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An unusual, chloride-capped ML, complex has been prepared using heterotopic ligands with
carboxylate and dipyridyl coordinating sites. The incorporation of low symmetry, heterotopic
ligands into the ML, architecture gives rise to a non-platonic complex with irregular

triangular faces, demonstrating that the standard high-symmetry model traditionally adopted

www.rsc.org/

for synthesising such complexes is not a strict rule. The MyL, compound is also observed

by mass spectrometry in solution, yet shows no indication of host-guest behaviour in its

small cavity. The assembly of the complex is assisted by a ‘belt” of CH-x interactions.

Introduction

whilst
almost an oxymoronic sentiment, is an important goal in

Maintaining control over self-assembly processes,

supramolecular chemistry.! Judicious selection of ligands and

metal ions with known predispositions towards certain
coordination geometries allows topological arguments to be
made in favour of forming desired structures. However,
changing conditions such as temperature, pressure,
concentrations, solvents or metal coordination geometry are
observed to have a marked effect on the products that are
obtained.

Some of the key targets that are derived from self-
assembling systems are discrete metal-organic cages which are

usually designed to be highly symmetric.’

This type of species
is of interest for their potential to safely store reactive
molecules,’ to selectively sense small molecules/ions 4 or to
catalyse/control reactions in environments that are separated
from the bulk media.’ There have been many elegant reports of
tetrahedral cages being constructed as either MyL¢ systems, in
which the ligands form the edges of the cage,® or M,L, cages in
which the ligands form the triangular faces of the tetrahedron.’
In the latter case the design of ligands is typically focussed on
molecules that possess C; symmetry, for example, species
based around 1,3,5-substituted benzene, tertiary amines or
boron-centred molecules.® Designed syntheses typically rely on

symmetry-driven routes towards polyhedral assemblies whether

This journal is © The Royal Society of Chemistry 2013

by ‘panelling’ the faces of such species or using linear ditopic
species to act as the edges.’

The use of low-symmetry ligands to form metal-organic
polyhedra is a less commonly used synthetic strategy due to the
inherently larger library of potential products including those
from linkage isomerism.'® '® Examples exist of polygons '' and
metallomacrocycles '* that have been synthesised using this
approach in addition to a range of coordination polymers
assembled with ambidentate pyridyl/carboxylate ligands."?

Herein we describe an unusual MylL, complex which
demonstrates that distorted polyhedra can be constructed
without high internal symmetry by using low symmetry
pyridyl/carboxylate ligands.

Experimental Details

Synthetic Details

All reagents except solvents were purchased from standard
suppliers further
purification. Acetonitrile and methanol were dried and stored

commercial and were used without
over 3A molecular sieves. NMR spectra were recorded using a
Bruker Avance400 spectrometer operating at 400 and 100 MHz
for 'H and '3C, respectively. Mass spectra were recorded using
a Micromass platform 2 spectrometer with an electrospray
source and a cone voltage of 35 V. Infrared spectra were

recorded using a Bruker Equinox 55 diamond anvil Attenuated
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Total Reflection (ATR) spectrometer using Opus-6 software
system.

4-(2-(di(pyridin-2-yl)methylene)hydrazinyl)benzoic acid
hemihydrochloride (L'H-%:HCI): 4-hydrazinobenzoic acid
(0.464 g, 3.05 mmol) and 2,2'-dipyridylketone (0.563 g, 3.06
mmol) were stirred in 20 ml of dry acetonitrile. A single drop
of concentrated hydrochloric acid was added before heating
under reflux for 6 hours. The resultant bright yellow precipitate
was recovered by filtration and washed with copious amounts
of acetonitrile. 1.020 g of the target compound was obtained as
a yellow powder in quantitative yield. 'H-NMR (MeOD): 8.80
(d, 2H, J = 8.0 Hz), 8.51 (d, 2H, J = 8.0 Hz), 8.15 (m, 2H), 7.94
(m, 2H), 7.73 (d, 2H, J = 8.4), 7.56 (d, 2H, ] = 8.4 Hz). *C-
NMR (MeOD): 169.7, 150.71, 148.3, 146.9, 143.9, 140.1,
132.5, 126.4, 125.8, 124.1, 115.3. IR (v / cm-1): 2968br,
2479br, 1706s, 1603s, 1526s, 1468m, 1423s, 1366w, 1315m,
1286m, 1247s, 1210s, 1151s, 1094s, 1043m, 1010m, 996m,
962w, 851w, 824w, 791s, 764s, 739s, 698m, 677m, 632w,
610w. ESI-MS: [M+2Nal** = 183.1, [M+H]' = 319.1,
[M+Na]+= 341.1, [M+2Na-H]" = 363.0. Elemental analysis for
CigH145N4Clj 505, cale. C, 64.24; H, 4.34; N, 16.65 %. Found,
C, 64.24; H, 4.32; N, 16.75 %. M.P. = 246-248 °C.

