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While the phenolic oximes (R-saoH,) are well known for producing monometallic complexes of the type
IM"(R-saoH),] with Cu" ions in near quantitative yield, their derivatisation opens the door to much more
varied and interesting coordination chemistry. Here we show that combining the complimentary dietha-
nolamine and phenolic oxime moieties into one organic framework (H4L; and HyuL,) allows for the prepa-
ration and isolation of an unusual family of [Cu'"],, wheels, including saddle-shaped, single-stranded [Cu'"s]
wheels of general formula [Cug(HLy)4(X)4]"[Y] (when n = 0, X = Cl7, NO3s~, AcO™, N3™; when n = 2+ X =
(OAC),/(2,2'-bpy), and Y = [BF4],) and [Cug(HL)4(X)4l (X = CL7, Br7), a rectangular [Cug(HL4)4] wheel, and a
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exchange between neighbouring metal ions, leading to diamagnetic ground states in all cases. DFT
studies reveal that the magnitude of the exchange constants are correlated to the Cu—=N-O-Cu dihedral
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Introduction

In the early days of molecular magnetism low nuclearity com-
plexes containing Cu" ions were the focus of intense research
efforts by synthetic chemists and theoreticians.'™ The ease of
synthesis of new compounds permitted the facile preparation
of families of related molecules, providing simple (s = 1/2)
model systems with which to test emerging theories and
propose new experiments.' In 1952 Bleaney and Bowers pub-
lished a study of the magnetic properties of copper(u) acetate
monohydrate,” and some twenty three years later Hatfield and
Hodgson published a magneto-structural correlation (MSC)
demonstrating the linear relationship between the strength of
the magnetic exchange interaction, J, and the Cu-O-Cu bridg-
ing angle in an extended family of bis(u-hydroxido)copper(u)
dimers.** The first pre-designed construction of a molecule
containing ferromagnetically coupled metal ions then followed
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angles, which in turn are correlated to the planarity/puckering of the [Cu'"], rings.

in 1978 with the molecule [CuvO(fsa),en] (where (fsa),en®” is
the bi-chelating ligand derived from the Schiff-base bis-
(2-hydroxy-3'-carboxybenzylidene)-1,2-diaminoethane) in which
the magnetic orbitals on the constituent metal ions were rigor-
ously orthogonal.” The modern era has seen researchers
turning their attention to increasingly more complex systems
to examine, for example, spin frustration effects in Archime-
dean and Platonic solids such as Cu" cuboctahedra,® and
spin-electric coupling in antiferromagnetic [Cu";] triangles
resulting from the interplay between exchange, spin-orbit
coupling and spin chirality.”

In the sixty or so years since the initial magnetic study of
[Cu(OAc),-H,0], numerous different ligand types have been
employed to construct molecules containing multiple Cu"
ions.® However, one ligand type which can be almost entirely
excluded from this list are the phenolic oximes (R-saoH,), since
they have been shown to have an overwhelming propensity to
form mononuclear complexes of the type [Cu(R-saoH),] in
near quantitative yields.” Indeed their remarkable selectivity
for copper in the 2+ oxidation state has been exploited in
industrial hydrometallurgy, with almost a quarter of the
world’s copper production involving salicylaldoxime-based
ligands.? This peculiar selectivity can be ascribed to the ten-
dency of the ligands to form hydrogen bonded head-to-tail
dimers mediated via intermolecular interactions between the
oximic hydrogen atom on one unit and the phenolic oxygen
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Fig. 1 The pre-organisation of phenolic oximes for the formation of
[Cu"(R-saoH),] species.

atom of its neighbour (Fig. 1). The resulting pseudo-macrocyc-
lic cavity facilitates metal complexation, and selectivity for Cu"
arises from the goodness-of-fit of this metal cation with the
cavity."’

Given the above, it is perhaps unsurprising that a search of
the CSD reveals that there is only one example of a polymetal-
lic Cu" cage containing two or more metal ions stabilised
solely by phenolic oximes.'" The complex, [Cug(L3-2H)3(p3-O)-
(13-OH)](PF¢)s, describes two [Cu";0] triangles linked by three
“double-headed” phenolic oximes, and forms when the
ligand : metal ratio employed in the reaction mixture is low;
i.e. when the metal ions are present in excess.'' Perhaps the
historical observation of a lack of variety in the coordination
chemistry of Cu™ with phenolic oximes has prevented others
from investigating the chemistry further, but the formation of
the hexametallic Cu"s species is clear evidence that more inter-
esting structures remain undiscovered. Indeed the [Cu";0-
(oxime);] triangles of the hexametallic cage are entirely analo-
gous to the building blocks previously observed for Mn™", Fe™
and Cr'™; all of which present more varied and more interest-
ing structural and physical chemistry."”” In order to address
this “misperception” and to prove that polymetallic cages of
Cu" can be built with this ligand type, we have adopted a syn-
thetic approach which has already proven successful in Mn
chemistry."® While both salicylaldoxime and diethanolamine
have very limited track records in Cu'" chemistry (a CSD search

HO

Fig. 2 Generalised molecular structure of the pro-ligands H4L; (R =
Me) and H4L, (R = Et).
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for the latter also returns only monometallic complexes) their
combination into one single organic structural framework has
the potential to transform the coordination abilities of both.
Herein we show that this complimentary ligand approach to
constructing novel polymetallic cluster compounds works
rather well, by presenting the synthesis, structures and mag-
netic behaviour of a large and unusual family of Cu™-based
wheels constructed using the pro-ligands H,L; and H,L,

(Fig. 2).

