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We report three heptanuclear [Ni;] complexes with planar disc-like
cores, akin to double-bowl metallocalix|[6]arenes, which form
molecular H-bonded host cavities.

Polymetallic complexes of paramagnetic 1st row transition metal ions
are of great current interest since they often exhibit fascinating
physical properties such as spin-crossover behaviour,' long range
ordering (i.e. in 1-, 2- and 3D coordination polymers?) and single-
molecule magnet (SMM) behaviour.? Ni* in particular, has shown
much promise in the synthesis of both single-molecule magnets
(SMMs) and spin phonon traps; the former taking advantage of its
significant single-ion anisotropy and the latter its paramagnetic
nature when confined within a highly symmetric cage.** In addition,
the use of magnetic clusters as building blocks to create supramo-
lecular architectures (i.e. discrete polyhedra’ and 1-, 2- and 3D
polymers®) using both covalent and non-covalent interactions has led
to materials whose physical properties can be rather different to that
of their parent paramagnetic building blocks.’

An important factor in the construction of such assemblies is the
choice of ligand, since this dictates not only cluster symmetry,
topology and the number of paramagnetic metal ions present, but
also the inter-molecular interactions between clusters in the crystal.
Our own interest in this area has recently led us to investigate the
coordination chemistry of the Schiff-base ligand 2-iminomethyl-
6-methoxy-phenol (HL,)} and its bromo-analogue 2-iminomethyl-
4-bromo-6-methoxy-phenol (HL,) (Fig. 1) and herein report its
initial coordination and supramolecular chemistry with Ni".

Reaction of Ni(NOj),-6H,0 and HL; in the presence of NaOH in
EtOH produces the heptanuclear complex [Ni(1;-OH)g(L;)g](NO3),
(1) in 30% yield. The green hexagon shaped crystals of 1 crystallize in
the trigonal space group P-3cl (Fig. 1).f Heptanuclear complex 1
possesses a core comprising a hexagon of Ni' ions surrounding
a central Ni" centre. The central Ni" ion (Nil) is located at a site
with imposed 3 symmetry while the nitrogen atom (N2) of the
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NO;™ group lies on a threefold axis. The remainder of the asymmetric
unit comprises a second Ni" centre (Ni2) along with one L;~ unit and
one hydroxy group (O1-H1) occupying general positions. Although
topologically analogous [Mny],"* [Fe;]"* and [Co;]"* complexes are
known, the synthesis of 1 represents the first nickel complex to
possess a planar hexagonal disc-like structure. All Ni ions are in
distorted octahedral geometries with the six ps-bridging OH™ ions
(O1) linking the central nickel (Nil) to the six peripheral nickel ions
(Ni2); each trigonal pyramidal OH™ ion being situated alternately
above and below the [Ni;] plane (Fig. 1).

The anionic ligands L~ (singly deprotonated at the phenolate site)
bridge the peripheral Ni" centres adopting a p,-1n':n%n' coordination
motif, lying alternately above and below the [Ni;] plane. The result is
a double-bowl conformation in which the [Ni;] core is the basal plane,
reminiscent of a metallocalix[6]arene concave unit (Fig. 1). Close
inspection of the double-bowl conformation shows approximate
bowl dimensions of (base x depth x rim diameter) 6.20 x 4.21 x
11.70 A. In the crystal the [Ni;] units stack on top of one another
resulting in a unit cell possessing four psuedo-superimposable 1D
columns of [Ni;] units with each unit linked by a 120° rotation. The

OH

Fig.1 (left) Structure of the ligands HL, and HL, (R = H (L), Br (L,)).
(right) Molecular structures of complexes 1 (top) and 2 (bottom) viewed
perpendicular and parallel to the [Ni;] plane, respectively.

This journal is © The Royal Society of Chemistry 2010

CrysttngComm, 2010, 12, 59-63 | 59



Fig. 2 Molecular structures of 1 and 2 in the crystal highlighting the
empty cavity and belt of NO3z™~ anions in 1 (left) and the disordered guest
MeNO, molecules in 2 (right) within the host cavities.

[Ni;] units are held into 1D columnar arrays via zig-zag shaped
belts of NOsz~ anions (each comprising six NO;~ ions) which sit
above and below the individual heptanuclear complexes with C-H---
O bonding interactions between the NO;~ oxygen atoms (one
unique, O4) and protons (HIA and H5) of the L, ligands (H1A---
04 = 2.59 A and H5---O4 = 2.44 A). These NO;~ belts thus effec-
tively ‘zip-up’ pairs of [Ni;] moieties to form molecular cavites (each
of approximate volume ~155.9 A3 with a [Ni7]ptane-[Ni7]plane distance
of 11.635 A)® formed by two juxtaposed pseudo metal-
localix[6]arene [Ni;] bowl units. In addition they also H-bond to
adjacent 1D [Ni;] columns thus completing the 3D connectivity in the
unit cell (Fig. SI1). From a topological point of view, each [Ni] is
H-bonded to twelve NO;~ with the latter being connecting six [Niy]
units thus creating a (6,12)-connected net with a (4'°),(4*.6')-alb
topology (Fig. SI 27).1413

