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Highlights

Research highlights

e We analyzed aspects of the synthetic, reactivity, structural and magnetic chemistry of
Co CCs

e We classified all the polynuclear Cobalt coordination clusters found in CCDC (CCDC
5.32 Nov. 2010) higher than 4.

¢ All the known Co coordination clusters can be searched by cluster topological symbol
and nuclearity, compound name, dimensionality and Refcode.
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ABSTRACT

Polynuclear coordination clusters of 3d metals continue to attract the intense interest of scientists from the

synthetic inorganic chemistry, bioinorganic chemistry and molecular magnetism communities. In this

review we have focused on describing aspects of synthesis, structures and magnetic properties of Co

coordination clusters with nuclearities higher than 4. Adopting our recently developed topological
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approach for the description of coordination clusters, we have classified the structural motifs of Co
complexes which range in nuclearity from 5 to 36. Emphasis is given to the magnetic properties of Co
coordination clusters. Some of them display slow magnetic relaxation at very low temperatures, mainly
due to their large magnetic anisotropies. The possibility of magnetic anisotropies one and two orders of
magnitude larger than seen so far for single-molecule magnets of other 3d-metal ions, promises a brilliant

future in the research of polynuclear Co complexes.

1. Scope, organization and general information

This review presents a focused overview of the chemistry of homometallic polynuclear Co
complexes (clusters [1]) with nuclearities higher than 4. We have searched the literature up to October
2010 (CCDC 5.32 Nov. 2010). It aims to be almost comprehensive in terms of a discussion of every
discrete known Cox complex (x>5) and provide the reader with some idea of the range of chemistry that
has been carried out (and indeed remains still to do) in this area. We survey some of the synthetic
approaches that have been employed in the synthesis of Co clusters. Since the structures of the complexes
have been extensively discussed in the cited references, our aim is to concentrate on their topologies using
a new and convenient approach that we have recently introduced [2 — 5]. Assigning a topological
nomenclature to the existing motifs should help chemists and physicists in identifying and classifying
clusters in terms of structural and physical properties by recognising the connectivity modes in 0D
systems. From the viewpoint of properties, an eye will be on the magnetism of the clusters. Co" clusters
are key players in the interdisciplinary field of Molecular Magnetism [6].

The article contains six sections, including this one. The next section is introductory; the reader
can find general information on the class of metal complexes known as clusters or better as “coordination
clusters (CCs)” [3]. In section 3 we shall give the central idea of our new approach [2 — 5] to describing
the topology of polynuclear complexes. Section 4 deals with the basic characteristics of the coordination

chemistry of Co with focus on the electronic structures of its complexes and the magnetic properties of
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Co". This information is essential to discuss the chemistry and magnetism of the Co complexes that are
described in section 5 which is the “main menu” of this review. Organometallic complexes have been
excluded from our survey. Sections 2 — 4 thus provide a “hors d’oeuvre” for section 5. Section 6 provides
initial conclusions and perspectives for future research. Sections 4 and 5 are divided into parts for clarity.

A review article on high nuclearity Co complexes has never appeared. An excellent tutorial review
by Murrie published in 2010 covers recent progress in the area of polynuclear Co"-based single-molecule
magnets (SMMs) and it includes the Cos, Cog, Co7, Cog and Cos, systems that display slow magnetization
relaxation at low temperature [7]. Overlap of topics will be kept to a minimum herein. A survey of the
crystal structures of Co, cubanes containing the {Cos(us-OR)4} core was reported by Williams and co-
workers four years ago [8]. In an interesting critical review, Kurmoo has examined the diversity of
magnetic exchange interactions between nearest-neighbour Co' centres in magnetic metal-organic
frameworks (MOFs), some of which contain oligomeric (Cos, Co4, Cos, Cog and Coy7) repeating units [9].

We shall use the term CC [3] throughout this review. CCs consist of oligo- or polynuclear
molecules in which the metal ions are linked by elements from the p-block, such as oxygen bridges (e.g.
provided by oxides, alkoxides, carboxylates and so on). These compounds are different from the metal-
metal bonded complexes [10], termed simply “clusters” by many groups. In the former case, any
exchange between the metal ions results from the nature of the bridging ligand. In the latter case, the
metal-metal bonding dictates the electronic structure. In general, metal — metal bonded clusters can be
thought of as “closed shell” or 18-electron systems and are described in terms of the 18 electron rule and
MO theory, whereas CCs are composed of “open shell” ions and are satisfactorily described using ligand
field approaches [3].

The method currently used to describe the binding of polydentate ligands to multiple metal centres
involves a mixture of Greek letters and sub- and superscripts; this n/p notation is sometimes confusing.
An alternative is “Harris notation” [11]. This describes the binding mode as X.Y1Y2Y3 Yy, where X is
the overall number of metal ions attached to the different donor atoms. The order of Y groups follows the

Cahn-Ingold-Prelog priority rules; hence (for most of the ligands included in this review) O comes before
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N. In the case of complicated chelating/bridging ligands, to distinguish between several alternatives, a

subscripted number is included to show to which metal centre the donor atom is attached.

2. A broad introduction to coordination clusters

Only in the last 25 years or so has the synthesis and study of CCs of paramagnetic metals in
moderate oxidation states begun to attract the attention [2 — 4, 12 — 15] given to CCs of metals in high or
low oxidation states. The highest-nuclearity, low—valent species structurally characterized is
[AJ490S185(StCsH11)144], Where the Ag'/S* core can be described as a narrow-waisted cylinder of
dimensions 2.8-3.1 nm [16]. The highest-nuclearity, high-valent species known is the anion
[HM0" 256M0Y11501032(SO4)as(H20)240]**, having approximately the size of haemoglobin [17]. Moderate
oxidation state, transition-metal CCs are in general an order of magnitude smaller than the complexes just
mentioned. However, this picture has been changing after the syntheses of the protein-sized chiral anionic
cages [NazsFe"' 165(L-tart)esOss(HCO2)144]® and [NazaFe"'165(D-tart)osOus(HCO,)144]°® [18], where tart is
the  tartrate  (-4) ligand, the  four-cell, nesting doll-like  heterometallic  cation
[Ni"5.Gd"'54(OH)144(CO3)e(ida)as(H20)25] % [19], where ida is the iminodiacetate(-2) group, and the
molecule [MngsO7,(OMe)24(OH)6(0.CMe)75(MeOH)12(H20)42] [20], which has a 4 nm-diameter torus
structure representing the long-sought-after meeting of the bottom-up and top-down approaches to
nanomagnetism.

The simplest general formula of CCs of 3d metals in moderate oxidation states is [Mx(u-L)yL’,]",
where p-L is a bridging organic or inorganic ligand, L’ is a terminate ligand, X is an integer number larger
than 2, y and z are integer numbers and n can be zero (molecule), positive (cationic CC) or a negative
(anionic CC) integer number. In many cases there are two or more bridging ligands, often a combination
of organic and inorganic ones, and more than one type of terminal (monodentate or chelating) ligands
including solvate molecules. This class of compounds is found in the literature with several names such
as oligomeric, polynuclear, high-nuclearity or polymetallic complexes, cages, clusters and CCs; as

mentioned above we prefer the latter term.
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The chemistry of the CCs of paramagnetic 3d-, 4f- and 3d/4f-metals is today an area of modern
science whose interfaces with many disciplines have provided invaluable opportunities for crossing the
boundary both inside and between the fields of chemistry, physics, biology and materials. The current
intense interest by many groups around the world in this chemistry is due to the combination of the
aesthetically pleasing structures that many such molecular species possess and their relevance to a variety
of fields such as Bioninorganic Chemistry and Molecular Magnetism.

In the field of Bioinorganic Chemistry there is a continuous search for various nuclearity oxide-
bridged complexes to model My sites in biomolecules, including understanding the assembly of the
multinuclear Fe"'/O* core of the iron-storage protein ferritin [21,22] and elucidating the structure,
spectroscopic properties and mechanistic aspects of the {CaMn4Os} core of the H,O oxidizing complex
within the photosynthetic apparatus of green plants and cyanobacteria [23 — 27]. The latter opened up a
new era in Mn chemistry and led to the realisation that manganese can be stabilized in the formal
oxidation state 111 by certain ligands, even in the presences of 1l and IV states.

In the field of Molecular Magnetism, 3d, 3d/4f and 4f-metal CCs often display interesting and
sometimes exciting magnetic properties, including high ground-state spin values (currently up to S=83/2
[28]) and single molecule magnetism. It has been 18 years since the discovery that the discrete CC
[Mn"'sMn"4012(02CMe)16(H20)4] (Mny12) could possess an energy barrier to the reorientation of its
molecular spin that was large enough to observe magnetic hysteresis below a blocking temperature (Tg)
[29,30]. Such SMMs [31-37] can have magnetization relaxation times that are more than 108 times slower
than normal paramagnets. This area thus represents a molecular, “bottom-up” approach to nanoscale
magnets, complementary to the standard “top-down” approach to nanoparticles of traditional magnetic
materials (e.g. Fe, Fe3O4, CrO,) which are atom based with d-(or f-) orbital-based spin sites and with
extended network bonding on the three dimensions. For a molecule to function as a SMM, it must possess
a large ground state spin (S) and a large uniaxial anisotropy of an Ising type which can be a result of a
favourable zero-field splitting parameter, D, or in the case of lanthanide (Ln) ions an overall anisotropy

parameter, rather than intermolecular interactions and long-range ordering as required in other 3D
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molecule-based magnets [38]. This combination of intramolecular properties leads sometimes to a
significant barrier, U, to relaxation (reorientation, reversal) of the magnetisation vector, whose maximum
value is given by S?D| or (S* -1/4)|D| for integer and half-integer S values, respectively, although a
relatively recent reappraisal of this suggests that the relationship is always linearly dependent on the total

" jon, with

spin S [39]. For these reasons, CCs containing the high spin octahedrally coordinated 3d* Mn
its relatively large ground spin state and uniaxial anisotropy, have received increasing attention since
SMM behaviour was first reported in 1993. Since then high-nuclearity and/or high spin Mn complexes
have been the main source for new SMMs [31 — 37]. However this family of SMMs has been extended to
various other metals including V"', Fe", Fe""', Co", Ni", homometallic Ln"' CCs and combinations of 3d
with 4d, 5d and 4f paramagnetic metal ions [31 — 37]. Experimentally, a SMM shows superparamagnet-
like properties, exhibiting both frequency-dependent out-of-phase ac magnetic susceptibility signals and
hysteresis in a plot of magnetization (M) vs. applied direct-current (dc) magnetic field [35]. The record
values of the effective energy barrier to magnetization reversal (Ue) and Tg for a 3d-metal-based SMM
are 86.4 K and ~4.5 K, respectively, for the compound [Mn"'s0,(Etsao)s{O,CPh(Me),}>(EtOH)s] with S
=12 and D = -0.43 cm™, where Etsao® is the dianion of 2-hydroxyphenylpropanone oxime [40].

The molecular nature of SMMs has some obvious advantages, e.g. synthesis by solution methods,
crystallinity, uniform size distribution, easy variation of peripheral ligands, solubility in organic solvents,
sub-nanoscale dimensions, etc. From the potential applications viewpoint, SMMs offer the possibility of
creating switchable, molecular-scale devices that store information using the orientation of their
molecular spin [41,42]. Due to their quantum coherent properties, SMMs offer the possibility of
applications in quantum computing [43-45]. Recent studies have shown that SMMs can be successfully
transferred to surfaces with retention of their magnetic properties [46] and potentially exploited as
spintronic devices [47]. However, for the moment applications are in the realm of fantasy due to the

extremely low temperatures or fast timescale required for observation of slow magnetization relaxation

[31].
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High-spin CCs with a small magnetic anisotropy attract the intense interest of scientists working
in the area of magnetic refrigerants (coolants) [48]. Magnetic refrigeration is based on the magnetocaloric
effect (MCE), which was first discovered in 1881 by Warbourg [49]. MCE is the thermal effect of
magnetic materials subjected to magnetic field variation. When a magnetic field is applied to magnetic
materials, their magnetic moments become ordered, which reduces the total entropy of the material. In the
reverse process-adiabatic demagnetization [50] the entropy of the material increases and this has to be
balanced by a change in the free energy of the surroundings. As a result, the system cools down. This
energy-efficient and environmentally friendly technique is promising for refrigeration in the ultra-low-
temperature region, providing, e.g., a valid alternative to the use of helium-3 which is becoming rare and
expensive [51]. Studies have demonstrated that the MCE of selected CCs can be much larger than in the
best intermetallic and Ln alloys, and magnetic nanoparticles, conventionally studied and employed for
low-temperature cooling applications [48]. Recent work to prepare such molecular magnetic refrigerants
include {Fe,} (x=14, 17), {Mny} (y=10, 14, 17, 19, 32) {MnsLns}, {Co,Ln,} (z, ® vary), {NigGds},
{CusGd,}, {Gd,} and {Gd;} complexes [52 — 61].

Due to the properties and application potentialities of CCs, there continues to be a need for an
arsenal of synthetic methods to CCs. There are two broad synthetic approaches that are being pursued to
make new 3d-metal CCs. The “designed assembly” approach uses rigid inorganic or organic ligands that
have strong preferences for specific bonding modes and metal ions with preferred coordination
geometries. The structures of such complexes are moderately predictable on the basis of the number of
preorganized donor sites presented by the ligand, its limited flexibility and the coordination geometry of
the metal ion. Typical examples of rigid ligands are the cyanido ion [62,63] and various tailored
derivatives of 4,4’-bipyridine [64,65], while examples of metals with preferred geometries are the Pd"
and Pt ions.

Other synthetic inorganic chemists, including our groups, use much less well-behaved bridging
organic or inorganic ligands for the synthesis of 3d- and 3d/4f-metal CCs. This route allows a “dialogue”

between the preferred coordination geometry of the metal sites and the coordination mode of the ligand.
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Once exclusive formation of five- or six-membered chelating rings is excluded, the coordinative
flexibility of any polydentate ligand increases enormously. This flexibility in turn allows stabilization of
many unpredictable structures (which can lead to interesting properties), almost invariably incorporating
further auxiliary bridging ligands such as hydroxy, alkoxy, oxido etc. groups. This approach has been
termed “serendipitous assembly” [66] and has led to thousands of exciting CCs. Serendipitous assembly
often relies on creating a mismatch between the number or type of coordination sites available on a single
metal centre and the donor set supplied by the ligand. It is clear, however, that we can not simply trust to
luck in preparing 3d-metal CCs; there thus has to be considerable forethought in the conditions for any
general reaction scheme (ligand, metal salt, “pH”, ligand : metal ratio, solvent, concentration of solution,
temperature, pressure, crystallization method, reaction time, ...) for any progress to be made. Along these
lines, alkoxide-based ligands, oximate-based ligands and/or carboxylates have been widely employed,
amongst many others, in the synthesis of CCs [67 — 72; these representative references come from our
groups]. Alkoxy and oximato ligands are particularly versatile in that they possess chelating and bridging
capabilities, while carboxylates are famous for exhibiting a huge variety of coordination modes.
Moreover, from a magnetic point of view, alkoxide arm(s) often promote ferromagnetic exchange
interactions between the metal centres that they bridge [3]. The metal sources are either simple 3d-metal
“salts” or preformed low-nuclearity complexes such as [Mn"'30(0,CR)sL3]”" (R=Me, Ph, etc; L = H,0,
MeCN, ROH, py, etc.] and [M"2(OH,)(piv)4(pivH)4] (pivH=pivalic acid).