Experimental
Materials and physical measurements

All manipulations were performed under aerobic conditions
using materials as received (reagent grade). The ligand H,L;
{1-(3-((bis(2-hydroxyethyl )Jamino)methyl)-2-hydroxy-5-methyl)
phenyl)ethanone oxime} was synthesised according to pub-
lished procedures."** The synthesis of H,L, {1-(3-((bis(2-hydro-
xyethyl)amino)methyl)-2-hydroxy-5-methyl )propiophenoneoxime}
was achieved by adapting the literature preparation of HyL,
(see the ESIT for full details). Variable temperature, solid-state
direct current (dc) magnetic susceptibility data down to
5 K were collected on a Quantum Design MPMS-XL SQUID
magnetometer equipped with a 7 T dc magnet. Diamagnetic
corrections were applied to the observed paramagnetic sus-
ceptibilities using Pascal’s constants.

Synthesis

[Cug(HL,)4(Cl)4] (1). CuCl,-2H,O (85.24 mg, 0.5 mmol) and
H,L; (140 mg, 0.5 mmol) were dissolved in a solvent mixture
of MeOH-MeCN (1:1, 25 mL). After 5 minutes of stirring,
NEt; (0.3 mL, 2.1 mmol) was added and the solution stirred
for a further 3 h. Large green, block-like X-ray quality crystals
were subsequently obtained by slow diffusion of diethyl ether
into the filtered mother liquor, over a period of 7 days.
Elemental analysis (%) calculated (found) for 1: C 38.06
(37.98), H 4.57 (4.36), N 6.12 (5.91).

[Cug(HL,)4(NO3)4] (2). Cu(NO3),-3H,0 (121 mg, 0.5 mmol)
and H,L; (140 mg, 0.5 mmol) were dissolved in a solvent
mixture of MeOH-MeCN (1:1, 25 mL). After 5 minutes of stir-
ring, NEt; (0.3 mL, 2.1 mmol) was added and the solution
stirred for a further 3 h. Green, block-like X-ray quality crystals
were subsequently obtained by slow diffusion of THF into the
filtered mother liquor, over a period of 10 days. Elemental ana-
lysis (%) calculated (found) for dried 2: C 37.13 (36.99), H 4.23
(3.98), N 8.50 (8.41).

[Cug(HL,)4(0Ac),] (3). Cu(OAc),-H,O (90.54 mg, 0.5 mmol),
H,L; (140 mg, 0.5 mmol) were dissolved in a solvent mixture
of MeOH-MeCN (1:1, 25 mL). After 5 minutes of stirring,
NEt; (0.3 mL, 2.1 mmol) was added and the solution stirred
for a further 3 h. Green, block-like X-ray quality crystals were
subsequently obtained by slow diffusion of diethyl ether into
the filtered mother liquor, over a period of 7 days. Elemental
analysis (%) calculated (found) for dried 3: C 40.99 (40.87),
H 5.38 (4.94), N 5.54 (5.11).

This journal is © The Royal Society of Chemistry 2015
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[Cug(HL,)4(0Ac),(2,2"-bpy),](BF4), (4). A mixture of Cu(BF,),
(118.6 mg, 0.5 mmol), CH;COOH (0.30 mg, 0.5 mmol) H,L,
(140 mg, 0.5 mmol) and 2,2"-bipyridine (78.09 mg, 0.5 mmol)
were dissolved in a solvent mixture of MeOH-MeCN (1:1,
25 mL). After 5 minutes of stirring, NEt; (0.3 mL, 2.1 mmol)
was added and the solution stirred for a further 3 hours. Green,
block-like X-ray quality crystals were subsequently obtained by
slow diffusion of diethyl ether into the filtered mother liquor,
over a period of 7 days. Elemental analysis (%) calculated
(found) for dried 4: C 44.21 (44.16), H 5.32 (5.24), N 6.87 (6.80).