The H-bonded molecular cavities formed in the crystals of 1 are
empty. Investigation of these enclosures as potential host cavities
towards small molecule guest inclusion led to the formation of the
analogous hexanuclear complex [Ni;(OH)g(L)s](NO3),-3MeNO,
(2), formed by dissolution of 1 in MeNO, in ~15% yield.T Complex 2

Fig.3 Molecular structures of 3 in the crystal showing the slightly tilted
molecular cavity accommodating guest MeCN pairs (space-filled).

crystallises in the same trigonal P-3¢1 space group as 1 and thus also
possesses a central Ni'" (Nil) with imposed 3 symmetry and a N atom
(of the NO;~ counter anion) lying on a threefold rotation axis (N2).
Complex 2 also exhibits similar bowl dimensions of 6.20 x 4.08 x
12.04 A while the [Niz]jane-[Nizlpiane distance of 11.371 A in 2 is only
marginally larger than observed in 1 (11.635 A). Indeed complex 2
differs with respect to 1 only in that the H-bonded cavities in 2 are of
the required size and shape (calculated volume of ~ 322.8 A3) to
accommodate three guest MeNO, solvent molecules (Fig. 2). These
are related crystallographically via a three fold rotation and interact
within the cavity via H-bonding interactions between their O atoms
(OS5 and O6) and the nearby p;-OH™ groups on each of the two [Ni;]
units which form the cavity floors (O1:--O5 = 3.08 A; Ol
06 = 3.25 A). As commonly observed when small molecules are
located within such highly symmetrical molecular cavities,' there is
crystallographic disorder of the trigonal planar MeNO, molecules
whereby the methyl carbon atom (C10) lies on a twofold axis (see
CIF for full details). When taking steric effects into account, these
orientations are most likely to exist in the up-down-up anti-parallel
configuration with respect to the three fold rotation symmetry they

Fig. 4 Crystal packing observed in 2 (top) and 3 (bottom) showing the
molecular cavities accommodating guest MeNO, (red spheres) and
MeCN (grey/blue spheres) solvent molecules, respectively. NO3~ counter
anions omitted for clarity in both cases.
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share (Fig. 2). In a similar manner to that found in 1 the NOs~ ions
and [Ni;] units are connected by means of C-H---O H-bonds
(HIA---O4 = 2.58 A, H2---O4 = 2.56 A and H5---O4 = 2.43 A) to
create the alb network (Fig. SI2).¥

In an attempt to alter the size and shape of our molecular
cavities and to probe whether we are able to control or alter its
subsequent guest preferences, we decided to increase the bowl
depth (¢f 1 and 2) by employing the Br-analogue of HL; in the
form of the pro-ligand 2-iminomethyl-4-bromo-6-methoxy-phenol
(HL,)

This led to the formation of [Niz(OH)e(L,)sJ(NO3),-2MeCN (3)
which was formed in ~23% yield and crystallises in the monoclinic
C2/c space group.} The Ni" ion (Ni4) located at the centre of [Niy]
disk lies on an inversion centre while the remaining three metal
centres (Nil-3) and all other atoms in the asymmetric unit occupy
general positions. Our hypothesis regarding changing cavity size was
proved correct as the crystal structure shows the formation of
a deeper bowl of dimesions 6.22 x 6.18 x 11.90 A. Also apparent is
that the individual [Ni;] units again stack into superimposable 1D
columns, in this instance propagating along the b direction of the unit
cell (Fig. SI3).T The stacking of the [Ni;] units along b is supported
by two complementary O-H---Br interactions which involve one
w3-OH~ (H1) of a [Ni;] unit and the Brl of a neighbouring cluster
(H1---Br1 =2.82 A). More interestingly these 1D columnar stacks of
[Ni;] units are linked by means of C-H---Br interactions via the Br
atoms (Br2 and Br3 and s.e) of the bridging ligands (L, ") and -CH3
(H18B and H27B) protons of juxtaposed [Ni;] moieties (H18B---Br3
=293 A, H27B---Br2 =270 A and s. e) giving rise to a 10-connected
net with a (3'2.4%.5%)-bet topology (Fig. SI4).*'* These interactions
give rise to molecular cavities which are tilted with respect to the [Ni;]
planes and are interlocked in a staggered arrangement (Fig. 3). The
[Ni7lpiane-[Ni7lpiane distance inside the cavity is 11.135 A and