As the field develops the boundary between “designed” and “serendipitous” assembly becomes

less clear [73,74]

3. A method for the topological description of coordination clusters

Before embarking on Co chemistry, it is helpful to remind the reader of our approach to describing
the topology of CCs. The IUPAC rules for the nomenclature of coordination clusters result in names that
are lengthy and hard to follow. Thus, generally, CCs are described relatively vaguely apart from the cases

in which the researchers have recognised a structural description of the metal core in terms of a trapped
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mineral [75,76] or have found analogies with motifs found in main group chemistry [16,28]. Our
inspiration was from the concept of using a topological representation for 2D and 3D coordination
polymers and Metal-Organic Frameworks - MOFs [77,78]. Below we briefly describe an improved
version of this approach that has been implemented into the program package TOPOS [79] and tested for
the analysis of Mn CCs.[80]

In our approach we designate each metal centre of a CC as a straightforward “node”. The bridging
monoatomic heteroatoms then play the role of the “linker”. The resulting graph (CC skeleton) consists of
only metal atoms and its topology is described by a unique NDk-m symbol [81], where N is the set of
coordination numbers of topologically non-equivalent nodes (the number of terms in the set defines
uninodal, binodal, trinodal, ... clusters; the shorter N, the more symmetrical is the skeleton), D is
dimensionality; D=M for finite (molecular) clusters, k is the number of nodes in the cluster, and m
enumerates topologically different clusters with the same NDk symbol. If the CC skeleton consists of
several unconnected parts the NDk-m symbols of different parts are written together with their
stoichiometric coefficients. An isolated metal atom is designated (0). Thus, every NDk-m symbol denotes
a topological type, i.e. a set of topologically equivalent but likely conformationally different CC
skeletons. Many examples of this nomenclature are considered below.

For example, Scheme 1 shows the simplified metallic core of a centrosymmetric complex
belonging to the defect dicubane class of CCs, i.e. compounds that consist of two cubanes sharing a face
and each missing one vertex. The cluster in Scheme 1 has symbol 2,3M4-1, i.e. this is the first type of 4-

atom cluster with two topologically non-equivalent atoms of coordination 2 and 3.

Co(2)

Co(1)

10
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Scheme 1. The simplified metallic core of a centrosymmetric CC with a defect dicubane structure.

This formalism allows for a computer implementation as a rigorous algorithm to be applicable to
any kind of CCs. In TOPOS, the separation of a CC skeleton is a completely automated procedure that
can be applied both to a single crystal structure and to any number of structures at once. All atoms that are
not bridges between the metal atoms are ignored while all linkers are contracted to nodes and form the
skeleton edges. TOPOS uses strict methods to compare the topology of the resulting skeleton with the
reference topologies from the TTD Collection [81] and either assigns this topology to an existing
topological type or designates it with a novel NDk-m symbol.

By applying the above-mentioned approach to high-nuclearity CCs, it becomes easier to describe
the skeleton by a NDk-m symbol, rather than to find or devise a suitable polyhedron to describe the
overall cluster core geometry. Other advantages of this method are: (i) We can gain insights into the
crystal growth and crystal engineering of CCs, because it is easy to compare lower-nuclearity to higher-
nuclearity complexes and understand aspects of synthetic and structural chemistry, and (ii) we can
facilitate the comparison of the physical properties of compounds that have similar or slightly different
cores which will assist in establishing structure-property relationships. At present, with the TOPOS
program package, we are establishing a database which will classify all CCs according to our approach. A
similar analysis was performed on Mn CCs [80]. With this approach, we have extracted and assigned
NDk-m symbols to 284 Coy complexes (x>5) from the Cambridge Structural Database (release 5.32, Nov.
2010). The complete topological classification is given in the ESI. In section 5 we shall describe the
structural motifs and topological representation of some of the Co skeletons with interesting magnetic

properties.

4. Coordination chemistry of cobalt : Basic features

4.1. Theelement [9, 82]

11
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The Egyptians used Co ores to give glass and pottery a blue colour 4500 years ago. In the 16"
century Leonardo da Vinci rediscovered the brilliant blue pigment produced by fusing potash, silica and
cobalt oxide. In 1735 the Swedish chemist Georg Brandt identified the source of the colour by isolating
the crude metal, which he named “cobaltrex”. Bergman in 1780 proved this to be a new element. The
name is believed to derive from the German word Kobald, meaning “goblin” or “evil spirit”, since the
miners of northern Europe thought the spitefulness of these creatures was responsible for the metal being
difficult and hazardous to extract from its ores by smelting.

More than 150 ores containing Co are known, but only cobaltite (CoAsS), smaltite (CoAs,) and
linnacite (Co3S,) are of commercial value. Major sources are in Africa and Canada, with smaller reserves
in the Urals (Russia) and Australia. Isolation is essentially as a by-product of Cu. Gecamines (South
Africa) is the main producer of Co. Much of the metal is used to produce high-temperature alloys (with
Fe) and for the manufacture of magnetic alloys (Co is ferromagnetic and has the highest Curie
temperature among the three ferromagnets of the 1¥-row transition metals, being also the most anisotropic
magnetically). “Alnico” is the most famous of these and is used for the manufacture of permanent
magnets which are lighter, and can be up to 25 times more powerful than steel magnets. Chemical
production is largely associated with the ceramic and paint industries, while some of its compounds are
also used as catalysts.

Cobalt is lustrous and silvery with a black tinge, existing in two allotropic forms. There is only
one naturally occurring isotope (*°Co), but with thermal neutrons this can be converted into radioactive
0Co, Eq (1), which is used in various fields of medicine as a convenient and concentrated source of -
rays. °°Co has a nuclear spin (1=7/2) and *Co NMR spectroscopy is becoming increasingly useful for the

detection of the metal both in solid and biological materials.

ty, =527y

%Co + In — 9Co ONi + OB + (1)

Co is stable in oxygen unless heated, when it is oxidized to Co30,; above 900°C the product is

CoO. It slowly dissolves in mineral acids, forming CoX; salts. Co reacts with halogens on heating, giving

12
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CoF3 or CoX;, (X=ClI, Br, I). It is unreactive towards H, and N, and no simple hydrides or nitrides are
known.

4.2.  Cobalt complexes and their electronic structures [9, 82 — 85]

The most common oxidation states of the metal are Il and I1l. Few Co' and Co“ compounds
exist, e.g. Cs,CoFg and K3CoO.. There are also some important complexes of Co', e.g. [COBr(PRs)s].
Low oxidation states (Co™, Co®) are known in relatively few coordination complexes, where they are
invariably associated with CN’, CNR, CO, phosphine and phosphite ligands.

Co" forms numerous complexes, mostly either octahedral or tetrahedral, but five-coordinate and
square planar species are also known. Because of the small stability difference between octahedral and
tetrahedral Co" complexes (due to the small difference in ligand field stabilization energies), there are
several cases in which the two types with the same ligand are known and may be in equilibrium. The
colour of octahedral Co" complexes (usually pink to violet, ~500 nm) is dominated by the 4Tlg(F) —
4Tlg(P) transition (v3) with the two lower-energy transitions (to 4ng and 4Azg levels) occurring in the near-
IR and visible regions (weak) of the spectrum, respectively. Tetrahedral Co" complexes (usually intense
blue, ~600 nm) are dominated by the *A, — *Ty(P) transition (vs), with the lower-energy transitions to
*T1(F) and *T, levels occurring in the near-IR and IR regions, respectively. Most octahedral Co"
complexes are high-spin (t295e92). A sufficiently strong ligand field (A, > 15000 cm™) can cause an °E state
originating in the °G state of the free ion to become the ground state. The electron configuration in this
case is t296eg, and a Jahn-Teller distortion would be expected. Consequently, octahedral low-spin
complexes are rare, an example being the axially distorted [Co(CNPh)g]** ion, tending to lose ligands and
form low-spin square planar of 5-coordinate species. Both high-spin (three unpaired electrons) and low-
spin (one unpaired electron) configurations are found for both trigonal bipyramidal (tbp) and square
pyramidal (spy) as well as intermediate stereochemistries; when the heavier donor atoms (e.g. P, As, Br,

S) are present (as compared with O and N), the greater is the tendency to spin pairing.

13
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Co"' complexes are almost exclusively octahedral and diamagnetic. This is due to the weak ligand
field necessary to cause electron pairing; exceptions are [CoFg]> and [CoFs(H,O)s] which are

paramagnetic. A very few unusual four- and five-coordinate paramagnetic Co'™ systems are known. The

two absorption bands found in the visible spectra of regular octahedral Co"

complexes represent
transitions from the 1A1g ground state to the upper states 1Tlg (v1) and 1ng (v2). Complexes of the
[Co"' A,B,] type can exist in both cis and trans configurations and certain spectral features are diagnostic
of the stereochemistry; the origin of theses features lies in the splitting of the 4T1g state by the lower than
On symmetry, with the splitting being larger in the trans isomer whenever there is a substantial difference

in the positions of A and B in the spectrochemical series of ligands. Octahedral Co""

complexes generally
undergo ligand-exchange reactions slowly and have, from the early days of Werner and Jgrgensen, been
extensively used in understanding isomerism and the mechanisms of substitution reactions at metal
centres.

The interactions of Co" complexes in solution with O, can lead to reversible carriers of O, and the
products have been much studied because of their potential utility and as models for natural oxygen
transport systems. Cobalt complexes of corrinoid ligands are found in many organisms, including man,
and are known as cobalamins; they are extremely rare examples of naturally occurring organometallic

compounds containing a metal-carbon ¢ bond. Several cobalamins are biologically active, including

vitamin Bs.

4.3.  Magnetism of Co(ll) [6, 7, 9, 83, 86 — 88]

Because of the intrinsic orbital angular momentum in the octahedral ground state of Co" [4Tlg(F)],
there is consistently a considerable orbital contribution (especially above 77K), and effective magnetic
moments (uefr) at room temperature are in the range 4.7-5.2 BM falling off appreciably with decreasing T,
i.e. a non-Curie behaviour is observed. Co" centres in real octahedral complexes do not display a strict

octahedral geometry. In distorted octahedral systems, the degeneracy of the 4Tlg state is lifted. If the

14
Page 15 of 92



Edited Feb 6

distortion is tetragonal, the ground state becomes 4A2g and the excited level is 4Eg. Spin-orbit coupling in
these levels results in six Kramer’s doublets, with an M=+1/2 ground state and an M =£3/2 first excited
state (Fig. 1) The separation (2D) between the M=£1/2 and M =x3/2 states can be considered as a zero-
field splitting (ZFS) of the quartet state. The orbital moment has been incorporated, in part, into D.
Hence, the ZFS here is larger, larger than for a metal ion with a quarter ground state and no first order

orbital moment, such as Cr"'. D values up to 100 cm™ have been reported for distorted octahedral Co"

I complexes (-5

complexes. If the magnitude of D for Co" is compared to that found in mononuclear Mn
to +5 cm™), the advantage of using Co" to generate a large magnetic anisotropy is obvious. It is seen in
Fig. 1 that the D parameter for single-ion Co" in a tetragonally distorted octahedral environment will be
positive, since M=+1/2 is lowest in energy. Therefore, the orientation of the axial ZFS tensor on each Co"

atom which is a part of a CC, with respect to the molecular easy axis, is of paramount importance in order

to achieve an overall negative value (Ising type) for the compound anisotropy.

S —
~
4 ~
E - ——
/ g //C//
\\\\
/ \\\\\\_
= S~
i1 =
g -
AN
AN
AN
N\
\\
N - 1
N <l 2D
~
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On Dan D4n and spin-orbit coupling

Fig. 1. The effects of a tetragonal distortion and spin-orbit coupling on the energy levels of high-spin

Co". [6,7]
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From the theoretical point of view, the problem of the magnetic exchange in Co" CCs is a hard
nut to crack. Many of the works dealing with the magnetic properties of Co complexes are based on the
assumption that the exchange interaction between Co" ions has the Heisenberg form, Hex = -2JSaSg, Sa
and Sg being the real spins of the ions (Sa = Sg = 3/2). Although this simple form of the exchange may not
always be entirely adequate for the orbitally degenerate ions, it has been successfully used in the
description of numerous Co" CCs. On the other hand, there is another approach that deals with the
phenomenological effective Hamiltonians describing the interaction between the low-lying Kramer’s
doublets, the so called pseudo-spin-1/2 formalism. Extension of this effective spin model to describe
small CCs at low temperatures is possible, as long as the Co"-Co" exchange interactions are smaller than
the spin-orbit coupling (weak-exchange limit). The exchange coupling between the effective S’=1/2 spins
is anisotropic (Jx, Jy, J;); the Ising limit is reached when J, = Jy, =0 and J, # 0.

The weak-exchange limit presents a different situation to most SMMs based on ions with only

second order spin-orbit coupling, e.g. Mn""

, Where generally the exchange interactions are larger than the
effects of the magnetic anisotropy. In this limit, equation S?|D| is not applicable to the description of the
barrier for magnetization reversal, since it involves the total spin S of the complex, which is no longer a
good quantum number. Thus, in Co" complexes, the anisotropy and the exchange interaction can both
contribute to the height of the barrier. Generally, however, the origin of the SMM behaviour in the weak-
exchange limit is difficult to elucidate. The conclusion is that octahedrally coordinated Co" is a promising
candidate for preparing good SMMs, and there are a few reports in the literature of Co'-based SMMs
(vide infra). Some scientists believe that control over both the sign and magnitude of the magnetic
exchange coupling and the magnetic anisotropy will permit the synthesis of Co'-based SMMs with Tg
values that surpass the current records.

For tetrahedral Co" complexes, the ground state (*A,, e*t,®) acquires angular momentum only
indirectly through mixing with the *T, state by a spin-orbit coupling perturbation. The observed range of

Lesf Values is 4.4. — 4.7 BM, gay = 2.4, S = 3/2. For non-interacting tetrahedral Co", the Weiss constant is

close to zero. For high-spin trigonal bipyramidal and square pyramidal complexes, the behaviour is
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intermediate between those of octahedral and tetrahedral Co". Square planar Co", which is very rare in
CCs, adopts the low-spin state (S=1/2). The average g value is slightly larger than the free-electron value
due to a rather small orbital contribution resulting in a ues range of 2.2-2.7 BM.