[Cug(HL,)4(N3)4] (5). Cu(NO3),-3H,0 (60 mg, 0.25 mmol),
H,L, (70 mg, 0.25 mmol) and KNj; (40 mg, 0.5 mmol) were dis-
solved in a solvent mixture of MeOH-MeCN (1:1, 25 mL).
After 5 minutes of stirring NEt; (0.15 mL, 1.05 mmol) was
added and the solution stirred for a further 3 hours. Large
green, block-like X-ray quality crystals were subsequently
obtained by slow diffusion of diethyl ether into the filtered
mother liquor over a period of 7 days. Elemental analysis (%)
calculated (found) for dried 5: C 37.50 (37.42), H 5.64 (5.33), N
13.05 (12.84).

[Cug(HL,)4(C1)4] (6). CuCl,-2H,0 (85.24 mg, 0.5 mmol) and
H,L, (140 mg, 0.5 mmol) were dissolved in a solvent mixture
of MeOH-MeCN (1:1, 25 mL). After 5 minutes of stirring,
NEt; (0.3 mL, 2.1 mmol) was added and the solution stirred
for a further 3 hours. Large green, block-like X-ray quality crys-
tals were subsequently obtained by slow diffusion of diethyl
ether into the filtered mother liquor over a period of 7 days.
Elemental analysis (%) calculated (found) for dried 6: C 41.42
(41.18), H 5.32 (4.81), N 5.68 (5.17).

[Cug(HL,)4(Br),] (7). CuBr,-2H,O (85.24 mg, 0.5 mmol) and
H,L, (140 mg, 0.5 mmol) were dissolved in a solvent mixture
of MeOH-MeCN (1:1, 25 mL). After 5 minutes of stirring,
NEt; (0.3 mL, 2.1 mmol) was added and the solution stirred
for a further 3 hours. Large green, block-like X-ray quality crys-
tals were subsequently obtained by slow diffusion of diethyl
ether into the filtered mother liquor over a period of 7 days.
Elemental analysis (%) calculated (found) for dried 7: C 37.52
(37.42), H 4.72 (4.55), N 5.68 (5.46).

[Cug(HL,)4] (8). Cu(OMe), (60.28 mg, 0.5 mmol) and HyL,
(70 mg, 0.25 mmol) were dissolved in a solvent mixture of
MeOH-MeCN (1:1, 25 mL). After 5 minutes of stirring NEt;
(0.30 ml, 2.1 mmol) was added and the solution stirred for a
further 3 h. Green, block-like X-ray quality crystals were sub-
sequently obtained by slow diffusion of diethyl ether into the
filtered mother liquor over a period of 7 days. Elemental ana-
lysis (%) calculated (found) for dried 8: C 44.89 (44.57), H 5.11
(4.88), N 7.48 (7.24).

[CusNay(HL,),(H,Ly),]  (9). Cu(BF,),-3H,0 (118.6 mg,
0.5 mmol) and H,L (140 mg, 0.50 mmol) were dissolved in a
solvent mixture of MeOH-MeCN (1:1, 25 mL). After 5 minutes
of stirring NaOMe (216 mg, 2 mmol) was added and the solu-
tion stirred for a further 3 hours. Green, block-like X-ray
quality crystals were subsequently obtained by slow diffusion
of hexane into the filtered mother liquor over a period of
12 days. Elemental analysis (%) calculated (found) for dried 9:
C 47.03 (46.91), H 5.71 (5.52), N 7.56 (7.22).
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X-ray crystallography

Single crystal X-ray diffraction data of 1-9 were collected
at 100 K on a Agilent Technologies SuperNova at tempera-
tures between 200 and 120 K. See Table S1t and CIF
files for full details. CCDC 991823-991828 and CCDC
1029554-1029556.

Results and discussion

Complexes 1-7 (Fig. 3-5) share the same general structural
framework, and so for the sake of brevity we describe 1 in
detail and highlight any significant structural differences
present in 2-7.

The metallic skeleton of complex 1 (Fig. 3) describes a
saddle-like or basket shaped, single-stranded, octametallic
wheel of approximate radius 7.3 A, in which all eight Cu" ions
are symmetry inequivalent. The coordination geometries of
the Cu ions alternate between square planar (Cul, Cu3, Cu5,
Cu7) and square-based pyramidal (Cu2, Cu4, Cu6, Cu8, 7 =
0.0743-0.0131) as the wheel is circumnavigated. The HL,*>~
ligands each bridge a total of four Cu ions: the oximic
and phenolic moieties are p-bridging (Cu-N-O-Cu, ~19-25°;

B)

c) Cu2 s D)
Cus Cu3
Cul

Fig. 3 The molecular structure of complex 1 viewed perpendicular (A)
and parallel (B) to the Cug “plane”. Colour code, Cu = orange, O = red,
N = blue, C = gold, Cl = green. (C) The metallic skeleton of 1 highlighting
the bowl-shape of the cluster. (D) The magnetic core of 1 showing the
two different exchange interactions. (E) The bridging mode of the HL;*~
ligand. (F) Space-fill representation of 1. H atoms omitted for clarity.
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Fig. 4 The molecular structures of complexes 2—5 (A-D). Colour code
as Fig. 3.

