-ray crystallographic analysis (Figure 1).[6]

The CuI center resides in a regular tetrahedral N4 ligand
environment, with close to C3v symmetry, provided by the
three pyridine groups and the propionitrile ligand. The

Figure 1. Crystal structure of [Cu(X6Me3Pic3)(NCEt)]PF6. Top: side view;
bottom: plan view. The aromatic rings of the calixarene macrocycle and
pyridine ligands are shaded in light gray and blue, respectively. Selected
bond lengths [�] and angles [8]: Cu ± N1 1.949(7), Cu ± N1A 2.090(7), Cu ±
N1B 2.097(7), Cu ± N1C 2.127(6); N1-Cu-N1A 115.0(3), N1-Cu-N1B
111.6(3), N1A-Cu-N(1B) 107.3(2), N1-Cu-N1C 111.8(2), N1A-Cu-N1C
102.6(2), N1B-Cu-N1C 108.1(2).

average value for the three Cu ± NPy distances of 2.105 � is
similar to those for four-coordinate CuI compounds with
aromatic N-donor ligands.[7] The propionitrile ligand (Cu ±
N 1.949(7) �) is buried deep inside the cavity of the tert-
butylcalix[6]arene macrocycle in a cone conformation. The
diameters of the openings at the two ends of the cavity can be
estimated by the distances between two opposite O atoms
(7.91 �) and CtBu atoms (11.28 �). The unit cell includes two
enantiomeric molecules: the metal-centered chirality results
from the helical shape provided by the three pyridine groups
wrapping around the metal ion. In solution, conformational
exchange occurs between the two enantiomeric forms.
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The complex is surprisingly stable: it was not oxidized
under an atmosphere of O2 in most common solvents and the
acetonitrile remained coordinated to the cuprous ion after
chromatography on silica gel in air. This lack of reactivity
towards O2 contrasts the facile exchange of the acetonitrile
ligand with molecules as large as allyl nitrile. These observa-
tions can be explained by either the intrinsic instability of the
CuO2 adduct or by the metal center having a high redox
potential.[8] Indeed, preliminary cyclic voltammetric experi-
ments in CH2Cl2 revealed essentially an irreversible oxidation
of CuI to CuII, at Ep(ox)��1.05 V (versus ferrocene/ferro-
cenium), associated with a very broad and cathodically shifted
reduction peak (DEp�Ep(ox)ÿEp(red)� 1.0 V). The partic-
ularly high value of this oxidation potential is best explained
by the tetrahedral environment in which the copper ion is
constrained, which strongly stabilizes CuI relative to oxidation
to CuII.[7]

Although calix[6]arenes have long been utilized for the
construction of supramolecular assemblies, their ability to
accommodate a transition metal has scarcely been ex-
plored.[10] The work herein demonstrates that although it is
very flexible,[5, 10] a calix[6]arene can participate both in the
formation of a stable mononuclear transition metal complex
and in the construction of a receptacle which interacts with an
external molecule. Indeed, the novel ligand X6Me3Pic3

appears to fulfill three essential requirements for playing
the role of a metalloenzyme active site pocket by providing:
a) a N3 donor set that allows the formation of a stable cuprous
complex upon coordination of a fourth ligand at the remain-
ing binding site, b) a cavity that acts not only as protection for
the metal center but also as a funnel for external organic
molecules that compete for binding to the metal center, and
c) a geometrical constrain that confers to the Cu� ion an
unusually high oxidation potential. We are currently inves-
tigating the catalytic properties of these copper(i) complexes
as well as developing the synthesis of complexes with divalent
transition metal ions and other tridentate calix[6]arene-based
ligands.