5. Cobalt coordination clusters with nuclearities higher than 4

5.1. Cos

There are various motifs present in the Cos CCs. The most common corresponds to two triangles,
either twisted or coplanar (Fig. 2). Thus, the complexes can be numerically described with the NDk-m
symbol 2,4M5-1. This motif was first reported by Englert and Strahle back in 1987 in complex
[Co3"Co,"'(u-OH),(1-NOy)a(acac)s] (1) (FOHWUU) [89], although from 2003 more examples can be
found in the literature which contain the Co nodes in oxidation state Il [90 — 94]. Complex [Co"5(ps-
OH),(u-piv)4(u-L)4(MeCN),] (2) (EKUYUE), where piv_ is the pivalate ion and L™ the anion of 3-
hydroxy-6-(3,5-dimethylpyrazol-1-yl)-1,2,4,5-tetrazine, exhibits rich reactivity chemistry due to the
presence of the labile MeCN groups [90]. It should be mentioned that ligand L™ derived in situ from the

hydrolysis of the initially used bis[3,5-(dimethylpyrazolyl)]-1,2,4,5-tetrazine (Scheme 2).

Fig. 2. The simplified core 2,4M5-1 of complexes 1 — 4 (FOHWUU, EKUYUE, FICSOA, YENKEI).

Colour code: Co" pink
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Scheme 2. The in situ formation of ligand HL (which is subsequently deprotonated) during the

preparation of complex 2.

Complex [Co"s(phenSQ)4(phenCat)s(H,0)] (3) (FICSOA), where phenSQ™ is 1,10-
phenanthrenesemiquinonate group and phenCat® the 1,10-phenanthrenecatecholate ligand, was prepared
by the reaction of [Co"4(phenSQ)s] [95] with 4,5-dichloro-1,2-phenylenediamine in THF under a
dinitrogen atmosphere; its formation is triggered by a dehydration condensation reaction between the
semiquinonate and the o-phenylenediamine [92]. Compound 3 can be considered as a ligand-based
mixed-valence CC. Complex [Co"Co"'s(HL),(H,L),] (4) (YENKEI), where HsL is the interesting ligand
2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol (“Bis-tris”, Scheme 3) was prepared
from the reaction of CoCl, 6H,0, HsL and NaOMe in an 1:1:4 molar ratio in MeOH under aerobic
conditions in a low yield (<10%) [94].

HO
HO OH

HO OH

Scheme 3. The interesting ligand Bis-tris used for the preparation of the mixed-valence cluster 4.

18
Page 19 of 92



Edited Feb 6

A series of pentanuclear cobalt CCs (Fig. 3), including both neutral (Co's) and one-electron
oxidized forms (formally Co",Co""), were synthesized and studied by Peng’s group [96 — 98]. Their
formulae are [Co"s(tpda)sX2] (5) (RENYAK) and [Co",Co" (tpda)sX,](Y) (6) (IGEMEM), where H.tpda
is the pentadentate ligand N,N -dipyridyl-2,6-diaminopyridine (Scheme 4), X = NCS, ClI, N3, CN, CF3SO;
and Y = ClO,4, CF3S0;. The one-electron oxidation products were prepared from the Co''s complexes
either by reactions with Ag” salts or by bulk electrolysis. In all of these complexes, the pentacobalt chain
adopts a symmetrical arrangement and is helically wrapped by four tpda® ligands. Applying our
topological approach [2 — 5, 80], we observe that each terminal metal ion is bound to only one node and
the rest are 2- c.n. , and thus the NDk-m symbol of these families is 1,2,2M5-1. The magnetic
measurements indicate that the neutral and one-electron oxidized molecules have spin states of S = 1/2
and 1, respectively. Theoretical calculations [98] for the Co''s complexes have shown that the bond order

between metal centres is 0.5 with o character.

Co(3) Co(2) Co(1)

o O A @ O

Fig. 3. The simplified core 1,2,2M5-1 of the families of Cos complexes 5 (RENYAK) and 6 (IGEMEM).

N N N N N

Scheme 4. The ligand N,V -dipyridyl-2,6-diaminopyridine that has led to the families of Cos complexes 5

Colour code: Co" pink.

and 6.

19
Page 20 of 92



Edited Feb 6

A third structural motif in the group of Cos complexes is present in the mixed coordination-
organometallic cluster [Cos(CO)(u-CO)(us-S)3(pyS)s(u-pyS)4] (7) (RUQKOD), where pyS' is pyridine-2-
thiolate [99]. The formal oxidation level of the complex is Co'Co",. The five Co centres in the molecule
are in raft topology, where three Cojs triangles are aligned linearly sharing edges (Fig. 4). The NDk-m
symbol of the decorated core of this pentanuclear CC is 2,3,4M5-1. The absence of inorganic sulphur in
the [Co2(CO)g]/NaOH/pySH/Et;NCI reaction mixture in THF implies hydrodesulfurization of pySH [99].
The same motif is present in the pivalate clusters [Co"3Co"'5(js-OH)o(u-OEt) (us-
OEt)(piv)s(pivH)(EtOH)s]  (8) (UMAJAT) and [Co"3Co"y(us-OH)2(p-OEt)a(piv)s(EtOH),]  (9)
(UMAJEX) [100]. The complexes can be described based on a tetranuclear rhomboid core, but a more
natural description is as an incomplete bicapped heterocubane. Complex 8 shows four *H NMR signals in
CDClg, the strongest at -24.1 and 18.1 ppm of approximately equivalent intensity, and two broader peaks
at 0.62 and about 3 ppm. Surprisingly the structurally similar complex 9 (the only change being the
replacement of the terminal pivH group in 8 by one terminal EtOH ligand in 9) displays a different
behaviour. From the spectroscopic study it was concluded that the paramagnetic cobalt aggregates do not
conserve the symmetry observed in their solid-state structures in solution [100]. This has been attributed
to the lability of the Co" ion, which may involve decomposition of the core of the cluster and leading to a

fluxional process involving exchange of ligands.

co(2)

Fig. 4. The simplified core 2,3,4M5-1 of complexes 7 — 9 (RUQKOD, UMAJAT, UMAJEX). Colour

code: Co pink.
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A fourth motif is found in complex [Co"s(poap-H)s](C104)4 (10) (SUXPOQ) [101], where poap-H
is the monoanion of the polytopic ligand shown in Scheme 5. The pentanuclear homoleptic CC involves
five six-coordinate pseudo-octahedral Co" centres arranged at the apexes of a trigonal bipyramid, with
each apical [Co(1) and Co(4) in Fig. 5] metal ion connected to each equatorial metal ion by an alkoxide
bridging atom from each of the six tetradentate ligands. Each ligand actually fills five Co" coordination
positions because of the bridging nature of the deprotonated oxygens. Therefore there is an exact match
between the donor requirements of the five metals (30 coordination sites) and available donors provided
by the ligands (30). The complex can be described with the NDk-m symbol 2,3M5-1. The ues value for 10
drops from 10.6 BM at 300 K (a value consistent with the presence of five high-spin Co" centres) to 2.7
BM at 2 K, indicating significant antiferromagnetic coupling within the pentanuclear cation. The low
value at 2K may indicate that the ground state for this system is S = 1/2. No attempt was made to fit the

data to an isotropic Co'"s thp exchange model.
/ N OH

N—N N——=

\

HoN

Scheme 5. The ligand poapH that is present (in its anionic form) in complex 10.

Fig. 5. The simplified core 2,3M5-1 of 10 (SUXPOQ). Colour code: Co" pink.
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A last, but magnetically more interesting motif, is based on a square pyramidal metallic skeleton.
This was first reported in 2003 in the CC [Co"5(j-OH)(u-OMe)(n-0,CMe)(L)(MeOH),](0.CMe) (11)
(FISLOJ) [102], where L® is the hexadeprotonated pinched conic, anion of p-tert-butylthiacalix[6]arene
which acts as a pentanucleating ligand. In this motif each node is connected to the other four nodes (Fig.

6) and the NDk-m symbols is 4M5-1.

Fig. 6. The simplified core 4M5-1 that is present in complexes 11 — 14 (FISLOJ, GUMNIM, GUMNOS,

GUMNEI). Colour code: Co" pink.

Our group have studied the Co'/pivH/tbdeaH, reaction system, where tbdeaH, is N-tert-
butyldiethanolamine. The systematic investigation of several synthetic parameters led to products [103]
[Co"s(pa-Na)(u-piv)a(piv)(thdea)s(MeCN);] (12) (GUMNOS), [Co''s(ua-Cl)(Cl)(-piv)a(tbdea)s(pivH)o]
(13) (GUMNIM) and [Co"s(us-N3)(CI)(u-piv)s(tbdea)z(pivH).] (14) (GUMNEI) which all have the
simplified core shown in Fig. 6. In 12 the end-on ps-N3™ ligand bridges the square face of the distorted
square pyramidal complex. The ps-N3™ in 12 has been replaced by a p4-Cl™ group in 13, while 14 can be
considered to be a hybrid of structures 12 and 13. It was found that while the chloro-bridged complex 13
does not show an out-of-phase magnetic susceptibility signal, which excludes SMM behaviour, the azido-
bridged compounds 12 and 14 show out-of-phase signals as well as frequency dependence of the ac
susceptibility, as expected for SMMs (Fig. 7). From the fitting of the ymT vs T data, we have proposed an
Mz = £ 5/2 ground state. The U value for 12 is 14 K. Compound 13 possesses an Mz = = 1/2 ground

state and hence no energy barrier. The study highlights the sensitivity of Co" SMMs to the local structure.
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We have also established a physical model, which fits the yuT vs T and M vs field curves of the three
compounds and reproduces the observed SMM trend. The analysis showed that small changes in the

ligand shell modify the magnitude of exchange constants, and affect the J and g matrices in a non-trivial

way [103].
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Fig. 7. Various magnetic data for complexes 12 (curves a-d) and 14 (curves e and f). Complex 14 is likely

a SMM with a blocking temperature (Tg) well below 1.8 K.

5.2. Cog
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The structural chemistry of the Cog CCs is rich. A common motif is that of Fig. 8. It was first
reported [104] in compound [Co'"s(13-OH),(L)1q] (15) (AJITES), where L is the phenylcinnamate ligand.
The molecule contains both octahedral and tetrahedral Co" sites. Topologically, the decorated version of
15 can be considered as the fusion of four triangles or as a half heptanuclear disk (vide infra) with an
extra node. Co(1), Co(2) and Co(3) are 4, 2 and 3-c.n., respectively, and the NDk-m symbol for the
complex is 2,3,4M6-1. It should be mentioned that in Mn chemistry the same motif has been observed in
the [Mn"'s0,(Etsa0)s{O.CPh(Me),}»(EtOH)s] SMM [40] which still holds the record Ues and Tg for a
3d-metal-based SMM. The some motif was subsequently found in mixed-valence Co clusters [105-109].
Q-band EPR spectra and variable-temperature  magnetic  susceptibility  studies  for
[Co"4C0",(0,CR)4(hmp)s](Cl04), [R=Me(16) (JISNUV), Ph(17) (@JISNOP); Hhmp = 2-
(hydroxymethyl)pyridine] provide strong evidence that the Co" centres are antiferromagnetically coupled
[106]. [Co"4C0"',(0,CMe)s(ampd)4(H20)(MeOH)] (18) (SEQPOU) was obtained from the reaction of
Co(O,CMe), 4H,0 and 2-amino-2-methyl-1,3-propanediol (ampdH,) in MeOH [108]. Below 30 K, the
effect of intramolecular ferromagnetic exchange interactions becomes apparent in the ymT vs T curve. The
ferromagnetic coupling was analyzed in terms of an anisotropic exchange model, and inelastic neutron
scattering data are consistent with the proposed model. No peak in the out-of-phase ac magnetic
susceptibility was observed down to 1.8 K. Compound [Co"sCo"5(piv)4(dea),(Hdea),](ClO4), (19)
(PUPWON), where H.dea is diethanolamine, exhibits an overall antiferromagnetic behaviour with a
ground singlet spin state [109]. In 2007, the CC [Co"4C0"5(113-OMe)4(0.CMe)(fsaea)o(NO3)2(MeOH),]
(20) (TICVAD), where Hsfsea is 3-[N-(2-hydroxyethyl)formimidoyl]-salicylaldehyde, was reported
[110]. The magnetic behaviour of 20 is indicative of ferromagnetic exchange interactions between the
Co" atoms. The ferromagnetic behaviour can be understood by the accidental orthogonality [6] of the

magnetic orbitals of Co" atoms derived from the metal topology.
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Co(2) Co(1)

Co(3)

Fig. 8. The simplified core 2,3,4M6-1 that is present in 15 — 20. Colour code: Co pink.
In 2003, the CC [Co";Co"';LY%(OH)(H,0):]Cl, (21) (AMEVOD) where H,L' is N-(2-
hydroxybenzyl)ethanolamine] with a core of quadruple face-sharing defective cubane-like units was
reported. [110] Magnetic studies showed dominant antiferromagnetic interactions among the Co's

moiety. Its topological analysis reveals a binodal cluster with the NDk-m symbol 2,4M6-1.

Fig. 9. The simplified core 2,4M6-1 that is present in 21. Colour code: Co" pink, Co"' mauve.

The “chair” motif of Fig. 10 was first observed [111] in complex [Co"s(Ph,PCH,CH,CO,)12] (22)
(CAWIIT) using the hybrid ligand 3-(diphenylphosphino)propanoic acid. All nodes are 2-c.n. and the
NDk-m symbol is 2M6-1. The same motif is also present in Co",Co"', CCs [112]. However, this
numerical  presentation  corresponds also to  “wheel” motifs [113,114]. Complex
[Co"(OsP'Bu),(chp)s(Hchp)2(H20),] (23) (TIWFOV) was prepared from the reaction of Co(NO3), -
6H,0, 6-chloro-2-hydroxypyridine (Hchp) and tert-butylphosphonic acid (‘BuPOsH,) in MeCN in the

presence of EtsN [114]. The complex contains a centrosymmetric plane of six Co" centers; within the
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asymmetric unit the three metal sites are bridged by a 3.111 phosphonate (Scheme 6). The two halves of
the molecule are held together by two p,-oxygens from a 2.21 chp™ ligand. The asymmetric unit contains
three 2.21 chp” ligands, one 2.11 chp” group and one terminal 1.10 Hchp molecule (Scheme 6). Two Co"
atoms are six-coordinate and the other four 5-coordinate. Terminal H,O molecules are found attached to
the six-coordinate metal sites. The complex shows a steady decrease in ymT as T falls. This is largely due
to single ion effects of Co". The maximum in the curve at ~8 K reflects a non diamagnetic ground state

for 23. An out-of-phase signal was not detected above 1.8 K.

co(1)

g

Fig. 10. The simplified core 2M6-1 that is present in 22—23 (CAWJIT, TIWFOV). Colour code: Co"

pink.
‘Bu \ \
0] 0]
C C
C|) Cl N/ O/ ’ Cl N< /O/ ’
Co/ (I)o Co
3.111 2.11 2.21

Scheme 6. The coordination modes of the bridging ligands in 23 and the Harris notation [11] that

describes these modes.
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Another motif in Cog structural chemistry derives from the linking of two triangles (Fig. 11). This
pattern is found in [Co"g(pa-OH)2(02CPh)1o(PhCO,H).] (24) (DAVYEF) [115] and other complexes [116

—118]. The metal nodes are 2- and 3- c.n. and the NDk-m symbol is 2,3M6-1.

co(1) Co(3)

Co(2)

Fig. 11. The simplified core 2,3M6-1 that is present in 24 (DAVYEF). Colour code: Co" pink.