Complex synthesis using [Cu(MeCN)4](ClO,): L'H-:HCI
(21.0 mg, 0.059 mmol) .was added to 5 ml of dry methanol and
stirred. To this, 0.95 ml of a 0.065 M solution of
[Cu(MeCN)4](Cl1O,4) in acetonitrile was added and stirred
causing a light brown colour to form. The solution was refluxed
for 30 minutes and filtered. Small, X-ray quality crystals were
produced overnight by vapour diffusion of 2,6-lutidine into the
reaction solution. Yield, 0.020 g (72 %). Elemental analysis for
vacuum-dried sample; found, C, 46.99; H, 3.10; N, 11.43 %;
cale. for [Cuy(L?),Cl,]-2(ClOy) (C7sHsoN ¢Cl4CuyOs) C, 46.56;
H, 2.82; N, 12.07 %; calc. for [Cu(L’H),]-2Cl10,2H,0
(C33H36NgC1L,CuO¢), C, 45.86; H, 3.64; N, 11.25 %. IR (v /
cm™): 3439w, 3304w, 2868m, 2211w, 1665m, 1588w, 1472w,
1352m, 1288w, 1251m, 1101s, 957m, 839m, 667m. PXRD
patterns are supplied in the supplementary information.
Complex synthesis using [Cu(Cl0,),]: L'H-HCI (18.0 mg,
0.051 mmol) was added to 4 ml of methanol and stirred. To
this, 20 mg (0.054 mmol) of Cu(ClO,4),-6H,0 in 1 ml of MeCN
was added and stirred. The resultant solution was refluxed for
30 minutes and filtered. Small, X-ray quality crystals were
produced overnight by the vapour diffusion of 2,6-lutidine into
the reaction solution. Yield, 0.025 g (98.5 %). Elemental
analysis for vacuum-dried sample; found, C, 46.19; H, 3.39; N,
10.49 %; calc. as in above synthesis. IR (v / cm™): 3076w,
3953w, 1603s, 1567s, 1463m, 1394s, 1302w, 1267w, 1239m,
1199w, 1145m, 1089s, 1025s, 1013s, 943m, 896w, 864m,
795m, 766s, 754s, 701s, 675m, 651m, 621s. PXRD patterns
are supplied in the supplementary information.

X-Ray Crystallography

Data for [CusCly(L?),]-2C1O, (1) and [Cu(L?H),]-2C10,2H,0
(2) were collected using the MX1 beamline at the Australian
Synchrotron, Victoria, Australia. The wavelength was set at
0.7107 A (17.4 keV) and data collection temperatures were
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maintained at 100 K using an open-flow N, cryostream. Data
collection was conducted using the Blulce package.!'! Indexing
and integration was conducted using the program XDS.!
Structures were solved by direct methods using SHELXS-97 1!
and were refined by alternating least-squares cycles using
SHELXL-97 B! with X-Seed as a graphical interface.! All
non-hydrogen atoms were refined using an anisotropic model.
Hydrogen atoms attached to carbon were placed in idealised
positions and refined using a riding model in both structures.
Additional refinement details specific to each structure are
given in the ESI. Data are deposited with the Cambridge
Structural Database (CCDC 925296 and 925297 for 1 and 2,
respectively).

Crystal data for [Cuy(L?)4CL,]-2(C10,) 1):
C76HgoC14CuyN 4050, M = 1913.36, yellow block, 0.10 x 0.10 x
0.08 mm®, monoclinic, space group P2,/c (No. 14), a =
18.273(4), b = 43.561(9), ¢ = 22.573(5) A, p = 103.17(3)°, V =
17495(6) A3, Z = 8, D, = 1.453 glem®, Fyo9 = 7776, 200 =
57.2°, 303280 reflections collected, 40546 unique (R =
0.0532). Final GooF = 1.032, RI = 0.0751, wR2 = 0.2061, R
indices based on 33419 reflections with I >2sigma(l)
(refinement on F?), 2314 parameters, 113 restraints, z = 1.157
mm™.