Experimental Section

X6Me3Pic3: Under an argon atmosphere, dry K2CO3 (2.86 g, 20.7 mmol,
15 equiv), X6Me3 (1.40 g, 1.38 mmol), and 2-chloromethylpyridine chloro-
hydrate (1.36 g, 8.28 mmol, 6 equiv) were suspended in dry DMF (70 mL).
The reaction mixture was heated to reflux for 3 h. Water (350 mL) was
poured into the warm light orange solution and then stored for 12 h at 4 8C.
The resulting white precipitate was collected by filtration over a glass frit,
washed with water, dried under vacuum over KOH, recrystallized from
MeCN/CH2Cl2, and finally dried under vacuum overnight at 40 8C. Yield:
1.65 g (87 %). M.p. 270 8C (loss of solvent molecules at 191 8C); 1H NMR
(250 MHz, CDCl3): d� 0.83 (s, 27H; tBu), 1.37 (s, 27 H; tBu), 2.33 (s, 9H;
OCH3), 3.43 (d, J� 15 Hz, 6H; Ar-aCHeq), 4.61 (d, J� 15 Hz, 6H; Ar-
aCHax), 5.1 (s, 6 H; Py-aCH2), 6.72 (s, 6 H; Ar-H), 7.25 (t, J� 4.8 Hz, 3H;
Py-H), 7.26 (s, 6H; Ar-H), 7.80 (t, J� 3 Hz, 3 H; Py-H), 7.91 (d, J� 3 Hz,
3H; Py-H), 8.56 (d, J� 4.8 Hz, 3 H; Py-H); IR (KBr): nÄ � 1595 (m),
1575 (w), 1480 (s), 1460 (sh), 1430 (s) cmÿ1: (C�N, C�C (Py)); elemental
analysis calcd for C87H105N3O6 ´ 1.5H2O ´ DMF: C 77.85, H 8.31, N 4.09;
found: C 77.82, H 8.33, N 3.96.

[Cu(X6Me3Pic3)(NCMe)]PF6: Dioxygen-free CDCl3 (1 mL) was added to a
schlenk flask containing X6Me3Pic3 (200 mg, 0.155 mmol) and [Cu(NC-
Me)4]PF6 (64 mg, 0.17 mmol, 1.1 equiv) under an argon atmosphere. The
mixture was stirred for 4 h, filtered over celite, and an aliquot (0.1 mL) of
the resulting homogeneous tan solution was diluted in an NMR tube with

CDCl3 (0.4 mL). 1H NMR (250 MHz, CDCl3): d�ÿ1.2 (brs, 3H; coordi-
nated CH3CN); 0.81 (s, 27H; tBu), 1.41 (s, 27H; tBu), 2.0 (br s, 9H, free
CH3CN); 3.01 (s, 9 H; OCH3), 3.37 (d, J� 15 Hz, 6 H; Ar-aCHeq), 4.32 (d,
J� 15 Hz, 6H; Ar-aCHax), 5.54 (s, 6 H; Py-aCH2), 6.76 (s, 6H; Ar-H), 7.30
(s, 6H; Ar-H), 7.67 (t, J� 5 Hz, 3 H; Py-H), 7.96 (t, J� 7 Hz, 3 H; Py-H),
8.06 (d, J� 7 Hz, 3 H; Py-H), 8.94 (d, J� 5 Hz, 3 H; Py-H). Exchange of the
acetonitrile ligand was accomplished through the addition of 20 equivalents
of another nitrile RCN to the NMR tube. The rest of the solution was
chromatographed directly on silica gel (THF/CH2Cl2 (2.5/97.5) as eluent) to
give [Cu(X6Me3Pic3)(NCMe)]PF6 as a white solid (Rf� 0.4) which was
dried under vacuum for 24 h at room temperature. M.p.> 280 8C (decomp);
IR (KBr) nÄ � 1610 (m), 1575 (w), 1485 (s), 1465 (sh), 1490 (s) cmÿ1 (C�N,
C�C (Py)); elemental analysis calcd for C89H108N4O6CuPF6 ´ THF ´
0.5CH2Cl2: C 67.93, H 7.13, N 3.38, Cu 3.84; found: C 68.01, H 7.06, N
3.07, Cu 3.60; (the presence of solvent molecules was confirmed by NMR
spectroscopy); ESI-MS (CH2Cl2): 1392.4 ([Cu(X6Me3Pic3)(NCCH3)]� .
This peak was isolated and fragmented (MS ± MS) and shown to lose a
mass of 43 Da (CH3CN).
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