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The nickel wheel illustrated is From a supramolecular view-
the largest such cyclic cage point the cage is the product
known for the 3d metals, and of the single-step assembly of
involves a simple heterocyclic 24 metal centers (light blue)
ligand. and 64 ligand units.

An intricate array of H bonds,
and efficient packing of methyl
groups within the macrocyclic

cavity help stabilize this intrigu- For more information see
ing structure. the following pages.
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Synthesis, Structure, and Preliminary Magnetic
Studies of a Ni,, Wheel**

Angela L. Dearden, Simon Parsons, and
Richard E. P. Winpenny*

Metal rings have excited mankind since mythological
times.['! The largest cyclic structure containing exclusively
paramagnetic 3d-metals is the Fe;s wheel reported by Lippard
and co-workers,”l which is an order of magnitude smaller than
the giant wheels constructed from molybdate fragments by
the Miiller group.’] We have previously reported® a Niy,
wheel featuring acetate and 6-chloro-2-pyridonate ligands
which shows ferromagnetic exchange between the metal
centers, and a resulting S=12 spin ground state. Herein we
report initial experiments involving the heterocyclic ligand,
3-methyl-3-pyrazolin-5-one (Hmpo) (Scheme 1), which result
in the formation of a cyclic Ni,, cage.
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Hmpo and hydrated nickel acetate were stirred together in
MeOH for 24 h, during which time a pale green precipitate
formed, which was removed by filtration. The solution was
evaporated to dryness, the resulting powder was redissolved in
MeCN and green rodlike crystals grew over two days. X-ray
analysisP! (Figure 1) revealed a tetraicosanuclear nickel cage
[Ni,4(OH)s(mpo),5(0,CMe),,(Hmpo);¢] (1; mpo = the mono-
deprotonated anion of Hmpo).

The cage is disposed about a crystallographic fourfold axis
therefore there are only six nickel centers in the asymmetric
unit. However, in many ways the structure can be described as
consisting of an octamer of chemically equivalent trinuclear
building blocks. The first such unit contains Nil, Ni2, and Ni3,
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Figure 1. The structure of 1 in the crystal. Hydrogen bonds are shown as
dashed lines.

while Ni4, Ni5, and Ni6 belong to the second (Figure 2). Thus
the structural role and coordination environment of Ni4 is
equivalent to Nil, Ni5 equivalent to Ni2, and Ni6 to Ni3. In
the following paragraph only the first trinuclear building
block is discussed, with the relevant metal sites in the second
fragment identified in parentheses.

Figure 2. The asymmetric unit of 1. Bond length ranges [A]: Ni-O(mpo)
2.055-2.140, Ni-O(acetate) 2.034-2.137, Ni-O(OH) 2.011-2.049, Ni-
N(mpo) 2.024-2.060, Ni-N(Hmpo) 2.079-2.096; (average esd 0.003 A).

The bridging within the blocks is predominantly performed
by acetate and mpo ligands (Scheme 1). One acetate bridges
in a u-fashion, that is, bridging Nil (Ni4) and Ni2 (Ni5) with
the oxygen atom bound to Ni2 (Ni5) also bound to Ni3 (Ni6).
The two mpo ligands within the trinuclear fragment also
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bridge the Nil ---Ni2 (Ni4---Ni5) vector through the exocy-
clic oxygen atom, with the ring nitrogen atom bound to a
nickel center in a neighboring trimer. A second carboxylate
group bridges Ni2 (Ni5) and Ni3 (Ni6) in a 1,3-fashion, with a
us-hydroxide also bridging this vector and binding on to Ni4
(Nil) in the next trinuclear fragment. Thus a 1,3-carboxylate
group and two u,-oxygen atoms bridge each Ni---Ni contact
within the building blocks. This means of bridging M ---M is
found in other cyclic structures such as the Ni;, cage we
reported, and the decanuclear “ferric wheel” described by
Lippard and co-workers.’! The two neutral Hmpo ligands
within each trinuclear block are attached through the ring
nitrogen atom to Ni2 (Ni5) and Ni3 (Ni6).