The next two motifs are similar. Both can be described as two fused (through one edge) tetrahedra
(Fig 12), although in one case there is an extra connection between the two top vertices of the tetrahedra
(Fig 12, left). An alternative description of the latter is as a half wheel in which the sixth metal ion is
placed out of the plane [93, 100, 107, 119]. Numerically, Co(5) and Co(6) are 3-c.n., Co(2) and Co(4) 4-
c.n., and Co(1) and Co(3) are 5-c.n.; thus the NDk-m symbol is 3,4,5M6-1. Typical example of CCs with
this motif is [Co"s(ps-OH)(piv)s(L)s] (25) (SISKUB) [118], where HL is 6-methyl-2-hydroxypyridine. In
the second case (Fig. 12, right), Co(3), Co(4), Co(5) and Co(6) are 3-c.n., while Co(1) and Co(2) are 5-
c.n.; thus the binodal CC can be described as 3,5M6-1 [120]. Typical examples of this motif are the
compounds [C0"4Co0"5(1s-0)2(piv)10(EtOAC),] (26) (UMAJIB) and [Co"4Co"'5(14-O)a(piv)1o(pivH)s]

(UMAJOH) (27) [100].
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Fig. 12. Two related simplified cores 3,4,5M6-1 found in 25 (SISKUB) (left) and 3,5M6-1 found in 26-

27 (UMAJIB-UMAJOH) and related complexes. Color code: Co" pink, Co"' mauve.

MeOH, 140 °C, P

Y

Co', Et;N

H,phenox phendc?

Scheme 7.The observed, Co'"-mediated transformation of H.ophenox to phendc® during the preparation of
28 and 29. The formation of coordinated phendc® is most probably triggered by hydrolysis of Hophenox
to the corresponding dialdehyde, followed by the atmospheric oxygen oxidation of the latter to Hophendc

which is then deprotonated by the base.

Recently, Zeng, Kurmoo and co-workers reported [121] the two structurally interesting complexes
(EtsNH)[Co"s(ue-Cl)(phendc)s] (28) and (EtsNH)[Co"s(us-F)(phendc)s] (29) where Hyphendc is 1,10-
phenanthroline-2,9-dicarboxylic acid. Complex 28 was accidentally obtained by the solvothermal reaction
of 1,10- phenanthroline-2,9-dicarbaldehyde dioxime (Hzphenox) and CoCl, - 6H,O in MeOH under
alkaline (Et3N) conditions (Scheme 7). The X-ray structure of a red crystal of 28 reveals one encapsulated
chloride (CI') ion sitting almost symmetrically in the centre of the six Co" atoms that form a slightly
distorted octahedron. Each Co" adopts a rarely observed pentagonal bipyramidal coordination; the
chromophore is Co"O,N4Cl. The central ps-Cl is weakly coordinated to Co" with unusually long bonds
[Co - Cl =2.702 A]. It is obvious that the chloride acts as a template around which a symmetric CC is
generated. The replacement of the CI" anion with other halides appears to be restricted to the size of the

latter. When the same synthetic procedure was performed, with CoF, 6H,0 instead of CoCl, 6H,0,
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compound 29 with a completely similar structure was isolated. Attempts to prepare the Br” and I’
analogues of 28 and 29 were not successful. Thermal decomposition of the EtsNH" counter ion of 28
leads to complex H[Co"s(ns-Cl)(phendc)s] (30) through a single crystal-to-single crystal (SC-SC)
transformation. The single-crystal X-ray structure of 30 reveals a {Co0"s(ne-CI)}'** core almost identical
with that of 28. The SC-SC transformation is accompanied by a contraction of 10.5% in cell volume from
28 to 30 because of shortening of the distances between neighbouring CCs.

The topological analysis of 28 - 30 (Fig. 13) results in a uninodal cluster, where each node
participates in ten three-membered rings. This motif is very close to an octahedron; however additional
links are provided by the halide templates. The NDk-m symbol of the cluster is 5M6-1. Detailed magnetic
analysis suggests spin-glass behaviour for 28 and 30 at different blocking temperatures of 5.3 and 7.8 K,
respectively [121]. This behaviour is a consequence of the severe magnetic frustration due to the
geometrical arrangement of the magnetic moments. The absence of this behaviour for 29 raises an
interesting question regarding its origin and provides a remarkable example of fine-tuning of frustrated

magnetic properties via host-guest interactions.

|
/

Fig. 13. The simplified core 5M6-1 that is present in 28 — 30. Colour code: Co" pink.

Using the ligand 2,7-bis(a-pyridylamino)-1,8-naphthyridine (H,bpyany, Scheme 8), Lee, Peng and
co-workers prepared and studied [122] the string complexes [Co"s(us-bpyany)s(NCS)2](PFe). (31),

[Co"s(us-bpyany)s(OTH),](OTF), (32), and their one-electron reduced analogues [Cog(Lis-
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bpyany)4(NCS),](PFs) (33) and [Cogs(us-bpyany)s(OTf).](OTF) (34), where OTT is the triflate anion. The
ligand bpyany is a hexadentate analogue of H,tdpa (Scheme 4). Compounds 33 and 34 are air-stable.
Compound 33 displays rich redox chemistry. Its cyclic voltammogram exhibits four reversible redox
couples at Ey, = -0.55, +0.38, +0.91 and +1.18 V (vs Ag/AgCl). All electrochemical reactions involve
one-electron transfer, which has been confirmed by spectroelectrochemistry. Attempts to isolate and
crystallize the two and three-electron oxidation products were unsuccessful. The magnetic data show that
compounds 33 and 34 are in a spin state of S = 1/2, while the Co''s complexes 31 and 32 in a spin state of
S = 1. Extended Huickel Molecular Orbital (EHMO) calculations reveal the sum of Co-Co bond orders for

31 and 33 are 3.0 and 2.5, respectively, in agreement with their magnetic measurements.

= = N =

N

AN AN AN AN
N N N N N

Scheme 8. The ligand 2,7-bis(a-pyridylamino)-1,8-naphthyridine that has led to the Cog complexes 31 —

34.

Compounds 31 - 34 all have roughly D4 symmetry without considering axial ligands on terminal
Co sites. On the basis of structural analysis of the four CCs, the reduction of 32 and 33 occurs on the
delocalized hexacobalt chain. The topological analysis of the complexes (Fig. 14) shows that Co(1) and
CI(6) are terminal nodes, while the rest metal ions are 2-c.n., thus the NDk-m symbol is 1,2,2M6-1.
Col(6) Co(5) Co(4) Co(3) Co(2) Co(1)

o—9© o @ —O

Fig. 14. The simplified core 1,2,2M6-1 that is present in 31 — 34 (LEJGUD, LEJHAK, LEJHEO,

LEJHIS). Colour code: Co" pink.

5.3. Coy
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Two different compounds with a similar motif are present in Co'"; CCs reported by Winpenny’s
group [123,124]. The two compounds [Co";(us-OH).(piv)a(chp)s(Hchp)o.sos(MeCN)oa1] (35) (TAWJIOQ)
and [Co"(us-OH)2(0,CPh)4(chp)s(MeCN)] (36) (LOSXAS) have different formulae although applying
our topological approach the similarity becomes more obvious. The authors have described the metallic
skeleton as a square-based pyramid capped on one triangular face and on adjacent edge by two further
Co" centres. Numerically, complexes 35 (Fig 15) and 36 have a NDk-m symbol 3,3,4,5,5M7-1. The two
compounds can be derived from the structure of the mineral Co(OH),, allowing for some distortion in the

lattice.

Co(1)
Co(5)

Co(7)

Co(6) Co(2)

Co(4)

Co(3)

Fig. 15. The simplified core 3,3,4,5,5M7-1 of 35 (TAWJOQ). Colour code: Co" pink.

The second motif in Co; chemistry is shown in Fig 16. Complex [Co"(u4-0)2(0,CMe)g(NCO),-
(HNPEt3)4] (37) (LILQIG) was prepared from the reaction of Co(O,CMe), with MesSiNPEt; at 180 °C
and subsequent crystallization from Et,O [125]. The complex is a blue, moisture-sensitive material. The
core can be described as two {Co"4(1s-0)}°* tetrahedra sharing a common apex. The Co'" atoms adopt
three different coordination geometries: tetrahedral, tbp and octahedral. From the topological point of
view, Co(2), Co(3) and Co(4) are 3-c.n., while Co(1) is 6-c.n.. Thus the binodal complex can be
represented as 3,6M7-2. The same motif is also found in complex [Co";(us-OH),(bhge)s(H-0)s] (38)
[126]. The CC was obtained through the solvothermal generation of 1,2-bis(8-hydroxyquinolin-2-
yl)ethane-1,2-diol (H4bhge) from 2-(hydroxymethyl)quinolin-8-ol (H,hmq), by an in situ C-C coupling
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reaction in EtOH also containing Co(NO3), 6H,0 and Et;N (Scheme 9). The key factor of the structure

is that the average value of the Co"-O(R)-Co" angle is ~95°, and this leads to ferromagnetic coupling and

SMM behaviour (Tg = ~3 K)

e N
/ /
co', [0] ‘
N N °
-H /
H,hmg - Co. /2
COII

5.133111 bhge*

Scheme 9. The proposed simplified mechanism that leads to the ps-bhge® ligand that is present in 38.

co(3)

Co(4) co(t)

Co(2)

Fig. 16. The simplified core 3,6M7-2 that is present in compound 37 (LILQIG). Colour code: Co" pink.
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The third motif is present in the cation [C0"3C0" 4(1is-0)3(us-O)(piv)s(Hpiv)(H20)s(MeCN),]*
(39) (UMAKAU) [100] which consists of a {Co'"',04}** heterocubane and three Co" caps on three of the
oxide atoms. The caps are five-coordinate, while the cubane sites are six-coordinate. The electrospray
mass spectrum (positive ion) of the salt containing the cation 39 gives a single peak at m/z 1507; this
comes from a heptanuclear fragment of the cation [M" - 2piv - 2H,0 - 2MeCN]. The CC presented in 39

has the NDk-m symbol 3,5,6M7-1, see Fig. 17.

Co(12)

\ Co(11)
co(8)

Fig. 17. The simplified core 3,5,6M7-1 that is present in the cation 39 (UMAKAU). Colour code: Co"

pink, Co"' mauve.

A rather peculiar motif is present in the heptanuclear complex [Co"7(us-OH)o(u-
Ch2(piv)2(L)4Cly(MeCN)4] (40) (EKUZOZ) [90], where HL is 3-one-6-(3,5-dimethylpyrazolyl-1-yl)-
1,2,4,5-tetrazine. In the structure of the complex two {Co"Cl,(MeCN)} units are attached to the main
Co'"s skeleton (Fig. 18) through coordination to the carbonyl oxygen atom of L. Thus, there are no
monoatomic bridges that link the {Co"Cl,(MeCN)} units with the main core and the numerical

representation of this CC is 2,4M5-1(0),.
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Co(4)

Co(3)

Co(1)

Co(2)

Fig. 18. The simplified core 2,4M5-1(0), that is present in 40 (EKUZOZ). Colour code: Co" pink.

Table 1

Chemical formulae, selected structural features and magnetic summary for wheel-shaped or disc-like Co;

clusters comprising a central Co ion (Co+Cog) with symbol 3,6 M7-1.

Complex? uz-X bridge  Co-(uz-X)-Co(°)  Co-(u-¥)-Co®“(°)  Magnetic  Ref.
behaviour

[Co™(OMe)3(Ns)o(bzp)s]> (41) MeO’, N3~ 93.2-95.3 99.1 F/SMM  [127]
[Co'"(N;)s(hdeo)s]?* (42) N3 96.2 — 98.6 107.5 F/SMM  [128]
[Co'"-(OMe)s(immp)e]**(43) MeO 95.4 —99.0 102.9 F [129]
[Co"7(OH)e(LY)e]** (44) OH 96.4 —98.6 102.6 F [130]
[Co'"-(OMe)e(LY)e]? (45) MeO 94.4 - 98.2 102.7 F [130]
[Co"/(Na)s(LYe]* (46) N3 94.9-98.8 104.2 F/SMM  [130]
[Co"éCo"(thme),(piV)sBr.] (47) RO 95.2 - 101.2 85.1 F [131]
[Co";C0",(OMe)s(L?)s] (48) RO 89.4-101.5 103.9 F [132]
[Co"sCo"'3(HL®)6(NO3)s(H,0)s]"(49) RO 95.3-97.7 105.2 F/SMM  [133]
[Co",C0"'3(0,CMe)s(dea)s]*(50) RO 94.4-97.9 106.8 F [134]

2 Counterions and solvate molecule have been omitted.

® R is a part of the polydentate ligand.
° Mean value.

9 is most often a bridging donor atom coming from the polydentate ligand.

Abbreviations : bzp, 2-benzoylpyridine; H,dea, diethanolamine; F, ferromagnetic exchange interactions;
Hdeo, 2-hydroxy-[1,2-di(pyridinyl)ethane-1-one; Himmp, 2-iminomethyl-6-methoxy-phenol; HL!, 2-
methoxy-6-[(methylimino)methyl]phenol; HL? 1,1,1-trifluoro-7-hydroxy-4-methyl-5-aza-hept-3-en-2-
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one; HsL®, 2-amino-2-(hydroxymethyl)propane-1,3-diol; SMM, single-molecule magnet; Hsthme, 1,1,1-
tris(hydroxymethyl)ethane.

The planar Co; disc is the most magnetically studied structural type in Co"-based SMMs. The
molecules, cations or anions possess a wheel-shaped structure comprising a central Co ion, linked to six
peripheral Co ions by atoms provided by six ps-X bridges. Each us-X group bridges the central Co ion
with two peripheral metals (and also a pair of them on the rim). The six metals on the ring are held
together by organic ligands and six X groups. The metallic skeleton describes a centred hexagon of six
edge-sharing triangles. The skeleton can also be regarded as six defective cubanes (cubanes missing the
fourth metal vertex) arranged in a circular manner, each sharing two faces. Simplifying the core, each
peripheral metal ion is a 3-c.n., while Co(1) is connected to all peripheral Co atoms being a 6 — c.n. Thus
the binodal cluster has the NDk-m symbol 3,6M7-1.

The Co; discs have been synthesized with a variety of ligands and different in oxidation states
(Co";, co"sCa", Co",Co"'; and Co"3Co0™,). Since most of the Co; CCs with the wheel-shaped topology
have been recently reported [127-134], we have listed the structurally and magnetically characterized
complexes of this type in Table 1 for a convenient comparison of their formulae and pertinent magnetic
data; an analogous summary has been reported by Kurmoo and co-workers [27].