Cu3

E) F)

Cu3’ Cul

Fig. 5 The molecular structure of complex 8 viewed perpendicular (A)
and parallel (B) to the Cug plane. Colour code, Cu = orange, O = red,
N = blue, C = gold. (C) The metallic skeleton of 8 highlighting the bowl-
shape of the cluster. (D) The magnetic core of 8 showing the two
different exchange interactions. (E/F) The two bridging modes of the
HL,*" ligand. H atoms omitted for clarity.
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Cu-O-Cu, ~16°), with one alkoxide arm of the diethanolamine
moiety p-bridging (Cu-O-Cu, ~18°) and the other remaining
protonated and terminally bonded (Cu-O, 2.317-2.433 A). The
remaining coordination sites on the square planar Cu ions are
occupied by Cl™ anions, which are H-bonded to the terminally
bonded O-atoms of the diethanolamine arms (Cl---O, ~3 A).
Each Cu ion is therefore linked to its neighbours by one alkox-
ide and one oximic -N-O- moiety on one side, and by just one
phenoxide on the other. The magnetic core is thus rather
simple: [Cu-OR/NO-Cu-OR],. Two of the HL,’~ ligands point
above and two point below the plane of the bowl, each orien-
tated inwards toward the centre of the bowl resulting in a
(C---C) separation of ~3.5 A. The closest intermolecular con-
tacts are between the Cl” ions and the para-Me(Ph) groups of
the HL,*~ ligands at a (Cl---C) distance of ~3.7 A. The result is
that molecules of 1 pack in a serpentine-like manner when
viewed down the b-axis (Fig. S2 in the ESIf).

The molecular structures of complexes 2-5 are shown in
Fig. 4. Structural differences between 1 and 2-5, bar changes
in the crystallographic/symmetry parameters (Table S1 in the
ESIT) and small changes in the bond lengths and angles, are
limited to the terminally bonded Cl™ ions being been replaced
by chelating NO;™ ions in 2, chelating CH;CO,™ ions in 3 and
terminally bonded N3~ ions in 5. In complex 4 two of the CI™
ions have been replaced by chelating CH;CO, ™ ions and two by
chelating 2,2’-bpy molecules, with charge balance maintained
through the presence of two BF,~ counter anions. The chelat-
ing ligands change the geometry of the Cu" ions at these sites
to distorted trigonal bipyramidal, meaning that the wheels 2-4
contain eight trigonal bipyramidal metal centres, with only
complex 5 maintaining the four coordinate-five coordinate
pattern seen in 1.

The introduction of an Et-group (H4L,) as opposed to a Me-
group (H,L,) at the oximic carbon atom of the ligand appears
to exert little structural effect, with complexes 6 and 7 being
largely analogous to 1, with minor changes in bond lengths
and bond angles. Complexes 1-7 all contain terminally
bonded or chelating anions, introduced to the reaction
mixture in the copper salt. In order to examine the effect of
removing this anion, we repeated the synthesis employing the
methoxide salt of Cu". The reaction between anhydrous Cu
(OMe), and H,L; in a basic MeOH-MeCN solution afforded
the homoleptic, hexametallic wheel [Cug(HL,),] (8; Fig. 5). The
metallic skeleton of 8 describes a single-stranded hexametallic,
rectangular Cu™ wheel. The asymmetric unit contains half the
wheel, i.e. three Cu ions (Cu1-3) and two HL,*~ ligands. The
latter are triply deprotonated as before, but coordinate differ-
ently in 8 than in 1-7. One ligand bridges a total of four and
the other a total of three metal centres with the oximic and
phenolic moieties p-bridging (Cu-N-O-Cu, ~37°, ~48°; Cu-O-Cu;
~108°, ~113°) in both cases, as in 1-7. It is the alkoxide arms
of the diethanolamine moiety of the two symmetry inequiva-
lent ligands which behave differently: in one ligand, one arm
is p-bridging (Cu-O-Cu, 102.5°) with the other terminally
bonded at the apical site of the Cu square-based pyramid (Cu-O,
2.35 A); in the second, one arm is terminally bonded (Cu-O,

This journal is © The Royal Society of Chemistry 2015
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2.4 A) and one non-bonded, and H-bonding to the bridging
alkoxide from a neighbouring HL®~ ligand (O---O, ~2.6 A). The
coordination geometries of the Cu ions are thus mixed: Cu2 is
four coordinate and square planar, whilst Cul and Cu3 are five
coordinate and square-based pyramidal (z = 0.118 and 0.0775
respectively). The metallic skeleton is near planar, as opposed
to the puckered structures of 1-7, with the short and long
edges of the rectangle measuring ~3 A and ~6 A, respectively.
As before, one pair of HL,*~ ligands points above and one pair
below the plane of the wheel, with the aromatic rings being
separated by approximately 3.5 A. The closest intermolecular
interactions occur between the para-Me(Ph) groups of the
ligand on one molecule and the terminally bonded O atom of
the diethanolamine arms on its neighbour (~3.7 A, Fig. S31).