represents a cavity height reduction of ~0.5 A ¢f. 1 and 2. This may
be attributed to the H-bonding affinity of the pendant Br-atoms
(Brl) in 3, leading to a more tightly bound cavity. The approximate
area of this enclosure is ~265.9 A* which is larger than that within
1 (155.9) and smaller than that within 2 (322.8). As in 2, these
H-bonded molecular cavities act as hosts for the encapsulation of
guest solvent molecules. In this case, each cavity accommodates two
MeCN molecules (large spheres in Fig. 3) which exhibit a head-to-tail
conformation and are held in place through H-bonding via their
N atoms (N5) with the proton (H3A) of an p3-OH™ bridging ion
belonging to the nearby paramagnetic [Ni(OH)q] core (NS5---
H3A(03) = 2.36 A). Efforts to encapsulate MeCN and MeNO,
solvent guests inside the cavities of 2 and 3, respectively, were
unsuccessful. We may therefore hypothesise that guest molecules can
only be placed within these cavities if and when they are able to
orientate themselves into certain topologies comprising symmetry
elements compatible with their hosts crystal lattices (Fig. 4).

IR spectroscopic studies on the host complexes 2 and 3 were
performed to ascertain whether their guest molecules remained within
their respective H-bonded cavities on drying. CHN analysis of
both complexes were consistent with guest residency (ESI). The IR
spectrum of 2 gave peaks at 1337 and 1555 cm™~! which are charac-
teristic for the asymmetric and symmetric NO stretching of the guest
MeNO, molecules, respectively. Similarly a weak resonance at
2258 cm™! (CN stretch) in the IR spectrum of 3 indicated the presence
of the enclosed MeCN guest molecules. The TG trace of
[Ni;(OH)g(L})s]J(NO3),- 3NO,Me (2) exhibits four distinct weight loss
regions, with the initial weight loss of 9.82% corresponding to the loss
of the three nitromethane moieties (calculated as 10.17%) across the
temperature range of 112 °C to 140 °C. The second weight loss step
(of 6.30%) between 178 and 217 °C is consistent with the loss of
2 nitrates (calculated as 6.80%), while the third weight loss step,
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Fig. 5 Plot of xm7 vs. T for complexes 1 (A) and 3 (O) measured in the 300-5 K temperature range in an applied field of 0.1 T. (inset) Plot of
magnetisation (MNpg) vs. H (Gauss) for 1 obtained in the 7-2 K temperature range.
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beginning at 320 °C can be attributed to the loss of two L; ligands
and upon further heating the decomposition of the remaining
combustible materials occurs (SI5).T

Initial magnetic measurements indicate weak ferromagnetic
exchange between the metal centres; the data obtained for 1 and 3 is
plotted in Fig. 5. The room temperature xy;7 value of 7.76 cm® mol !
(1) and 7.90 cm?® K mol~! (3) are consistent with that expected for
7 non-interacting Ni" ions with g = 2.1 (~7.7 cm® K mol ™). As
the temperature is decreased the value of x\7 increases slowly,
reaching maximum values of ~8.5 cm® K mol™' at 40 K for 1
and ~10 cm® K mol™' at 25 K for 3, before decreasing below
these temperatures to minimum values of 5.5 ¢cm® K mol~! and
7.9 em® K mol™!, respectively at 5 K. The observed behaviour is
suggestive of very weak ferromagnetic intramolecular exchange,
with the low temperature (7 < 40 K) decrease in x\7 ascribed to
relatively strong inter-molecular antiferromagnetic exchange,
consistent with the packing of the [Ni;] molecules in the crystal.
Indeed the maxima in xy;7 for both complexes are well below that
expected for an isolated S = 7 spin ground state (38 cm® K mol~! for
g = 2.00). A fit of the 1/x versus T using only the 300-50 K data
affords Weiss constants (®) of +18.7 K (1) and 29.0 K (3) (Fig. SI6).t
The exchange interactions are likely much smaller than the
single ion zfs (weak exchange limit) and thus the multiple low
lying states cannot properly be described as total S states. This
picture is also reflected in the magnetisation versus field data
(collected in the ranges 0.5-7.0 T and 2-7 K and plotted in the
inset of Fig. 5) which shows M increasing only slowly with H,
rather than quickly reaching saturation as one would expect
for an isolated spin ground state. This is indicative of the pop-
ulation of low lying levels with a smaller magnetic moment,
which only become depopulated with the application of a large
field, and so we cannot describe the system within the giant spin
approximation.

Guest detection on 2 and 3 using '"H NMR proved inconclusive
due to significant spectral broadening and therefore the diamagnetic
Zn" analogues to the host/guest complexes 2 and 3 are currently
being sought in order to assess their dynamic solution behaviour
using NMR titration methods.® Work on functionalising HL; and
HL, to alter the size and/or shape of the resultant molecular cavities
in order to incorporate species such as anions, cations and fluores-
cent molecules towards molecular sensor materials is currently
underway.
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