It should be mentioned at this point that the wheel-shaped or disc-like structural motif observed in
the complexes of Table 1 is not confined to Co chemistry; it has also been observed in other heptanuclear
3d-metal CCs, most of which are mixed valent [71, 135 — 138], but also as a structural subunit in an 1D

{Co",C0"';}, coordination polymer [108].
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Co(3)

Co(2)

Fig. 19. The simplified core 3,6M7-1 that is present in Coy discs.

Perusal of Table 1 shows that only four, out of the ten structurally and magnetically characterized
Coy clusters, belonging to the wheel-shaped group have SMM properties [139]. Whether slow magnetic
relaxation is observed and to what extent appears to be very sensitive to the overall composition, structure
and symmetry of the Coy unit. Since Murrie has recently reviewed the SMM properties of Co; discs in an
excellent manner, we refer the interested reader to this tutorial review [7]. We devote here a few
sentences on the interesting SMM properties of complex [Co",Co"'s(HL®)s(NO3)3(H20)s](NO3), [133]
containing the cation 49 (Table 1), where HsL® is 2-amino-2-(hydroxymethyl)propane-1,3-diol (“tris”,
Scheme 10). The magnetic data can be understood by considering ferromagnetic coupling of the four
effective spin S’ = 1/2 carriers, leading to an effective S’ = 2 ground state. Single-crystal magnetization vs
applied field hysteresis loops show magnetic hysteresis below 0.5 K, which is temperature and sweep rate
dependent, confirming SMM behaviour. The coercive field is very small, no doubt due to the very fast
tunnelling. Due to weak intermolecular interactions, the first step in the hysteresis loop (attributed to
guantum tunnelling) is shifted £ 30 mT from zero field. This suggests a very small antiferromagnetic
exchange bias between cations at about 30 mT. The closest intercluster Co Co distance is just over 10 A,
However, there is a H-bonding interaction between the free OH groups of the tris ligands on adjacent

cations 49 [7].
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OH

HO OH

NH,

HL,

Scheme 10. The “tris” ligand used for the preparation of the salt containing the cation 49.

5.4. Cog

Oxidation of Co(O,CPh), in MeCN with aqueous H,0, leads to a dark emerald-green solution
from which [Co"4C0"'4(14-0)4(0,CPh)12(MeCN)3(H20)] (51) (LETYOY10) can be isolated. The
molecule has idealized Ty symmetry [140]. The structure consists of a central {Co"';0,}*" cubane unit,
with each ps-O® ion becoming 4 by attachment to a Co" centre to give a {Cog(pa-O)s}'2* core; the
cubane unit is thus bridging the four Co" atoms. As seen in Fig. 20, the clusters are binodal with the NDk-
m 3,6M8-1. 'H NMR spectra recorded in (CD3),CO, CD,Cl, or CDsOD show only one set of
paramagnetically-shifted benzoate resonances suggesting effective T4 solution symmetry and retention of
the core on dissolution [140]. The same structural motif, but with no linking of the internal Co,4 unit with
the external metal ions is present in other Cog CCs [141-143]; the topology remains the same but has a
NDk-m symbol 3M4-1(0)4. For example, dihydroxyfumaric acid, HOOC-C(OH)=C(OH)-COOH, in the
presence of Co(O,CMe), in aqueous solution, undergoes a sequence of oxidation and benzilic acid
rearrangement to give complex [C0"s(C407)4(H20)12] (52). The ligand is the trisubstituted methoxide ion
“OC(COy)s, a previously undocumented oxyanion of carbon, which generates the cubane inner core of a
highly symmetrical octanuclear complex [142, 143]. Besides providing the pz component of the cubane
unit, the C40;* provides a carboxylate donor for each of the three Co" centres bridged by its alkoxide
centre, i.e. it acts as a “three-strap cubane-generating ligand”. The geometry of the Co' atoms within the

cubane is trigonal prismatic, whereas the four outer sites are distorted octahedral. This complex displays
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frequency dependent out-of-phase signals in the ac susceptibility to 1500 Hz, revealing a U value of

20.5K [143]; not all molecules in the sample are undergoing the same relaxation process.

Fig. 20. The simplified core 3,6M8-1 that is present in 51. Colour code: Co" pink, Co"' mauve.

The second motif found in Cog chemistry corresponds to compound [Co"50,(L)s] (53) (XESKIP)
reported by Saalfrank et al in 2001 [144], where L is a bis-bidentate ligand depicted in Scheme 11. The
topological representation of this compound can be considered as a join of two tetrahedra with the NDk-m

symbol being 3,4M8-1.

Fig. 21. The simplified core 3,4M8-1 that is present in 53 (XESKIP). Colour code: Co" pink.
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Scheme 11. The ligand L used for the preparation of compound 53.

The third motif within the Cog family of CCs can be found by decoration of complex [Co'"s(ps-
OH)4(u-OH)(piv)s(L)2(Hpiv)4(H20),] (54) (LICYOM) [107]. The complex was prepared from the 2:2:1
reaction  between  2,4,4,55-pentamethyl-4,5-dihydro-1H-imidazole-1-oxyl ~ (Im-Me), 2,4,4,5,5-
pentamethyl-4,5-dihydro-1H-imidazole-3-oxide-1-oxyl (NIT-Me) and [Co",C0",0(piv)1o(THF)s(H,0)]
[118]. An impressive, metal-ion mediated transformation of the organic radicals used to L™ takes place
during the reaction (Scheme 12). The polymetallic matrix serves for fixation and kinetic stabilization of
the resulting ligand. The simplified metallic core of 54 is shown in Fig. 22. Co(4) is 2 — c.n., Co(1) and
Co(2) are 3 — c.n. and finally Co(3) is 5-c.n., and thus the tetranodal cluster can be presented as

2,3,3,5M8-1.

Fig. 22. The simplified core 2,3,3,5M8-1 that is present in 54 (LICYOM). Colour code: Co" pink.
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”\ %
“\.

n-heptane [Co",Co"',0,(piv)1o(THF)3(H,0)]

Z—»0

w/\o/’\l Nco
N

Scheme 12. The transformation of the organic radicals Im-Me and NIT-Me into the coordinated ligand L

during the preparation of 54.

In 1966, Blake reported the synthesis of [Co'"s(1s-0)2(piv)12] (55) (ZZZWQS) [145]. The

decorated motif can be considered as an octahedron capped by two further Co" atoms at two opposite

faces (Fig. 23). Topologically, Co(2) is 3 — c.n. and Co(1) is 5 — c.n., therefore the binodal cluster can be

represented as 3,5M8-1. This motif is also found in other compounds [146-148], for example in [Co"g(ui-

0)2(0.CN'Pr,)15] (56) (MOGWEK). Mass spectral data indicate an exceptional stability of 56 in toluene

[148].
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Fig. 23. The simplified core 3,5M8-1 that is present in 55 (ZZZWQS) and related complexes. Colour

code: Co" pink.

Reaction of “cobalt(III) acetate” [149] and NH4PFs in MeOH over one week at room temperature
gave dark green (NH4)[Co"s(1-OMe)15(02CMe)s](PFs) (57) (PAQFAQ) [150]. The molecule has a

highly symmetric toroidal shape. The Co"

atoms are situated at the vertices of a near regular planar
octagon. Each pair of metal ions is bridged by a 2.11 MeCO; ligand and two stereochemically distinct
2.1 methoxy ligands, one MeO" on either side of the Cog plane. The NH," ion is situated at the centre of
the molecule, with the nitrogen atom in the Cog plane. Topological analogues of 57 have been reported in

the chemistry of other 3d-metals, e.g. V'V/V [151] and Cu" [152]. Each Co" is a 2-c.n. and the NDk-m

symbol is 2M8-1 see Fig. 24.

Co(4)

Co(3)

Fig. 24. The simplified core 2M8-1 that is present in 57 (PAQFAO). Colour code: Co"' mauve.

Addition of aqueous H,0, to a solution of Co(O,CMe), 4H,0 and 1,2-bis(2,2’-bipyridyl-6-
yl)ethane (L, Scheme 13), followed by addition of LiClO,, allows isolation of [Co"4Co"4(1s-OH)a(j14-
0)4(0,CMe)s(L)2](ClOy), (58) (TOKDOM) [153]. The core comprises three face-sharing cubane units,
and magnetic susceptibility studies confirm the paramagnetic nature of the compound and the presence of
high-spin Co" atoms. Simplifying the metallic skeleton (Fig. 25), Co(1), Co(2), Co(7) and Co(8) are 4 —
c.n. while the rest are 6 — c.n.; thus the binodal cluster can be presented as 4,6M8-1. A similar core is
found in [Cog(us-O)4(13-OMe)4(OH,)4(02CMe)g] (59) (RUQTAY), where n = 1 or 2 [154]; the X-ray

structure of the latter is of poor quality.
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L

Scheme 13. The ligand L used for the preparation of 58.

Co(4)

Co(3)

Co(7)
Fig. 25. The simplified core 4,6M8-1 that is present in 58 (TOKDOM). Colour code: Co" pink, Co"
mauve.

Complex [Co"s(L)4(EtOH)s] (60) (VEHMAX) was prepared from the reaction of Co(O,CMe), -
4H,0 and H4L (Scheme 14) in EtOH/CHCIs. All Co" centres are five-coordinate [155]. The discrete
octanuclear structure is present in MeOH/CHCI; as confirmed by ESI mass spectroscopy. The ymT
product shows a continuous decrease with decreasing T, suggesting antiferromagnetic exchange
interactions between the Co'" atoms. The magnetic susceptibility obeys the Curie-Weiss law above 40 K
with a Weiss constant 8 of -39 K and a Curie constant of 19.7 cm®Kmol™. For the topological description
Co(1), Co(2), Co(3) and Co(4) are 2 — c.n. while the rest are 4 — c.n., and thus the NDk-m symbol is

2,4M8-1, see Fig. 26. The same motif is found in a 3D Co" coordination polymer reported recently [156].
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OH (e} OH
HO HO

H,L

Scheme 14. The ligand H4L used for the preparation of 60.

Co(3)

Fig. 26. The simplified core 2,4M8-1 that is present in 60 (VEHMAX). Colour code: Co" pink.

A final motif in Cog chemistry is depicted in Fig. 27. It has been observed in the anionic CC
[EtsNH] [Co'"3(03PPh)a(chp)1o(NO3)s(Hehp),] (61) (SAVBAT) isolated from the Co(NOs), 6H,0 /
Hchp / PhPOsH, / EtzN reaction mixture in MeCN [114, 157]. The structure is irregular. Two
phosphonate P atoms and four Co" atoms lie on the vertices of a central trigonal prism. The final four Co"
atoms lie above the triangular faces of the prism. The phosphonates both show the 4.211 coordination
mode. The decorated core of 61 has four 2 — c.n., [Co(1), Co(4), Co(6) and Co(8)], two 3 — c.n., [Co(2)
and Co(7)], while Co(3) and Co(5) are 4 — c.n. The NDk-m symbol is 2,3,4M8-1. The EtsNH" cation
forms a H bond to the chelating nitrato groups from neighbouring {Cog} cluster anions, leading to a 1D
chain forming in the crystal. The ac data are unusual, displaying frequency-dependent maxima in both y’y

and y’’w between 4 and 6 K, although the y’’\ signal is around one-tenth of the height of y’m. This
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suggests that only a fraction of the magnetization is relaxing slowly [7]. The in-depth analysis [114]
suggests that some Cog-based samples (there are some differences from sample to sample) are better
described as unusual examples of single-chain magnets. Compound 61 would have a higher energy
barrier than that of the Mn"'s SMM [40] if the slow relaxation was due to a component of the crystal
which is a SMM. This illustrates a “classical” problem in SMM research: the complication provided by
intermolecular interactions. Excluding these interactions and the possibility that single-chain magnets are

being formed will require better control of crystal packing than can currently be achieved.

co(7) Co(6)

Co(5)

Co(8)

Fig. 27. The simplified core 2,3,4M8-1 that is present in 61 (SAVBAT). Colour code: Co" pink.

5.5. Cog

The simplified core shown in Fig. 28 was observed in complexes [Co"g(n:ps
X)2(0,CMe)g{(py).CO2}4] [X=0OH, 62 (JAXSOQ); X=N3, 63 (IBEZIY)], prepared and studied by a
collaboration between the groups of Escuer and one of the authors of this review [158, 159]. The
(py).CO-* ligand is the dianion of the gem-diol derivative, (py),C(OH)., of di-2-pyridyl ketone, (py),CO
(Scheme 15) [69 — 71]. Complex 62 was prepared [158] from the 2:1 reaction of Co(O,CMe), 4H,0 and
(py)2CO in refluxing MeCN. Complex 63 was prepared from the reaction represented by Eq. (2)

[159,160] :
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DMF
[Co''g(n":p4-OH),(0,CMe)g{(py),CO}4] + 2NaNj;

Y

[Co'g(n":p4-N3)2(0,CMe)g{(py),COs}4] +2NaOH (2)

The above reaction is just an example of our general strategy [160 — 163] to increase the ground state S
value of 3d-metal CCs. This strategy involves substitution of bridging hydroxy ligands, which most often
propagate antiferromagnetic exchange interactions, by end-on (n*:p, x=2,3,4) azido ligands which are

good ferromagnetic couplers for a wide variety of M-N-M angles.

Fig. 28. The simplified core 4,8M9-1 that is present in 62 (JAXSOQ) and 63 (IBEZIY). Colour code:

Co" pink.

The X-ray structures of the complexes reveal that the nine Co" atoms adopt a topology of two
square pyramids sharing the common apex [Co(1)]. Each base is capped by one n':ps-X group (X=OH,
Ns3). The oxygen atoms of the 5.3311 (py),CO,* ligands are placed in the centre of the triangular faces of
the pyramids, and bridge the central Co'" atom with two Co" atoms of the base of each pyramid. A salient

feature of the structures is the coordination number 8 of the central metal, which is extremely rare in Co"
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chemistry [9, 82-85, 164]. The complexes are binodal with the NDk-m symbol 4,8M9-1. Complex 62
exhibits an overall antiferromagnetic coupling, which is associated to dominant antiferromagnetic
exchange in the Co'", square bases of the CC giving a total S value in the ground state equivalent to one
isolated local spin. In contrast, the data for 63 are associated to ferromagnetic coupling mediated by the
end-on azido bridges giving a total ground-state S value of seven times that of the local spins (assuming
antiferromagnetic coupling between the central Co" atom and the Co" atoms in the two squares), leading

to a ferrimagnetic system.

(py)2CO 5.3311 (py),CO,*
Scheme 15. Di-2-pyridyl ketone (left) and the coordinated dianion (with the Harris notation) (py),CO,*

(right); the latter is present in compounds 62 and 63.

A second core motif found in Cog chemistry was reported by Ovcharenko’s group in 2007 [107].
The simplified core shown in Fig. 29 is found in various solvated forms of complex [Co'"g(us-
OH),(piv)12(L)2] (64) (LICYUS), where L’% is the dianionic ligand shown in Scheme 16 and generated
in situ from the reaction of [Co",Co"',(piv)1o(THF)3(H-0)] [118] and NIT-Me (Scheme 12). The

enneanuclear decorated core consists of 2-, 3- and 6-c.n., with the NDk-m symbol is 2,3,3,6M9-1 .
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Co(5)

Col(4)

Fig. 29. The simplified core 2,3,3,6M9-1 that is present in 64 (LICYUS). Colour code: Co" pink.