A repetition of the reaction that produces complex 8, but
using Cu(BF,),-3H,0 in place of anhydrous Cu(OMe), and
employing NaOMe instead of NEt; results in the formation of
[CuyNa,(HL,),(HyLy),] (9; Fig. 6). The metallic skeleton of
complex 9 also describes a hexametallic wheel, but on this
occasion it is heterometallic, more hexagonal than rectangular,
and non-planar. The asymmetric unit includes the Cu,Na tri-
meric moiety, (Cul-Nal, ~6.4 A; Cul-Nal’, ~3.2 A) with the
Na...Na diameter of the wheel being ~6.9 A, and the closest

Fig. 6 The molecular structure of complex 9 viewed perpendicular (A)
and parallel (B) to the CuyNa, “plane”. Colour code, Cu = orange, Na =
purple, O = red, N = blue, C = gold. (C) The metallic skeleton of 9 high-
lighting the bowl-shape of the cluster. (D) The magnetic core of 9
showing the two different exchange interactions. (E) The bridging mode
of the H;L*" ligand (F) The bridging mode of the H;L~ ligand. H atoms
omitted for clarity.
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Cu...Cu distance ~4.9 A (Cu2...Cu2’). Cul is five coordinate
and trigonal bipyramidal (z = 0.14), whilst Cu2 is four-coordi-
nate and square planar in geometry. The ligands are of two
types: HL,®>~ and H,L,>~ (Fig. 6E and 6F). The former bridges a
total of four metal centres, with the oximic and phenolic moi-
eties p-bridging (Cu-N-O-Cu; ~50°; Cu-O-Cu, ~112°), one alk-
oxide arm of the diethylamine moiety is p-bridging between
Cul and Na1’, with the second arm terminally bonded to Cu1l
and H-bonded to a neighbouring oximic O-atom (~2.6 A). The
second ligand uses its oximic O-atom (O6) to bridge between
Cul and Nal; its oximic N-atom also bonded to Cul. The
phenoxide O-atom p-bridges between Cu2 and Nal, with both
diethanolamine arms being terminally bonded to Nal. The
Na' ions are six-coordinate and in distorted octahedral geome-
tries. There are two intramolecular H-bonding interactions per
molecule; between the H-atom of the protonated diol arm of
one ligand and the oximic O-atom of its symmetry equivalent
(O---H = ~2.6 A°). The closest intercluster contacts are between
the coordinated O-atom of one diethanolamine arm and the
CH, groups of a neighbouring arm (~3.2 A; Fig. S4 and S5 in
the ESIT). Complex 9 is clearly rather similar in structure to
complex 8, the major difference being the introduction of the
larger Na' ions in the former. This has the effect of severely
twisting of the M-M-M trimer of the asymmetric unit, from
£Cu-Cu-Cu = 166° for 8 to «Cu-Cu-Na = ~146° in 9. This
has two consequences for the latter complex: firstly the met-
allic skeleton becomes more bowl-shaped, and secondly there
are no longer any coplanar ligands lying perpendicular to the
M mean plane. Indeed the para-Me(Ph) moieties now point
outward rather than inward as seen in all the previous cages
(compare Fig. 5B and 6B).

It is difficult at this stage to definitively correlate the
changes in syntheses, as summarised in Fig. 7, to the observed
structural changes. The simplest reaction is that between
Cu(OMe), and H,L,, which produces [Cus(HL),] (8) and MeOH.
The same product results from reactions employing different
alkoxide precursors. Thus it seems the alcohol produced does
not bond to the Cu' ions. When the anion of the metal salt is
changed to one that is commonly found to chelate, bond term-
inally or even bridge between metal centres, or if that anion is
added separately to the reaction mixture (halide, pseudohalide,
carboxylate), the nuclearity of the cage increases to [Cug]
despite the fact that this anion is non-bridging. Much of this
seems rather counter-intuitive at first: one might expect the
removal of terminally bonded anions to promote increased
bridging of HL,>~ and/or to encourage further deprotonation
to L,*". However this does not occur, and even the addition of
an excess of base does not achieve this transformation. We can
only surmise that the addition of a bonding anion forces a
change in the metal geometry which in turn forces a change in
the bonding mode of the ligand and thus to different cluster
nuclearities and topologies. The introduction of the alkali
metal ion Na', in the form of NaOMe, suggests other hetero-
metallic cages can be made by simply employing alternative
group 1 or group 2 alkoxides, although we have not investi-
gated this further.
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[Cu"g(H,L),]

Fig. 7 Summarising the effect changes in CuX; starting material has on
product formation with HL /5.