The linking between trinuclear blocks involves a us-
hydroxide unit which bridges between Ni2 and Ni3 in one
unit and Ni4 in the second, or Ni5, Ni6, and Nil. The link is
further supported by u,-carboxylate units which bridge Ni3---
Ni4 and Ni6---Nil. Additionally the four mpo ligands each
bind to two metal centers from one trinuclear block through
the O-donor, while binding to a third metal center from the
other fragment through the N-donor, for example, bridging
Ni4 and Ni5 in the second block, while the ring nitrogen atom
binds to Ni3 in the first.

This complicated set of interactions generates the Niy,
structure, which is much less circular than other cyclic
structures (Figure 1). The trinuclear fragments are so disposed
that they point approximately at the center of the neighboring
unit, rather than at the end. The angle between the lines Nil-
Ni2-Ni3 and Ni4-Ni5-Ni6 is 51.0°. This generates a structure
where Ni3, Ni6 and their symmetry equivalents create distinct
“points” on the wheel. In addition to the metal-ligand
bonding described above, the structure is stabilized by a large
quantity of H bonding. The majority of these interactions
arise from the proton on the second N atom within the
pyrazolinone ligands. Thus H bonds are formed between this
site and O atoms from both acetate and mpo ligands
(Figure 1).

All the metal centers are six-coordinate, with approximate-
ly octahedral symmetry. Four of the crystallographically
independent sites (Nil, Ni2, Ni4 and Ni5) are bound to one
N- and five O-donor groups, while the remaining two sites
(Ni3 and Ni6) have two N- and four O-donor groups.
Magnetic measurements”! are consistent with twenty-four
S=1 centers. The room-temperature value for y,7T of
approximately 30 cm®*Kmol~! (y,, = molar magnetic suscept-
ibility) matches well with the calculated value ()7 ecued =
29 cm3Kmol™!) for a reasonable g-value of 2.2. The y,T
declines with temperature, however, even at 1.8 K, y,.7 is
greater than 24 cm®Kmol~!, which indicates that while the
magnetic behavior is dominated by antiferromagnetic ex-
change this is rather weak and many magnetic states remain
populated at even very low temperatures. The antiferromag-
netic exchange suggests that, in principle, this Ni,, cage should
be useful for modeling the Haldane gap predicted to occur for
wheels or chains of anti-ferromagnetically couple S=1
chains.®!

It is noticeable that, as with the Fe,s structure,? it is not
possible to generate a large 3d-metal wheel with only one type
of bridging interaction. Therefore while decanuclear ferric
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wheels!®° can be accurately described as [{Fe(OMe),-
(O,CR)},] (R=Me, CH,Cl, CH,CH,C(O)CHMe), and
octanuclear chromium wheels!'? can be described as
[{CrX(O,CR),}s] (X=F, R=CMe;; X=0H, R=Ph) such a
description as an oligomer of a mononuclear fragment is not
accurate for these larger wheels. For both the Fe;g and Niy,
wheels a more accurate description is as an oligomer of
trinuclear building blocks. Therefore, if still larger wheels are
to be constructed, a design principle might be to look for
either larger oligomers of trinuclear fragments, or oligomers
of higher nuclearity building blocks. This structure using
3-methyl-3-pyrazolin-5-one appears to be the first that
involves this ligand; the presence of a suitable H-bond donor
within this ligand might also be an important feature in
generating this large cage.

The Ni,, wheel appears to be the largest homometallic cage
containing paramagnetic Ni! centers. Previous examples of
cages containing ten or more nickel centers include: Ni;¢Nag
which contains four Ni, cubanes linked by phthalate li-
gands,'l the cyclic Nij, wheel mentioned above a
[Ni;Brg(N/Bu)s] cage,['” a series of Niy,, Ni;;, and Ni,, cages
containing a mixture of carboxylate and pyridonate li-
gands,!¥ a dimer of Ni; metallocrowns.['*]

Experimental Section

1. A colorless solution of Hmpo (0.02 mol) in MeOH (100 mL) was added
to a green solution of hydrated nickel acetate (0.02mol) in MeOH
(100 mL). The resulting green solution was stirred for 24 h at room
temperature, during which time a pale green precipitate formed, which was
removed by filtration. The solution was evaporated to dryness under
reduced pressure and the resulting powder dried in vacuum. This was then
redissolved in MeCN to give a saturated solution from which green rodlike
crystals grew over two days; yield: 20 %, elemental analysis calcd (%) for
Cs7H70Cly4F,NigO,y: C 35.51, H 3.24, N 6.47; found: C 35.32, H 3.13, N 6.40.
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Off-the-Shelf Colorimetric Anion Sensors**