Scheme 16. The in situ formed L’* during the preparation of 64.

In 2001, the synthesis and X-ray structure of another enneanuclear Co'/piv. complex were
reported. The decorated core of [Co"g(ns-OH)s(piv)12(Me2CO)4] (65) (MUFTEM) [165] is shown in Fig.
30. The CC is trinodal with the NDk-m symbol 2,3,8M9-1. The core of 65 is similar to that of complexes

62 and 63.

Fig. 30. The simplified core 2,3,8M9-1 that is present in 65 (MUFTEM). Colour code: Co" pink.
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The reaction of “Co(OH),” with two equivalents of Hchp at 130 °C under N, gave a paste, which,
after drying in vacuum, could be crystallized from EtOAc to give pink crystals of [Co"s(chp)is] (66)
(ROJFUR) [166]. The cage has crystallographic Dzg symmetry and the central cobalt [Co(1) in Fig. 31]
lies on both a 3-fold axis [which also passes through Co(3)] and a 2-fold axis. The molecule contains four
adamantane units. Two of them share Co(1) as a common vertex; two additional units share the basal
planes [Co(2) and symmetry equivalents] with Co(3) [and symmetry equivalent] as vertex. The decorated
core of 66 can be considered as two trigonal pyramids sharing on a common apex. The trinodal CC found

in 66 can be represented as 3,4,6M9-1.

Co(3) co(1)

co(2)

Fig. 31. The simplified core 3,4,6M9-1 that is present in 66 (ROJFUR). Colour code: Co" pink.

In 2009, the group of Tao reported the remarkable mixed-valence CC [Co"sCo"4(us-
CD(HL)4(L)4CI]-(67) (IGOYAF) [167] where HsL is (E)-2-2((1,3-dihydroxy-2-methylpropan-2-
ylimino)methyl) phenol. The complex was prepared using Co(OAc), - 4H,O under solvothermal
conditions in EtOH at 140 °C for 24h in the presence of SmClz 6H,0. The molecule contains a square
pyramidal Co'"s unit with a motif similar to that reported for 13 [103], formed through ps-Cl” and ps-
alkoxy bridges. The pentanuclear unit is surrounded by four peripheral Co"" atoms at the basal plane of
the square pyramid through p-alkoxy atoms. The coordination modes of the HL? and L* ligands are

illustrated in Scheme 17. Numerically, the core of 67 can be described as a trinodal cluster with the NDk-
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m symbol 1,45M9-1, see Fig 32. The Co" Co" exchange interactions within the Co's unit are both

ferro- and antiferromagnetic (D = +6.0 cm™, g = 2.30) [167].

b o

\Co”
o) ~
\Co” O\Cou
22111 HL* 43211 L%

Scheme 17. The coordination modes of HL? and L in 67 and the Haris notation that describes these

modes.

Co(3)

Fig. 32. The simplified core 1,4,5M9-1 that is present in 67 (IGOYAF). Colour code: Co" pink, Co"

mauve.

5.6. Coqg

In a now classical paper on the structural chemistry of Co and Ni CCs [168] the group of
Winpenny reported-amongst others- the decanuclear complexes [Co"io(p3-OH)s(O2CPh)7(mhp)e-
(Hmhp)3CI(MeCN)] (68) (TOTYIK), [Co"10(us-OH)s(piv)-(mhp)s(Hmhp)CI(MeCN)3] (69) (HUDQUS)

and [Co"1o(a-OH)4(piv)s(chp)1o(EtOH),] (70), (HUDRIH) where Hmhp is 6-methyl-2-pyridone. In 68
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and 69 the ten metal ions describe a centered-tricapped-trigonal prism. The molecules contain six pz-OH"
ligands around the central Co", and the exterior is coated with pyridonate and carboxylate ligands.
Compound 70 contains a metal core based on an incomplete centred-tetraicosahedron; it can also be
described as a centred-pentacapped trigonal prism missing two edge vertices. Compounds 68 and 69
possess a similar decorated motif (Fig. 33, left), while 69 possesses a slightly different motif (Fig. 33,
right). Compounds 68 and 69 can be described as trinodal clusters with the NDk-m 4,5,9M10-1, while
compound 70 is a five — nodal cluster with the NDk-m symbol 3,4,5,5,9M10-1. The same motifs are
observed in other Co'"yo clusters [119,170], e.g. [Co"10(113-OH)s(0-MeBz)7(chp)s(n-CsH;0H)s] (0-MeBz)
(71) (AHOZOM) and [Co'"14(ps-OH)s(p-'BuBz)s(mhp)s(Hmhp).(MeCN),] (72) (AHOZUS) [169], where

0-MeBz" is 2-methylbenzoate and p-'BuBz is 4-tertbutylbenzoate.

Fig. 33. The simplified core of 68(TOTYIK), 69 (HUDQUS) and 71 (AHOZOM) (4,5,9M10-1, left) and

70 (HUDRIH) and 72 (AHOZUS) (3,4,5,5,9M10-1, right). Colour code: Co" pink.

A somewhat similar motif is observed in [Co"sC0"'(3-OH)s(HCO3)3(02CCPhs)s(mhp)s(Hmhp)s]
(73) (MARGIV) [171]. X-ray analysis reveals a centred-tricapped-trigonal prism which lies on a
crystallographic Cs axis; however, the capping metal ions are found on the edges of the prism rather than
the faces, as in the structures of 68, 69 and 71. At the centre of the cage there is the Co'"' site. The

requirement for formation of HCOj3;™ (from atmospheric CO,) explains the long crystallization times (4
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months) and low yield (~5%) of this reaction. Another description of the decorated core (Fig. 34) is a as

" site, while three Co" atoms [Co(3) and symmetry equivalents] are each

two tetrahedra sharing the Co
attached to the common apex and two metal ions belonging to two different tetrahedra. Finally, the

trinodal cluster has the NDk-m symbol 3,4,9M10-1.

Fig. 34. The simplified core 3,4,9M10-1 that is present in 73 (MARGIV). Colour code: Co" pink, Co"

mauve.

The next motif in Coyo chemistry has been observed in complex [Co"1o(piv)1a(L")2(L")2(Hpiv),]
(74) (LICXOL) [107], another product from the fertile [Co",Co"2(piv)1o(THF)3(H20)])/Im-Me (Scheme
12) reaction system. L°% is the in situ formed ligand shown in Scheme 16, while the structural formula of
L’ (also formed in situ) is illustrated in Scheme 18. The decorated core of 74 (Fig. 35) can be considered
as a fusion of six triangles, sharing alternately three edges and two nodes. The CC has the NDk-m symbol

2,3,3,4M10-1.

L"-

Scheme 18. The in situ formed ligand L’ during the preparation of 74.
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Co(4)

Fig. 35. The simplified core 2,3,3,4M10-1 that is present in 74 (LICXOL). Colour code: Co" pink.

If ethylenediphosphonic acid reacts with Co(BF4), 6H,0 and Hchp in the presence of EtsN in
MeCN, the decanuclear complex [Co"1o(s-OH)2(O3PCH,CH,PO3)(chp)s] (75) (TIWGIQ), can be made
[114]. The 10 Co" and 2 P sites of the molecule lie on the vertices of an octahedron that is capped on 4
faces and 2 edges. Both PO3* end groups of the diphosphonate show a 5.211 binding mode, but two Co
sites are bound at both PO5*" groups. The overall binding mode of the diphosphonate is 8.221221. The
binding mode of the chp ligands is variable. Of the seven crystallographically unique chp™ groups, five
show the 2.21 mode, one the 3.21 mode and one the chelating 1.11 mode. The decorated core of 75 can be
described (Fig. 36) as a four-nodal complex with the NDk-m symbol 2,3,4,5M10-1. The compound shows

a steady decrease in yuT as T falls.

Fig. 36. The simplified core 2,3,4,5M10-1 that is present in 75 (TIWGIQ). Colour code: Co" pink.

Solvothermal reaction, in 1:1:1 ratio, of [Co"(dmp).(H.0),] (Hdmp=dipivaloylmethane), Hstmp

[1,1,1-tris(hydroxymethyl)propane, EtC(CH,OH)3] and adamantyl carboxylic acid (AdCO,H) in MeOH
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at 150 °C yields [Co"1o(ne-0)(02CAd)(tmp)a(dpm)s(AdCO,H)os(MeOH)s5(H20)15] (76) (LOKZIV)
[172] The core consists of four edge-sharing {Co"4(us-OR)4}*" cubane units centred around a pg oxide.
The metal ions define a tetrahedron with each {Cog} face bound by a fully deprotonated tmp* ligand
(6.333 binding in Harris notation) and diketonates chelating the vertices. The structure is sensitive to
changes in ligands and solvents. The use of the more constrained, cyclohexane-based triol Hscht (cis,cis-
1,3,5-cyclohexanetriol), in place of Hatmp, results in the distorted {Coy} cage [C0"o(ue-O)(uis-
OH)(O,CAd)3(cht),(dpm)4(Hcht)o(EtOH)3] (77) (LOKZOB) [169]. In this case, one of the four edge-
sharing cubanes has a missing edge and the supertetrahedron has an opened face. Adopting our
topological approach, the two compounds are decorated binodal CCs with the NDk-m symbol 3,7M10-1,
see Fig. 37. However, this motif has a different numerical representation compared to Mnyg
supertetrahedron motifs [2,3] due to the presence of a pg-O® group in the Co';y complexes, which offers
three additional links (blue lines in Fig 37). Complex 76 exhibits unusual magnetization dynamics (slow
magnetic relaxation at temperatures up to 12 K have been detected) associated with the regular
supertetrahedral {Mnyo} structure, supporting a model [173] proposed by the same authors (Mclnnes’
group) for a completely analogous supertetrahedral Ni'yo cluster to account for slow relaxation in the

absence of any significant energy barrier from either high anisotropic spins or intermolecular interactions.
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Fig. 37. The simplified core 3,7M10-1 that is present in 76 (LOKZIV)and 77 (LOKZOB). Colour code:
Co'" pink.

5.7. Cons

Undecanuclearity is extremely rare in Co chemistry and only two examples have been reported
[114]. The Co(BFs), 6H,O/FPOsH,/Hchp/EtsN reaction system in MeCN has led to [Co'pi(us-
F)(PO,)(chp)1s] (78) (TIWGAI). The fluorido ligand presumably derives from either BF,” or FPO5*, and
the phosphate from hydrolysis of FPOs>. The identity of 77 led to an examination of the Co(BFa),
6H,0/H3PO4/Hchp/EtsN reaction system in MeCN, which gave the isostructural compound [Co"11(us-
OH)(POy)(chp)1g] (79) (TIWGOW); reaction with pyrophosphonic acid (H,O3POPO3zH;) instead of
phosphoric acid also led to 79. The structures have approximately 3-fold symmetry. They contain a
central PO4>, showing a 9.3222 binding mode. The nine Co" centres bound to the phosphate form a
triangle bound to the p3-O atom of the phosphate above six Co" centres with a “chair” conformation; this
array could be considered an icosahedron missing one triangular face. The 10" and 11™ Co" centres cap
the triangle and chair, respectively. The CCs possess the decorated motif depicted in Fig. 38. Compounds

78 and 79 are four-nodal clusters with the NDk-m symbol 2,3,3,4,4,5M11-1.

Co(10)

Co(11)
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Fig. 38. The simplified core 2,3,3,4,4,5M11-1 that is present in 78 (TIWGAI) and 79 (TIWGOW).

Colour code: Co" pink.

5.8. Cop

In 1983, Garner and co-workers reported the synthesis and characterization of the dodecanuclear
CC [Co"12(n3-OH)s(0,CMe)s(mhp)12], (80) (BUTKOQ) [174]. The decorated core of 80 is shown in Fig.
39 (left). The trinodal complex has the NDk-m symbol 3,5,5,9M12-1. A comparison of the decorated
cores of 80 and the decanuclear Co" complexes 68, 69 (Fig 39, right) shows that the core of 80 can be
derived from the core of 68 and 69 by adding the Co(2) and Co(3) nodes in the former, which can be
proved by a graph comparison through TOPOS. Since the three CCs contain the OH/RCO,/mhp
bridging donor set, it seems that use of bulkier carboxylates (piv’, PhCO, vs MeCO,") leads to a lower
nuclearity in this specific reaction system. Moreover, the comparison of the Point Symbols
(4%),(3°.4% 5)6(3%.4%)3(3'°.4% 5% [80] and (3°.4)(3%.4%)5(3".4™°.5°) [68,69] for the two types of complexes,

without any assistance of a core scheme, clearly provides a strong evidence that the two cores are related.

Fig. 39. The simplified core of 3,5,5,9M12-1 of 80 (BUTKOQ) (left), and 4,5,9M10-1 of 68 and 69

(right). Colour code: Co" pink.
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The wheel motif (Fig. 40) is the second motif in Co;, chemistry [175-177]. A typical example is
[Co"CI('BusSiS)]12 (81) (IVATEE) [175] which shows weak antiferromagnetic exchange interactions. Its

topological representation is 2M12-1.

Co(2)

Fig. 39. The simplified core 2M12-1 that is present in 81 (IVATEE). Colour code: Co" pink.

Complex [Co"12(us-OH)4(u-Cl)2(chp)1s(Hchp)2(MeOH),] (82) (TAWJIK) [123] has an unusual
motif. The authors described the dodecanuclear species as containing two {Co"4(uz-OR)(us-OH),CI}*
non-ideal cubane units linked by a central eight-membered ring involving four Co" atoms (two are part of
the cubes) and four p-O atoms derived from chp™ ligands. The remaining two Co" sites are at the
periphery of the molecule. Two tetrahedra are connected through Co(6) and its symmetry equivalent,
while Co(1) (and its symmetry equivalent) is placed in the plane of the triangle formed by Co(2), Co(3)

and Co(5), see Fig. 41. The decorated core of 82 can be represented as a trinodal cluster with the NDk-m

symbol 2,4,4,4,5,5M12-1.

Fig. 41. The simplified core 2,4,4,4,5,5M12-1 that is present in 82 (TAWJIK). Colour code: Co" pink.
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The Co(BF4), 6H,O/NapCH,PO3H,/Hchp/EtsN reaction system in MeCN, where Nap is
naphthylmethyl group, has yielded complex [Co"12(ps-OH)a(p-OH)(O3PCH,Nap)(BOsH)(chp)is(H20)]
(83) (TIWDUZ) [114]. This has a very irregular structure. There is a 7.331 hydrogenborate(-2) group at
the centre of the structure derived from hydrolysis of BF,. Two {Co4} fragments are attached to the uz-O
atoms of the BOsH?; both are heavily distorted and incomplete heterocubanes [Co(2), Co(6), Co(7),
Co(12) and Co(4), Co(5), Co(9), Co(10) in Fig. 42]. The phosphonate has the 4.211 binding mode in the
structure. The 18 chp ligands show four modes: 9 show the 2.21 mode, 5 the 2.11 mode, 3 the 3.21 mode
and 1 the terminal 1.10 mode. There are two four-coordinate cobalt sites [Co(3) and Co(12)] and two
five-coordinate cobalt sites [Co(1) and Co(11)], with the remainder six-coordinate. Simplifying the
metallic core (Fig. 42), a 12-nodal CC is formed with the NDk-m symbol 2,2,3,3,3,4,4,4,4,5,5,5M12-1.
Complex 83 shows an increase of the ymT product below 20 K, but no out-of-phase signals were detected

above 1.8 K [114].