A search of the CSD reveals that there are thirteen
examples of O-bridged, single-stranded homo-metallic Cu"
wheels of nuclearity < 8 in the literature. Of these, seven are
octametallic'*>° and six are hexametallic.”*>® There are many
more examples of both octametallic and hexametallic single-
stranded Cu wheels which contain bridging motifs that do not
feature oxygen atoms.”” To the best of our knowledge there are
no reported examples of single-stranded heterometallic wheels
of nuclearity six with a Cu:M (where M is an alkali metal
cation) ratio of 4 :2. Complexes 1-7 therefore become only the
12th examples of O-bridged single-stranded octametallic Cu"
wheels, complex 8 only the 7th example of a single-stranded
hexametallic Cu" wheel, and complex 9 the first example of a
single-stranded heterometallic Na/Cu" wheel. Apart from their
rather beautiful structural aesthetics, molecular wheels have
long held fascination for both chemists and physicists, since
they can often act as model compounds for the study of
quantum effects and spin frustration.?® and have recently been
identified as potential candidates for quantum information
processing.*’

Magnetochemistry

DC magnetic susceptibility. Dc magnetic susceptibility
measurements were collected for complexes 1, 2, 8 and 9, in
the T = 300-5 K temperature range in an applied field of B =
0.1 T. The data are plotted in Fig. 8 as the yuT versus T pro-
ducts. Complexes 1 and 2 are representative examples of the
two structurally different Cug wheels, with 8 and 9 being the
Cue and CuyNa, wheels, respectively. The data for all four com-
plexes are rather similar — showing a rapid decrease in y,T with
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Fig. 8 The magnetic susceptibility data, as ymT, versus Tat B = 0.1 T for
complexes 1 (red), 2 (green), 8 (blue) and 9 (magenta). The solid black
lines are fits of the experimental data. The best fit 3J model is shown
for 8. See text for details.

decreasing temperature, indicative of the presence of very
strong antiferromagnetic interactions between neighbouring
cu" ions, resulting in diamagnetic ground states (at T =
110-220 K) in all cases. We have used the programme ITO-
MAGFIT*® which makes use of irreducible tensor operator
algebra®' to block-diagonalise the spin-Hamiltonian in order
to model the experimental data. In all cases the g-values of the
Cu(u) ions were fixed to g = 2.2. The resulting best-fit curves
obtained in this way are shown as solid black lines in Fig. 8
with the corresponding best-fit parameters listed in Table 1. A
schematic of the models employed is shown in Fig. 9. For the
Cug clusters best-fit J-values reveal that the exchange through
the Cu-O/NO-Cu bridge is very large and negative (J; = —457
and —302 cm™" for 1 and 2 respectively), with the exchange
through the Cu-O-Cu bridge also antiferromagnetic but
smaller in magnitude (J, = —20.1 and —38.9 cm™" for 1 and 2
respectively). The differences can be correlated to subtle differ-

Table 1 Comparison of J values obtained from the fitting of experi-
mental data to the models depicted in Fig. 9, and those from DFT
calculations

Complex/method  J; (em™)  J, (em™ Js(em™ Ja(em™)
1/Fit -20.1 —457 — —
1/DFT —45.0 -320 — —

2/Fit -38.9 -302 — —
2/DFT —46.6 —278 — —

8/Fit (2]) —200 —247 —247 —

8/Fit (3/) -107 —239 —-260 —
8/DFT +5.50 -25.9 -120 —

9/Fit — —-271 — —
9/DFT — -95.8 — +0.08

This journal is © The Royal Society of Chemistry 2015
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Apx = —2J1(51.52 + 83.54+ 5555+ 8,59)
—2J2(85.53+58,4.855 +84.5,+ 8,.85)

Hpy = =2J,(5,.5,+5,.5,/)
=2J2(S2.83+ S2.831) = 2J3(51.53,+ 53.51,)

Hix = =2J5(51.52) = 2J4(51.51, +52.52,)

Fig. 9 The magnetic cores of the representative Cug, Cug and CuyNa,
metal cores (left) and the models representing the exchange component
of the spin-Hamiltonians which their experimental susceptibility data
were fitted to (right). For the experimental fit of 9 J, = 0.