Crystal data for [Cu(L,H),]-2(C104):2H,0 (2):
C33H36C1L,CuNgO6, M = 995.19, yellow block, 0.04 x 0.04 x
0.02 mm3, monoclinic, space group P21/c (No. 14), a =
11.707(2), b = 15.548(3), ¢ = 12.323(3) A, f = 115.34(3)°, V =
2027.3(7) A3, Z =2, D, = 1.630 g/cm3, Fypp = 1022, 20,0 =
61.6°, 43145 reflections collected, 6297 unique (Rint = 0.1035).
Final GooF = 1.058, Rl = 0.0624, wR2 = 0.1828, R indices
based on 4954 reflections with I >2sigma(l) (refinement on F7),
317 parameters, 4 restraints, g = 0.757 mm-1.

Results and Discussion

The ambidentate species L'H (Scheme 1) was prepared as a
hemihydrochloride salt in a quantitative yield by the reaction of
4-hydrazinobenzoic acid with 2,2'-dipyridylketone. The ligand
is of low symmetry and is heterotopic, having different
coordinating groups at the two ends. Furthermore, both the
carboxylate and the dipyridyl group are capable of either
chelating or bridging, potentially giving the ligand a significant
degree of freedom in its coordination behaviour.

7\ 7\
L'H LH

Scheme 1 The ligand L?H is derived from the in-situ addition
of methanol to L'H under reflux.

MeOH

- =

Reactions of L'H-HCI with either [Cu(MeCN),](ClO,) or
Cu(ClOy), in hot methanol each yield a yellow crystalline
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material after vapour diffusion of 2,6-lutidine in to the reaction
mixture. These products were analysed by both single crystal
and powder X-ray diffraction and were found to contain a novel
chloride-capped M,L, complex [Cu,Cly(L?),]-2ClO, (1) with
the formation of  the mononuclear by-product
[Cu(L’H),]-2C1042H,0 (2) and minor impurity of [Cu(2,6-
lutidine),Cl,]. Whilst the Cu(l) and Cu(Il) starting materials
both gave the same products the overall yield was notably
better using the divalent precursor. Direct addition of base to
the reaction mixtures result only in the rapid precipitation of an
amorphous material. Despite repeated attempts under a variety
of conditions, the compounds could not be isolated
independently of each other. Compounds 1 and 2 contain the
L? or L?H ligand, respectively, which result from the in-situ
addition of methanol to L'H (Scheme 1) as is well documented
for dipyridylketone derivatives.'* The L* species has the ability
to coordinate in various manners owing to the potentially
divergent carboxylate group at one end and free rotation of the
two pyridyl groups at the other end which overall gives the
prospect of a tetra-bridging ligand.

Figure 1 A schematic representation of the non-platonic Myl,; complex
[Cu4Cly(L%)4]** (only one ligand shown for clarity).

The unusual MyL; complex that is formed,
[CusCly(L2),]-2ClO, (1), crystallises in P2,/c with disordered
counter-anions and some solvent-filled void space (see
supplementary information). The asymmetric unit of the
structure contains two unique [CusCly(L*)4]*" complexes and
associated anions. The dicationic complex contains two Cu,
units in which the metal atoms are bridged by a p, chloride
(from the hydrochloride starting material) and two carboxylate
groups from L* ligands (Figure 1). The four L? ligands are
arranged in an alternating head-to-tail manner with the Cu:--Cu
vectors of the Cu, units at the ‘top’ and ‘bottom’ of the
complex perpendicular to each other. The dipyridyl units
chelate to two of the remaining coordination sites of the Cu
atoms making each 5-coordinate with square-pyramidal
geometries and O,N,Cl coordination spheres. The bridging
chloride ligand occupies the elongated apical position of the
copper coordination sphere with the Cu atoms raised an average
of 0.27 A out of the mean O,N, plane in the direction of the