Hidekazu Miyaji and Jonathan L. Sessler*

The recognition!! and sensing® of anionic analytes has
emerged recently as a key research theme within the
generalized area of supramolecular chemistry.’! Of particular
interest in this regard are “colorimetric anion sensors”,
species that would allow the so-called “naked-eye” detection
of anions without resort to any spectroscopic instrumentation.
However, few such systems exist at present.[*”] For instance,
alizarin complexonel* has been used to effect the colorimet-
ric sensing of fluoride anions in water, wet acetone, and wet
acetonitrile as has 2,3-dipyrrol-2-yl-quinoxaline in dichloro-
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methane.[®®! Thiourea has also been used to sense halide,
phosphate, and carboxylate ions.[*! Appropriately function-
alized calix[4]pyrroles also show potential as naked-eye anion
sensors.’l Separately, displacement-based strategies have
been used by Lavigne and Anslyn to detect citrate anions
colorimetricallyP! and, more recently by Gale et al. to sense
halide anions. Still, there remains a cogent need for species
whose changes in color could be used to signal either
qualitatively or quantitatively the presence of particular
anionic analytes. Such agents would be especially valuable
were they to be obtained readily without resort to dedicated
synthesis. Herein we report that a wide range of commercially
available entities, such as 1,2-diaminoanthraquinone, 1,8-
diaminoanthraquinone, 4-nitroaniline, 4-nitro-1,2-phenylene-
diamine, L-leucine-4-nitroanilide, 1-(4-nitrophenyl)-2-thiour-
ea, 4-nitrophenol, alizarin, 2,2'-bi(3-hydroxy-1,4-naphthoqui-
none), acid blue 45, naphthol AS, 9(10H)-acridone, and
Direct Yellow 50 may be used as “off-the-shelf” color-based
anion sensors in organic solvent. We also show that some of
these agents may be used in combination with a crown ether
phase-transfer catalyst to extract and detect anions colori-
metrically in a two-phase organic—aqueous set-up, even in
those instances where the anions being detected were
originally present in the aqueous phase.

Initially, we focused on 1,8-diaminoanthraquinone as a
potential off-the-shelf anion sensor. We were attracted to this
system because 1)it contains two aniline-like NH, donor
groups that appeared properly positioned to bind a chloride
ion by cooperative hydrogen-bonding interactions, as judged
from structural analyses of previous chloride-binding!® and
noncolorimetric sensing agents®! containing a similar struc-
tural motif, 2)such binding was expected to result in a
bathochromic shift in the absorption bands in the visible
region,™ and 3) various control compounds, with other
modifications of the anthraquinone skeleton, would be readily
available. In accord with the latter predicative thought, we
studied the changes (if any) in the absorption spectra of
anthraquinone, 1,2-, 1,4-, 1,5-, 1,8-¥1 and 2,6-diaminoanthra-
quinone, as well as 1- and 2-aminoanthraquinone, induced
upon the addition of various anions, namely F-, Cl-, Br~, I,
H,PO,~, and HSO,  in dichloromethane. Although, no
change in the absorption spectrum of anthraquinone itself
was found upon the addition of any of the analytes tested, the
spectra of the other anthraquinone derivatives (those con-
taining at least one hydrogen bond donor group) were all
found to be modified in the presence of tetrabuthylammo-
nium fluoride. On the other hand, only the spectra of 1,2- and
1,8-anthraquinone were seen to undergo a discernable change
when exposed to tetrabutylammonium chloride in this same
solvent. Presumably, the fluoride ion, in contrast to the
chloride ion, is a strong enough hydrogen-bond acceptor that
it can interact with anthraquinone derivatives that contain
only a single hydrogen-bond donor group or single accessible
donor group.

Significant bathochromic shifts in the absorption spectra
were also observed for 1,2- and 1,8-diaminoanthraquinone in
dichloromethane in the presence of chloride, bromide, and
phosphate ions. These spectral changes were particularly
dramatic in the case of 1,2-diaminoanthraquinone, being
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