ences in structure: a) the Cu-O-N-Cu dihedral angles are
flatter in 1 (~19, 20, 21, 25°) than in 2 (~23, 23, 24, 24°); b) the
Cu-O-Cu angles in 1 are typically larger than 2 (~115-118°
versus ~110-118°). The former would be expected to make J, larger
in 1, and the latter make J; larger in 2, as observed. For
complex 8, the best fit of the experimental data is afforded by
a 3] model, accounting for the single alkoxide bridge (/;) and
the two NO/O bridges which display markedly different brid-
ging angles (48.17, 37.47; J, and J;). The best fit parameters
obtained were J; = —107, J, = —239 and J; = —260 cm™ . This fit
however is not unique and we were able to obtain several satis-
factory fits using a 2/ model (see Table 1). Nevertheless, the
parameters of the 3/ best fit are consistent with those obtained
for 1 and 2 in which J(O/NO) > J(O) and with the larger torsion
angle mediating weaker antiferromagnetic exchange. Complex
9 describes a wheel comprising two simple, non-interacting
Cu(n) dimers in which we assume negligible interaction through
the Cu-Na-Cu bridge. This model affords a best fit j, =
—271 cm™'. The exchange is again antiferromagnetic in
nature, but somewhat larger than observed for 1, 2 and 8. A
literature search reveals only three examples of dimers which
feature Cu-O/NO-Cu moieties, but on which no magnetic
studies have been reported.>® There are several examples of
polymetallic Cu systems featuring Cu-O/NO-Cu bridging
motifs,** and all show the interaction to be strongly antiferro-
magnetic. The magnitude of the exchange interaction in
purely alkoxo-bridged Cu(u) dimers varies enormously and is
dependent on the Cu-O-Cu angle, but in general they tend to
be strongly antiferromagnetic with J lying in the region —200

This journal is © The Royal Society of Chemistry 2015
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to —1000 cm™".>* A similar pattern is seen in purely oximato
bridged Cu(u) dimers, where J ranges from —361 cm™' to
—880 cm™',* although in the vast majority of cases J appears
to lie in the region —600 to —800 cm™". In order to investigate
the origin and magnitude of the exchange interactions seen in
complexes 1, 2, 8 and 9 further we have turned to theory, and
now discuss a computational DFT study.

Theoretical studies

Computational details. Calculations were performed using
the B3LYP?® functional, with Alhrich’s triple-{ TZV®” basis set
for the Cu(n) ions and SV basis sets for the remaining atoms,
as implemented in the Gaussian 09°® suite of programs. The
exchange constants between the Cu(u) ions were calculated as
the energy difference between the high spin state (Eys) using
single determinant wave functions, and the low spin state (Egg)
using Noodleman’s broken symmetry approach.**** The
exchange Hamiltonians adopted are the same as those
described in the experimental section above (Fig. 9). In
complex 1 there are two unique exchange interactions denoted
as J; and J,, mediated via a p-phenoxo bridge and a p-alkoxo/
oxime bridge, respectively. Calculations yield J; = —45.0 cm ™"
and J, = —320 cm™'. Both interactions are computed to be
antiferromagnetic in nature with J, being very strong. To cross
check, calculations were also performed using a diamagnetic
substitution method whereby all metal centres not involved in
the exchange interaction were replaced with diamagnetic Zn(u)
ions. This method yielded a very similar set of J values, J; =
-35.1 cm™" and J, = —300 cm ™. Fitting of the experimental
susceptibility data also yields similar J values, indicating weak
antiferromagnetic J; and strong antiferromagnetic J, inter-
actions (see Table 1), as would be expected since their Cu-O-
Cu angles are rather similar (115.8°, 118.6°). However their
magnitude is much smaller than might be anticipated from
previous magnetostructural correlations.*® This results from
the puckering of the ring: the unpaired electron in Cu(u) is
found in the d,._,. orbital and the buckled nature of the wheel
results in the two magnetic orbitals (corresponding to the J;
interaction) being in different planes (Fig. S6), weakening the
interaction. This is in stark contrast to the J, interactions
where the oxime moiety forces the d,._,. orbitals to be in same
plane, leading to a very strong interaction. The magnitude of
exchange in Cu(u) complexes can be correlated directly to the
energy gap between the symmetric and antisymmetric combi-
nations of the d,._y. orbitals. The oxime bridge present in J,
produces a complementarity effect whereby the n* orbitals of
the oxime interacts with the antisymmetric combination
(Fig. 10), leading to a larger energy gap and hence to stronger
antiferromagnetic coupling.

The overlap integrals, computed as 0.08 and 0.20 for J; and
J», respectively, confirm this. Computed spin density plots for
complexes 1, 8, and 9 are shown in Fig. 11. The Cu(u) centres
in complex 1 possess spin densities of 0.63 [Cu(1)] and 0.59
[Cu(2)], values substantially lower than the expected value of
1.0, revealing significant delocalisation (and hence strong
exchange) of the unpaired spin onto the bridging ligands. The
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0
o Cu
0 N
o
Cu
0 N
Fig. 10 Schematic representation of the complementarity effect exhibi-
ted by the oxime bridge with symmetric and antisymmetric combi-

nations of d,._,. orbitals (left) and a representative MO diagram
depicting the antisymmetric combination of the d,._,. orbitals (right).

Fig. 11 B3LYP computed spin density plots of complex 1 (a), 8 (b)
and 9 (c).

spin density on the bridging groups are also significant, 0.12
on the O-atom of the p-alkoxide (J;), and 0.16 on the O-atom
of the p-alkoxide, and 0.13 and 0.10 for O and N atoms of the
oxime bridge in the J, interaction.