Fig. 42. The simplified core 2,2,3,3,3,4,4,4,4,5,5,5M12-1 that is present in 83 (TIWDUZ). Colour code:

Co" pink.

Reaction of Co(ClOy); 6H,O with (1H-benzimidazol-2-yl)methanol (HL), NaNj3; and
triethanolamine  (Hstea) in  MeOH has led to cluster [Co"9Co"'3(1s-0)3(r11-N3)(pa1-
N3)3(L)15](ClO,4)2-Hstea (84) [178]. The complex has a disc-like structure in which the Co centres are
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almost coplanar. The L ligands adopt the 2.210 and 3.310 coordination modes (Scheme 19). The
topological analysis (Fig. 43) shows that Co(1) is a 6-c.n., Co(2) is a 4 — c.n., while Co(3) and Co(4) are 3
— c¢.n.; thus the symbol of the cluster is 3,4,6M12-2 (the topologically non-equivalent type 3,4,6M12-1
does not occur in the Co chemistry, but was observed with Mn [80]). Both ferromagnetic coupling
through the ps-Op and p-Op pathways and antiferromagnetic coupling through the py1:-N3~ pathway

result in a ferrimagnetic behaviour of 84 [178].

— (.

\/\Co \/\CO

2.210 3.310

Scheme 19. The coordination modes of the L™ ligands that are present in 84 and the Harris notation that

e

Co(2) Co(3)

describes their modes.

Fig. 43. The simplified core 3,4,6M12-2 that is present in 84. Colour code: Co" pink, Co"' mauve.

The last motif that has been observed in Coi, chemistry is found in complexes [Co"ia(ps-
OH)12(13-CO3)(0,CMe)q(trans-tachH)g] (C1O4)7 (85) (VEXYED) [179] and [Co"15(ue-NOs)(O2CMe)s-
(L)12(EtOH)s] (NO3)s (86) (VEZVIG) [180]. This motif is based on three cubane units that are found in a
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triangular arrangement (Fig. 44). In both cases a central planar ion (COs*, NO3) bridges the faces of the

three {Co'4(OR).} cubanes. The clusters are binodal with the NDk-m symbol 3,4M12-1.

Co(2)
Co(1)

Fig. 44. The simplified core 3,4M12-1 that is present in 85 (VEXYED) and 86 (VEZVIG). Colour code:

Co" pink.

Complexes 84 and 85 demonstrate in an excellent manner the use of templating (p3-CO5> or -
NOj3) and multifunctional ligands to facilitate the directed assembly of cubane building blocks to form
{Co";} CCs. Central to the synthesis of 85 is the aliphatic triamine ligand cis,trans-1,3,5-
triaminocyclohexane (trans-tach). This ligand is particularly versatile due to the rigidity of its
cyclohexane backbone which prevents the interaction of all three amino donor groups with one single
metal centre and a bis(axial)-mono(equatorial) type of coordination of the amino groups is invariably
observed upon coordination to open-shell transition-metal ions. In 85, the trans-tach” cationic group acts
as a bidentate chelating ligand while the protonated trans amine group anchors the complex into a
supramolecular H-bonded network. Electrospray mass spectrometry data clearly show envelopes
corresponding to the {Coi,} intact cluster species. The ymT vs T graph for 85 continually decrease
towards lower temperatures and any intramolecular coupling is masked by dominating single-ion
anisotropy zero-field splitting contributions typical for high-spin Co" centres in distorted octahedral

ligand fields, see Part 4.3 of this review.
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The ligand L in 86 is the anion of (1H-benzimidazol-2-yl)methanol, also used to prepare 84, and
it adopts the 3.310 mode (Scheme 19) being responsible for the construction of the cubane unit. Complex
86 was prepared from an one-pot solvothermal reaction from Co(NO3), 6H,0 and Co(O,CMe), 4H,0.
The pe-nitrato ligand is unprecedented, in contrast to the well-documented ps-bridging mode of the
isoelectronic COs* group [171, 181-183]. Magnetic studies are indicative of a relatively strong
ferromagnetic intracubane Co" Co" interactions and weak ferromagnetic intercubane coupling.
Compound 86 is a SMM with a Uet value of 15.0 K (10.4 cm™) and a pre-exponential term of 1o = 1.94 x

107 s [180].

5.9. Coyz

If the solid Co(OH)./PhPO3H,/Hchp (3:1:6) reaction mixture is heated to above the melting point
of Hchp, the purple paste that results could be dissolved in a range of solvents. Crystals of [Co'"13(us-
OH)3(0O3PPh),(chp)19(H20)2(EtOAC),] (87) (RAKTEC) form in moderate yield from EtOAc, while
crystals of [Co'"13(1a-OH)3(O3PPh)2(chp)1e(H20)2(Hechp),] (88) (RAKTOM) form in poor yield from
MeCN/Et,0 [184]. The crystallization of two very similar cages from different solvents suggests that the
cages are formed during the initial reaction, rather than forming during crystallization. Complex 87 could
also be prepared [114] from the Co(CIO,), - 6H,O/PhPOsH,/Hchp/EtsN reaction mixture in MeCN
followed by extraction of the resulting oil (after solvent removal) with EtOAc. The structures are highly
irregular and essentially identical, differing in the replacement of the two terminal EtOAc ligands in 87 by
Hchp ligands in 88. Each PhPO3* group binds to five Co" centers adopting a 5.221 mode. The 19 chp’
ligands in the cage adopt four different modes (2.21, 2.20, 3.21 and 3.31). The complexes have the some
decorated motif (Fig. 45). Topologically, the cages consist of 2-, 3-, 4- and 5- c.n. and the NDk-m symbol

is 2,3,3,3,3,3,4,4,4,4,5,55M13-1.
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Co(11)

Co(13)

Fig. 45. The simplified core 2,3,3,3,3,3,4,4,4,4,5,5,5M13-1 that is present in 87 (RAKTEC) and 88

(RAKTOM). Colour code: Co" pink.

A second Coj;3 motif has been observed in complex [Co'i3(us-OH)a(phth)a(chp)z] (89)
(TAWJUW) [123,124], where phth® is the doubly deprotonated phthalate ligand. The centrosymmetric
cage is extremely irregular. The asymmetric unit contains a square-based pyramid consisting of Co(2),

Co(3), Co(5) and Co(6) within the square base and Co(4) at the vertex of the pyramid (Fig. 46).

Co(1)

Fig. 46. The simplified core 2,2,3,5M13-1 that is present in 89 (TAWJUW). Colour code: Co" pink.

The Co(5) Co(6) edge of the pyramid is capped by Co(7), and the triangular face Co(2)Co(3)Co(4) is
capped by Co(1) which (owing to the inversion centre at this metal ion) caps the triangular faces of the

two symmetry-equivalent pyramids. 89 is a four-nodal CC with a total symbol of 2,2,3,5M13-1. Five of
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the seven unique metal sites in 89 could be matched with sites in 34 and 35. Fig. 47 illustrates this

comparison with a superposition of the metal sites in 89 and 35.

Fig. 47. A similar figure that exist in ref. [121] showing the superposition of the metal cores of complex

89 (shown as yellow lines) and 35 (shown as dotted blue lines) [121]

The third Co;3 motif has been observed in the nanoscale complex [Co"i3(us-OH)1a(ps-
0)3(0,CMe)p(trans-tachH)g](0.CMe), (90) (XITYJ) [185]. Structurally, the cation of 90 represents a
replacement of the carbonate dianion in the dodecanuclear cation of 85 by a five-coordinate
{Co03(0,CMe)}"> unit. The authors were able to show by using electrospray measurements that the
cation of 90 can be converted into the cation of 85 via the addition of K,CO3. Mass spectrometry and
other synthetic studies have demonstrated that the {Coy3} represents a common unit in the construction of
the {Co12} species and that species are present in solution without the need for sophisticated terminal
ligands. Topologically, in both 85 (Fig. 44) and 90 (Fig. 48) there are three metal tetrahedra (originating
from the three cubane units) in a triangular arrangement; in the case of 90, a 13" node is present in the

middle and the trinodal Co;3 CC can be presented as 3,5,6M13-1.
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Fig. 48. The simplified core 3,5,6M13-1 that is present in 90 (XITY 1J). Colour code: Co" pink.

The last Coi3 motif has been observed in [Co"13(mosao)s(HMosao)s]-(ClO4)s(91) (AGUFEO)
prepared [186] by a solvothermal reaction, where Homosao is 3-methoxysalicylaldoxime. The cation is
disc-like consisting of 14 face-sharing distorted defective cubanes. The oximate ligands adopt the
coordination modes shown in Scheme 20. Topologically, Co(8) is a 2 — c.n., Co(1), Co(2), Co(6), Co(12)
and Co(13) are 3 — c.n., while Co(5) and Co(11) are also 3 — c.n.; Co(3) and Co(9) are 4 — c.n. and finally
Co(4), Co(7) and Co(10) are 5 — c.n.,, see Fig. 49. Thus, the NDk-m symbol of the CC is
2,3,3,3,3,4,5,5M13-1. Electrospray ionization mass spectrometry strongly suggests that the {Co13} cluster
is present in MeCN solution. Variable-temperature magnetic susceptibility studies reveal
antiferromagnetic behaviour; the odd number of spins results in a remaining effective magnetic moment

at2 K.
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Scheme 20. The coordination modes of the Hmosa™ and mosa? ligands that are present in complex 91 and

the Harris notation that describes these modes.

Co(13)

Co(11)

Fig. 49. The simplified core 2,3,3,3,3,4,5,5M13-1 that is present in 91 (AGUFEO). Colour code: Co"

pink.
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5.10. Couus

The first Coy4 motif, shown in Fig. 50, has been observed in cobalt pivalate chemistry [93, 100,
119]. Typical examples are [Co'5C0"s(p5-0)x(11s-0)2(pa-OH)12(piv)1a(Hpiv)2(H20)s(MeCN);]  (92)
(EYUHOV) and [Co"3C0"g(ps-0)2(p3-0)a(ta-OH)12(piv)1a(Hpiv)s(H20)g] (93) (UMAKEY) [100]. The
molecules contain four cubane units sharing two Co-O edges and two metal vertices [Co(3) and its
symmetry equivalent], and two further Co vertices [Co(7) and its symmetry equivalent]. The complexes
are most probably formed from “dimerization” of a heptanucelar CC, rather than by stepwise addition of
Co" atoms. This suggests that as the complexes grow bond formation between CCs becomes a process
competing with metal ion-addition by metal ion growth. This is unsurprising, and similar to growth of
colloids of metals or metal oxides. From the topological point of view, 92 and 93 can be considered as

pentanodal with the NDk-m symbol 2,3,6,6,9M14-1. Co""';4 analogues have also been isolated [93, 119].

Fig. 50. The simplified core 2,3,6,6,9M14-1 that is present in 92 (EYUHOV) and 93 (UMAKEY). Colour

code: Co" pink, Co" mauve.
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The most common cluster is observed in the products from the general Co(Y¥);

6H,0/RPOsH,/HChp/Et;N  reaction  system in MeCN  (¥=ClOs, BF4), [C0"14(13-OH)x(ps-
X)2(0O3PR)2(chp)20(H20),] (where X = OH for perchlorate and X = F for tetrafluoroborate as starting
materials), was found for five different phosphonates — R; 94 for R = CH,Ph, 95 for R = Me, 96 for R =
Et, 97 for R = n-octyl and 98 for R=H (94 and 96 contain X=0OH, whereas 95, 97, 98 contain X = F)
[114]. In the case of 98, a further two terminal Hchp ligands are attached to the core. The structures of the
tetradecanuclear complexes are all similar, differing only in the X group and in the alkyl group on the
phosphonate. In each case, the molecules lie on an inversion centre. The seven Co" atoms in the
asymmetric unit lie in a plane, with four of the centres [Co(3), Co(5), Co(6), Co(7); Fig. 51] surrounding
a fifth [Co(4)], bridged through ps-OH™ atoms in an array similar to the repeating pattern found in
Co(OH),, and also found at the core of large CCs, e.g. {Feig} [187]. The other two Co" sites in the
asymmetric unit [Co(1) and Co(2)] are attached to this pentametallic fragment through the phosphonates.
The phosphonates also bridge to the second half of the molecule, which is symmetry equivalent to the
first half. The structure has a distinct “step”, quantified by considering the angle between the mean plane
of the seven Co'" centres in the asymmetric unit and the Co(1)Co(2)Co(1°)Co(2’) section, which is 56.4°.
The two phosphonates therefore disrupt the planar “Co(OH),” structure and link together two planes. The
phosphonates adopt the 5.221 mode. The chp” ligands coat the exterior of the CC and show a variety of
ligation modes (2.21, 2.11, 1.11). Topologically, the cluster can be described with the NDk-m symbol

3,3,3,4,4,45M14-1, see Fig. 51.
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Fig. 51. The simplified core 3,3,3,4,4,4,5M14-1 that is present in 94 — 98 (TIWDOT, TIWFAH, TIWFIP,
TIWFUB, TIWGEM). Colour code: Co" pink.

5.11. Coss

This nuclearity is known only for the cationic complex [Co'i5(L)s(H20)24](trans-E) (99)
(WUHJAL) [188]. The Co" atoms are held together by six tetra-anions of N-
(phosphonomethyl)iminodiacetic acid [N(CH,CO,H),(CH,PO3H>), H4L] and charge-balanced with one
hexa-anion of trans-1,2,3,4,5,6-cyclohexanehexacarboylic acid [CsHg(CO,H)s, trans-HgE]. The complex
was prepared hydrothermally. The authors describe the 15 metal ions as arranged in alternating
Co/Co3/Co;/Cos/Co layers along a pseudo 3-fold axis. The Cojz triangles are staggered with respect to
each other, while the middle Coy layer is a close-packed centred hexagon. Each L* ligand coordinates to
8 Co" atoms, with the phosphonate group adopting the 5.221 mode and the two carboxylate groups
exhibiting 2.20 and 3.21 modes. Using our improved topological approach [80], 99 has the NDk-m
symbol 1,4,6M13-1(0),. The nonzero plateau in the ymT vs T at 5 - 10 K reflects a non diamagnetic
ground state for 99, as expected. The data clearly suggest antiferromagnetic coupling between the Co"

centres. The complex is a weak SMM.
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Fig. 52. The simplified core the NDk-m symbol 1,4,6M13-1(0), that is present in 99 (WUHJAL). Colour
code: Co" pink.