This journal is © The Royal Society of Chemistry 2012
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chloride. Each Cu atom has apparent long interactions to one
nitrogen atom from a hydrazone group in the range 2.59 — 2.62
A thereby not fully completing the Nj; tridentate coordination
from the ligand which is observed in the mononuclear complex
[Cu(L?H),]*" (vide infra). These nitrogen atoms are observed

to coordinate in a related to the
1.14

way which is
bis(dipyridylketone) ligands reported by Wu et a

Each of the L? ligands can be thought of as acting as the
triangular face of a highly distorted, non-platonic tetrahedron
with each oxygen atom acting as one corner and the chelating
dipyridyl group as the third. The ‘tetrahedron’ is distorted in
regard to the positions of the Cu atoms with distances of
approximately 3.5 A between the carboxylate-bridged copper
atoms and 9 A between metal atoms across the long edges of
the complex. However, if vectors are drawn between the sp’
carbon atoms of the L* ligands they describe an near-regular
tetrahedron with C---C separations in the range 9.52 - 9.67 A
across the Cu, units and 10.94 - 11.28 A along the longer edges
(Figure 2). This arrangement is distinct to the MyL, complexes
that are reported using symmetric ligands in which a true
tetrahedral cage is formed with the metal ions residing at the
vertices and the complex in 1 is therefore not classed as a
tetrahedral complex. The formation of the complex appears to
be assisted by edge-to-face CH-m interactions between the
central aromatic rings of the L’ ligands (Figure 3). These
interactions form a continuous 'belt' around the centre of the
complex with H--centroid distances in the range 2.46 — 2.69 A.
Whilst it appears that this hydrogen-bonding arrangement may
have some influence on the assembly of the complex the ‘belt’
also restricts the size of the internal cavity of the MyL,
No evidence is observed of any guest inclusion
within the complex which is slightly too small to accommodate

complex.

any solvent molecules.

Figure 2 The structure of the complex [Cu4CI2(LZ)4]2+ as determined from X-ray
diffraction data showing the distorted tetrahedral shape described by the sp3
carbon atoms of the L? ligands.

J. Name., 2012, 00, 1-3 | 3
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In the crystal structure of 1, the complexes pack in one-
dimensional chains with weak n-m interactions between
adjacent  complexes  with  neighbouring  complexes
approximately perpendicular to each other. Space between the
chains is occupied by disordered counter-anions and volatile
species. Solution speciation is difficult to determine as NMR
spectra of the paramagnetic
extremely broad signals. Mass spectrometry clearly shows the
presence of both the MyL, complex 1 and the mononuclear
species 2 (see supporting information). There is no evidence
from the mass spectrometry results that complex 1 is able to
incorporate small solvent molecules (water, methanol or

Cu(Il) complexes contain

acetonitrile) as was expected from the structure of the complex
as determined by X-ray diffraction.

Journal Name

remaining hydrogen atom of the water molecule forms an
interaction with the perchlorate counter-anion.

Conclusions

In conclusion, the chloride-capped, M,L,; complex

[CusCl(L?)4]*" has been synthesised from a self-assembly
process involving low-symmetry heterotopic ligands. This cage
self-assembles against the generally held tenet that high
symmetry ligand species are necessary to form polyhedral
complexes. Current work seeks to expand upon these results to
synthesise larger systems.

Figure 3 Space-filling representation of [Cu4CI2(LZ)4]Z+ showing the CH--mt
interactions that form a ‘belt’ around the middle of the complex.

The second product that is obtained from the reaction of
L'H with Cu(I) or Cu(Il) perchlorate is the mononuclear
complex [Cu(L*H),]*" which is obtained as the solvated
structure  [Cu(L’H),](Cl0,),-2H,0. L’H
coordinate to the copper atom, which lies on a crystallographic

Two ligands
inversion centre in the P2/c structure, in a tridentate manner
through the nitrogen atoms of the two pyridyl groups and one
of the nitrogen atoms from the hydrazone group (Figure 4a).
The nitrogen atoms from the hydrazone groups occupy the axial
sites in the Jahn-Teller distorted coordination sphere with a Cu-
N distance of 2.437(2) A which is much shorter than the long
‘contact’ arising from the same nitrogen atom in the ML,
complex (vide supra).

In the [Cu(L*H),]** complex the L*H ligand remains
protonated at the carboxylic acid and as such takes part in
hydrogen-bonding interactions rather than coordinating to a
metal atom. The dicationic complexes arrange in to one-
dimensional chains by hydrogen-bonding rings that incorporate
the water molecules to give an R3(12) motif (Figure 4b). The

4| J. Name., 2012, 00, 1-3

Figure 4 The structure of the mononuclear complex [Cu(LZH)z]2+ as determined
from X-ray diffraction data (top) and part of the hydrogen-bonding chain in the
structure of (2) that forms between adjacent complexes incorporating the lattice
water molecules (bottom). Only OH hydrogen atoms are shown for clarity.
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