For complex 2 calculations yield a similar set of exchange
constants, although the J, interaction is computed to be
slightly smaller (Table 1). The decrease in the magnitude of
the J, interaction compared to complex 1 is found to correlate
to the Cu-O-N-Cu dihedral angle. In complex 2 the bulkier,
chelating nitrate groups cause a twist in the Cu-N-O-Cu di-
hedral leading to weaker dy._y. — d,._y. overlap and a reduction
in the J values. The spin density on the Cu(u) centres in
complex 2 are plotted in Fig. S7.7

For complex 8 calculations yield J; = +5.53 em™, J, =
—25.9 ecm™' and J; = —120 cm™'. The J; interaction is com-
puted to be weakly ferromagnetic in nature, in contrast to that
fitted experimentally. Here the Cu-O-Cu angle is relatively
small (102.2°) and along with the large out-of-plane shift of
the O-C(alkyl) group from the Cu-O-Cu-O plane (~40.0°) the
geometry is approaching that theoretically predicted to
mediate ferromagnetic exchange;** the crossover area likely
being the source of error in the theoretical calculation. J, and
J5 are antiferromagnetic in nature with J; being approximately
five times larger. This is again correlated to the difference in
the Cu-N-O-Cu dihedral angle, with smaller angles yielding
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stronger antiferromagnetic coupling. The magnitude of the J,
and J; interactions are much smaller than that computed for
complexes 1 and 2 due to the smaller ring size - the Cu-N-O-
Cu moieties being far more twisted than that found in com-
plexes 1 and 2. For complex 9 the computed exchange con-
stants are J, = —95.8 cm™ " and J, = +0.08 cm™". The former is
consistent with that observed in previous complexes, and the
latter as expected for an interaction mediated through a dia-
magnetic Na' ion. Computed overlap integrals (0.26 and 0.005
for J, and J,, respectively) are consistent with this picture
(Fig. S8t). In all four complexes the strongest antiferro-
magnetic coupling constant is underestimated by DFT, the
differences being particularly obvious when the other J values
are small in magnitude. The underestimation of the exchange
interactions in Cu(u) complexes by DFT has been highlighted
previously,*® and is thus a limiting factor in the accurate esti-
mation of absolute values.

Since the Cu-N-O-Cu dihedral has been found to play an
important role in determining the J values in this family of
complexes, we have developed a magneto-structural corre-
lation based on a dimeric model of complex 9 shown in the
inset of Fig. 12. By varying the Cu-N-O-Cu dihedral angle (x)
[with the Cu-O-Cu angle fixed] from 0-80° an exponential
correlation was found, with the smallest dihedral angles
leading to the strongest AF exchange, and the largest dihedral
angles leading to the weakest AF exchange. Fitting the data to
the expression

-af o
yields y, = —608, A = 262, t = —79.5, revealing a switch from
AF to F exchange at dihedral angles >60°. Attempts are under-
way to isolate wheels with this large degree of puckering in
order to test this theory.

200

/

100
0 . w o y
—~ /{
"= 100 )
8 o,
~ 200
ol
- o 9B
-300 - -—
o
400 -
0
T T T T T
0 20 40 60 80

Cu-N-O-Cu dihedral angle (°)

Fig. 12 Magnetostructural correlation developed by DFT calculations
by varying the Cu-N-O-Cu dihedral angle in a model complex based
on complex 9. The solid black squares are computed points and the red
line the best fit to these points. The hollow blue circles are the DFT cal-
culated values for the full structure, whilst the red circles are the experi-
mentally fitted exchange constants.
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Conclusions

The simple reaction of Cu(u) salts with diethanolamine-func-
tionalised phenolic oximes has resulted in seven new examples
of single-stranded octametallic Cu(u) wheels, one new example
of a single-stranded hexametallic Cu(n) wheel, and the first
reported example of a single-stranded hexametallic mixed-
metal Na,Cu, wheel. The construction of polymetallic cages
from ligand moieties normally associated with producing
monometallic Cu(i) compounds is clear evidence that combin-
ing complimentary ligand types into one organic framework is
a sensible methodology for building polymetallic cluster com-
pounds. In each case the interaction between neighbouring
metal ions was shown to be strongly antiferromagnetic. DFT
calculations suggest the origin to be a complementarity effect
due to the presence of the oxime bridge, in which smaller Cu-
N-O-Cu dihedral angles yield larger exchange constants,
which are inherently linked to the planarity of the wheel. A
magnetostructural correlation developed even suggests that
such Cu(u) wheels can be made to display intramolecular ferro-
magnetic exchange if the Cu-N-O-Cu torsion angles can be of
the order of 60° or larger. Current efforts are aimed at syn-
thetic strategies to achieve just that.
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