A key structural feature in 99 is the presence of 24 peripheral aqua ligands. Such labile ligands are
potential targets for ligand exchange with polydentate linkers in order to build extended structures. The
authors achieved [188] the hierarchical assembly of the hexacationic clusters of 99 into a 3D network by
linking them using the cis enantiomer of HsE>; the formula of the coordination polymer is
{[C0"15(L)s(Cis-H3E)2(H20)15] (H20)12}  (100) (WUHJEP). Each cis-HsE* ligand uses the three
deprotonated carboxylic groups at positions 1, 2 and 4 to coordinate via one of the O atoms to peripheral
Co" atoms from three different clusters, simultaneously replacing coordinated H,O molecules. Each Coys
building block is, in turn, coordinated by six cis-HsE*> ligands that replace six aqua ligands per 99 and
link the building blocks in a network. It should be pointed out that the Co;s building block in the network

of 100 is exactly the same {Coss} cluster characterized in 99 minus six coordinated H,O molecules.

5.12. Coyg

Along with the supertetrahedral cluster 76, Mclnnes and coworkers reported in 2008 the synthesis,
structure and  preliminary magnetic results of  [Co"1g(1s-0)2(1s-OH)2(02CPh)4(cht)s(dbm)s
(Hcht),(EtOH),] (101) (LOKZUH), where Hdbm is dibenzoylmethane [172]. Compound 101 consists of
two identical supertetrahedral subunits sharing the Co(1) vertex. The subunits are similar to those for 76
and 77 (Fig. 37). The benzoate groups were not present in the reaction mixture, arising from degradation
of dbm™ [189]. For 101, ymT has approximately double the room-temperature value for the Co'i
complexes 76 and 77, decreasing continuously with decreasing T. No divergence occurs in FC or ZFC
curves down to 2 K, although there is a significant rise in y’’\ as temperatures approaching 2 K. Clearly,
lower temperature measurements are required before any valid conclusion can be made for this complex.
A numerical comparison with complex [Mn'";Mn"'15(us-O)a(n*:113-N3)s(HL)12(MeCN)g]Cl5 [3, 28], where

HsL is 2,6-bis(hydroxymethyl)-4-methylphenol, possessing an analogous motif, shows a difference due to

68
Page 69 of 92



Edited Feb 6
the presence of two pg-O% groups in 101 which offers six additional links (blue lines in Fig. 53). The Co1g

cluster is trinodal with the NDk-m symbol 3,6,7M19-1.

Fig. 53. The simplified core 3,6,7M19-1 that is present in 101 (LOKZUH). Colour code: Co" pink.

5.13. Coy

Two different Co,y CCs have been reported in the literature [114, 190]. Boudalis’ group studied
the coordination chemistry of di-2,6-(2-pyridyl)pyridine or (2,6-pyridine-yl)bis(2-pyridyl)methanone,
(py)CO(py)CO(py) [191], see Scheme 21. The ligand can potentially be found in metal complexes in the
diketo, partly or completely hydrolyzed/solvolyzed forms, thus providing a variety of possibilities for CC
synthesis [70]. In the course of such studies, reaction of excess Co(O,CMe),  4H,O with
(py)CO(py)CO(py) in hot DMF gave [187] [Co"20(p3-OH)s(02CMe)z2(HL)4s(DMF);] (102) (ECAJUO),
where HyL is the bis(gem-diol) form of the ligand. The core consists of a central double cubane having
two missing vertices connected to two warped {CogOg} rings through two {Co0,04} moieties. The triply
deprotonated ligands adopt the 6.3221111 and 5.2220111 modes (Scheme 21). Our topological analysis

shows that the icosanuclear complex consists of 2-, 3-, 4-, and 5-c.n. and the NDk-m symbol is
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2,2,2,2,3,4,4,455M20-1, see Fig. 54. The complex exhibits superparamagnetic relaxation, but no

maxima in the y’’u vs T curves at various frequencies were observable down to 1.9 K.

Co(8)
Fig. 54. The simplified core 2,2,2,2,3,4,4,4,5,5M20-1 that is present in 102 (ECAJUO). Colour code: Co"

pink.

6.3221111 HL®
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Scheme 21. The ligand di-2,6-(2-pyridyl)pyridine (top left) and the coordination modes (Harris notation)
of the trianionic ligands [derived from the bis(gem-diol) derivative of the diketo ligand] that are present in
102.

The second example of a Coy CC comes from the study of the general Co'/RPOsH,/Hchp
reaction system in Winpenny’s group. In studies of cobalt pivalate complexes, it has been found [100]
that the nuclearity of the compound formed could be influenced by the addition of hydrogen peroxide.
When a few drops of H,0,(30%) were added to the reaction mixture that gives the anionic Co's cluster
61, the solution turns dark brown. The crystals that result from this procedure contain a centrosymmetric
icosanuclear complex [Co"15C0"5(113-0)2(p3-OH)4(03PPh)4(chp)2s(H20)6] (103) (TIWFEL) [114], with a
structure related to the tetradecanuclear CCs 94 — 98. The resemblance is most clear around Co(4) [Fig.
55]; as in 94 (Fig. 51), for example, for other Co" sites [Co(1), Co(2), Co(3) and Co(8)] are attached to
this site through p3-O atoms, creating a planar array similar to that of Co(OH),. The big difference arises
in the centre of the molecule, where Co(9), Co(10) and their symmetry equivalents are found. Both the

bridging oxides and the Co"

centres arise from the use of H,O, [100, 114]. Both crystallographically
independent phosphonate ligands show the 5.221 coordination mode. The 13 unique chp™ ligands show
six(") binding modes (2.21, 3.31, 3.21, 2.11, 1.10, 1.11). The decorated core can be described in terms of
a central unit consisting of two fused edge-sharing tetrahedra, each of which is linked to one pentanuclear

“open” disc through a common vertex; Co(5) is attached to the disc and Co(6) is linked to Co(5). The CC

can be described as 1,2,3,3,3,3,3,5,5,5M20-1.
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Fig. 55. The simplified core 1,2,3,3,3,3,3,5,5,5M20-1 that is present in 103 (TIWFEL). Colour code: Co"
pink, Co"' mauve.

5.14. Cox

Until 2009, complex [Co"s4(p3-OH)1a(p-OH)a(ps-OMe)o(na-Cl)o(mhp)22Cls] (104) (RIYYAZ)
[192] was the highest-nuclearity CC in Co chemistry. This was prepared by the reaction of CoCl, with
two equivalents of Na(mhp) in MeOH for 24 h at room temperature, followed by evaporation to dryness
and dissolution of the resulting paste in EtOAc. The synthesis is reproducible; however the yield was
reported to vary between 5 and 20% depending on the exact H,O content of the ethyl acetate used. The
structure is based on defective {Co'"3(OH),}** cubane units (one metal corner is missing), and in some
cases with one of the hydroxide vertices occupied by methoxy or chlorido groups. Preliminary magnetic
studies indicated a high-spin ground state and the possibility of superparamagnetic behaviour [192]. The

topological analysis of 104 (Fig. 56) leads to a CC whose NDk-m symbol is 2,3,3,3,4,4,4,5,6,6,6,7M24-1.
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Fig. 56. The simplified core 2,3,3,3,4,4,4,5,6,6,6,7M24-1 that is present in 104 (RIYYAZ). Colour code:

Co" pink.

5.15. Coz

In 2009, the solvothermal synthesis and characterization of the second highest-nuclearity cobalt
CC [C0"2C0"g(115-0)24(TC4A)6(H20)24] (105), where H4TC4A is p-tert-butylthiacalix[4]arene, were
reported [193]. Three isomers of 105 were structurally characterized. The diameter of the spherical units
(Coutyt  Chuty) is ~ 23.4A and that of the inner inorganic core (Co Co) is ~ 10.6A. The spherical
molecules (nanospheres) can be thought to be assembled by six {Co"4(TC4A)}** subunits around a
{Co"s} cube subunit. The calixarenes capping the six faces of the cube exhibit a unique octahedral
arrangement. In two isomers the calixarene-capped {Cos,} spherical units are arranged into a body-
centred cubic lattice, while they are assembled in a cubic closest packing pattern in the third isomer. The

CC can be thought of as a sodalite-type Co',, cage encapsulating a Co""

g cube. Topologically (Fig. 57), a
a binodal complex has the NDk-m symbol 5,6M32-1. As T is lowered, the ymT value decreases gradually
to a minimum of 6.27 cm®mol ™K at 2 K. The ym™ follows the Curie-Weiss law with Curie constant C =

87.96 cm®Kmol™ and Weiss constant & = -71 K, which indicates an antiferromagnetic exchange

interaction between the high-spin Co" centres. The compound shows no SMM behaviour above 2 K.
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MALDI-TOF mass spectrometry indicates that the structure (with loss of aqua ligands) is retained in

solution.

Fig. 57. The simplified core 5,6M32-1 that is present in 105 (WUMLUM, WUMMAT, WUMMEX).

Colour code: Co" pink, Co" mauve.

5.16. Cozg

The highest-nuclearity Co CC known to date is [C0"5C0"4(15-0)a(ps-O)a(ps-
OH)16(piv)3s(dcpz)2(Hdepz)4(Hpiv)a(H20)16(MeCN)g] (106) (CUDXEF) [194]. It was prepared by the
reaction of [Co"»(n-OH,)(piv)4(Hpiv),] with 2,3-dicarboxypyrazine (H,dcpz, Scheme 22) in MeCN. The
molecule is almost rhombohedral, but distortion arises from the capping of two additional faces. Because
of the capped faces, the overall shape is a distorted, axially compressed octahedron, with equatorial edges
lengths of ~3 and ~2 nm, and axial edges of ~2 and ~3 nm. These dimensions are of the same order of
magnitude as those of the smallest nanoparticles. The overall arrangement can be understood as an inner
Cos2 subcore consisting of four fused cubane-type units, clamped by two identical Co;, wings. Adopting

our topological approach, the decorated core of 106 is depicted in Fig. 58 (upper). There is a main
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{Co",0C0",} central unit and four {Co'"s} triangles which are not linked to the main unit by monoatomic
bridges. The numerical representation is (2M3-1)4(1,2,2,3,3,4,4,5,5,6,6,8M24-1). Applying the TOPOS
procedure of searching for common subgraphs [195] to a fragment of the central unit of 106 and the
decorated tetradecanuclear core of 93 (Fig. 58, lower left and right) one can reveal that the former has
been built up from the core of the latter. The continuous decrease in T with decreasing T for 106 is
indicative of dominant antiferromagnetic exchange interactions; however orbital contributions can not be
ignored and will also influence the overall profile. Below 5 K, yuT reaches a plateau with a value of 30.8
cm®mol ™K. The extrapolation of yuT at OK gives a value of 32 cm®*Kmol™, confirming a magnetic S = 6

ground state in agreement with dc susceptibility data. No out-of —phase signal is observed down to 2 K.

OH HO

Scheme 22. The 2,3- dicarboxypyrazine ligand used for the preparation of 106.
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Co(12)
Co(11)

Co{10)

Cof3)

Q Co(17)

Co(18)

Co(16)

Fig. 58. The simplified core (2M3-1)4(1,2,2,3,3,4,4,5,5,6,6,8M24-1) that is present in 106 (CUDXEF)
(upper) and comparison of a 16 atoms fragment of the central unit of 106 (lower left) and the

tetradecanuclear core 2,3,6,6,9M14-1 of 93 (lower right). Colour code: Co" pink, Co" mauve.
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6. Conclusions and prognosis for the future

In this review we have analyzed aspects of the synthetic, reactivity, structural and magnetic
chemistry of Co CCs with nuclearities higher than 4. Using the TOPOS program package that supports
this method we identify 284 entries and 105 different topologies for polynuclear Co CCs. In the present
database all Co CCs are collected and illustrated in such a way that they can be searched by cluster
topological symbol and nuclearity, compound name, dimensionality and Refcode. We hope that our
survey illustrates what is possible in this area through simple coordination chemistry. The research
described has something for everyone: from smart synthetic inorganic chemistry to Co complexes with
aesthetically pleasant structures, and from high-spin molecules to SMMs. The immense structural
diversity of many of the complexes stems from the ability of the ligands to exhibit a great variety of
coordination modes. Employment of a second or even a third organic, e.g. a carboxylate or phosphonate,
or inorganic, e.g. the azido group, ligand in this chemistry gives an extraordinary structural flexibility in
the resulting mixed-ligand systems (“blends™). The diversity of structures for a given ligand system is
sometimes remarkable and, with the exception of cobalt/pivalate and cobalt/pyridonate/phosphonate
complexes, has prevented up to now any guiding principles being proposed. Most of the clusters do not
seem to correspond in a straightforward manner to polyhedral archetypes or to fragments of common Co
minerals, but display a richness of nuclearities and topologies that is intriguing. The wide employment of
our improved topological approach [2-5, 80] to categorizing cluster topologies seems to give a significant
tool in understanding that some structural motifs of higher nuclearity clusters are built up from motifs of
CCs with lower nuclearity. This benefit will undoubtedly open new horizons in synthetic cluster
chemistry and help scientists understand relationships between structural motifs and magnetic properties.
From the magnetism point of view, only few Co"-based SMMs have been studied below 1.8 K. It seems

that each one displays different behaviour as a function of the applied magnetic field. It is quite clear that
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Co'-based SMMs show a very high prevalence of fast tunnelling at zero field and this effect often
destroys coercivity in the hysteresis loops.

The research area of the chemistry and magnetism of Co CCs will undoubtedly continue to
expand, given the recent nature of the majority of references in this review. We believe that new ligand
systems will be used and new synthetic routes will be developed which will result in the discovery of
unknown nuclearities and novel structural motifs. Research at the time of submission of this review
reveals exciting Co CCs, e.g. a nestlike C,-symmetric Co',4 metallamacrocycle sustained by p-tert-
butylsulfonylcalic[4]arene and 1,2,4-triazole [196]. According to Murrie [7], there is enormous need for
new research into polynuclear Co"-based SMMs. The interplay of quantum tunnelling and weak
intermolecular interactions should be further investigated. Both the precise nature of the magnetic
exchange and the orientation of the local zero-field splitting tensors and how they contribute to the cluster
anisotropy are questions that should be answered; such answers will require the frequent use of HFEPR,
inelastic neutron scattering and other sensitive techniques. We also predict that more than the currently
existing Co'/4f -metal CCs will be synthesized in the quest of SMMs and magnetic refrigerants with
improved properties.

At the beginning of the second decade of the twenty-first century, it is still true to say that Co
remains a firm favourite for traditional Werner-type coordination chemistry. However, Co coordination
compounds are appearing in greater diversity than before. Although the basic synthetic routes established
for decades have remained as entry points into Co chemistry, the application of theses routes with a wider
range of ligand systems and the development of more “boutique” reagents has expanded what is possible
to encompass some of what was previously considered impossible [85]. It is difficult to predict the paths
of Co chemistry that will travel in the next decades. Since Co remains today an excellent centre for
coordination chemistry, it is not dangerous to say that the research on Co CCs is still in its childhood, and
we do believe that the future promises many more new and exciting Co clusters that will attract scientists

from the chemistry and physics communities.
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