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1 Introduction

1 Introduction

The present Ph.D. thesis deals with the fusiorwof ¢complementary topics in current
coordination chemistry. While the magneto-chemaspect of single-molecule mag-
netism represents the effect- and function-oriestadponent, its purposeful realization
via accordingly designed metallacrown complexesasttarizes the synthetic task. This
chapter gives a brief introduction to the basicdath topics and outlines current chal-
lenges in the respective fields of research. Sulesdty, the reasons for the choice of
the target to equip the distinguished compoundsctdsl2-MC-4 metallacrowns with
the feature of single-molecule magnetic behaviereducidated.

1.1 Single-molecule magnets (SMMs)

Since the discovery of the slow relaxation of mdigadon and the appearance of a
magnetic hysteresis below a certain blocking temipee for the paradigmatic Mt
cluster in 199%- the vision of discrete magnets with molecularsaimensions and
the associated occurrence of observable quantumoptena has intensively spurred
magnetochemical researént!! A plethora of future applications of the so-calsialgle-
molecule magnets has hence been envisioned whigje faom more conventional us-
ages like magnetic refrigeration via the magnetwoalkeffect or high-density data stor-
age based on the orientation of the magnetic mooeathie utilization of their quantum
size effects for the processing of information inlecular spintronic devices and quan-
tum computer&?*° Merging their magnetic properties with other feaguand effects,
single-molecule magnets hold out the prospect@if ihcorporation into various multi-
functional material&€®-2"1 Even if they will not find their way into mass [piacts for
daily life, at least specialized applications candxpected with high probability in a
world of growing complexity and demand for subtidividual solutions. However, the
enormous importance of molecular magnetic resaargkneral and the investigation of
single-molecule magnetism in particular for theeesion of the scope of knowledge
concerning the magnetic principles and interactioechanisms in matter is beyond
question. Therefore, this field of research hasaaly and will further on directly or in-
directly facilitate also tangible present and fetyields. Here, the advantages of the
bottom-up approach in molecular magnetism conaistsi foundation on well defined
and easily modifiable structures which enable yreegyetic cycle of synthesis, analy-
sis, deduction of magneto-structural correlatiom$ enhanced desidf!

The simplified common model for the explanationtleé origins of single-molecule
magnetic behavior is based on a molecule in its gppund state S which features a
magnetic anisotropy and therefore has an energetference of certain possible spin
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orientations with different projections on the gped axis already in the absence of an
external magnetic field:?°! Here, the anisotropy arises from the weak intevaaif the
spin with its environment and is mediated by thia-gpbit coupling*® Consequently,
the general degeneracy of thes Bublevels which characterize thee different odent
tions of the spin vanishes and the extent of thal aero-field splitting is described via
the parameter D. For a strictly axial anisotropy tlegeneracy is maintained for the M
states which only differ in their sign or, to be nadlustrative, for corresponding orien-
tations of the spin component parallel and antiperéo the specified axis. Although
reversed configurations are discussed for curreamples of mononuclear Co(ll) sin-
gle-molecule magnetd—* the preference of the orientation of the spin Vaitge pro-
jections along the specified axis (easy axis) amtdesponding high modulus values of
the Ms quantum numbers is assumed in the common modekeponThe sign of the
zero-field splitting parameter D is defined negatior this case by convention.

M =0
Mg = -1 —— M=
ﬂf =
bl N
A N
M, = -S+1 \4 M = S-1
Mg = -S < >\ Ms =S

Figure 1 Generalized energy level diagram of the $flates of the spin ground state of
an SMM and with depicted relaxation pathways ofquan tunneling (blue) and Or-
bach process (red) via phonon exchange with thieddtyellow).

At very low temperatures only the two degenerabeeekt lying Ms states are populated
with equal occupancy for an ensemble of molecuiethé absence of an applied mag-
netic field. Turning on an external field along #yecified axis, the degeneracy of the
associated Mlevels also vanishes due to the Zeeman effectlandtates with negative
quantum numbers are lowered in energy whereas thitBgpositive sign are elevated
due to the positive or negative projection of thegmetic moment on direction of the
external field. Therefore, the majority of moleaukexists in the state with the highest
negative M value after the corresponding equilibrium has beached and an over-all
magnetization can be detected. When the field ikcbed off again, the ensemble has to
return into the equilibrium with a parity populatiof the redegenerated pair of lowest-
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lying states with the highestdWalues. The corresponding decrease of the magnetiz
tion follows an exponential decay law (1) with daration timet. Depending on its
magnitude, the value af at a certain temperature and field strength cawohiained
from ac-susceptibility measurements with an odantpapplied magnetic field or from
time dependent static dc-magnetization data.

M,(t) = M,(0) - exp(—t/T) 1)

Here, the relaxation rate! is effected by different mechanisms which can il mto
spin-lattice relaxation processes via spin-phormderactions and quantum tunneling.
While for the interpretation of the dynamic magsetiof lanthanide and mononuclear
transition metal ion based SMMs the Raman and dm@cess have gained importance,
the features of the slow relaxation of magnetizatiave been discussed as a dominant
interplay of quantum tunneling and the successissing through intermediate sM
states via the absorption and emission of phononghe early multinuclear transition
metal complexes. Due to the non-degeneracy of tleests, the latter so-called Orbach
process is tantamount with the overcoming of arrggnéarrier and the temperature
dependence of its relaxation rate can thereforexipeessed by the Arrhenius equation

().
! =151 exp(~U/kT) (2)

The height of the corresponding anisotropy batddn magnetization reversal (3/4) is
proportional to the zero-field splitting paramelras well as the to the square of the
spin ground state S for integer spins and the gpinnd state reduced by ¥ for Kra-
mer’s systems, respectively. Performing a linegrassion of the experimental data
from the Arrhenius plot of the natural logarithmtbé relaxation time versus the recip-
rocal temperature, the values of the effective gnbarrier U and the attempt relaxa-
tion timeto are commonly obtained from the high temperatungeaaccording to the
linearized form of (2).

U=-D-S? 3)
U=-D-(5%-Y) 4)

By contrast, the quantum tunneling through thiseptél energy barrier is independent
from temperature and is mediated by hyperfine rinédecular dipolar interactions and
a transversal anisotropy which is characterizedheyparameter E. The latter source
holds however not validity for the facilitation guantum tunneling for non-integer
spins. Evidence for the occurrence of this relaxaprocess is given by a temperature-
independent relaxation time regime in the low terapee range of the Arrhenius plot
and by the stepwise change of the magnetizatidherhysteresis curves of SMMs due
to the enforced degeneration of differeng Mates under the influence of the magnetic
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field. The direct process describes the immediatesttion between two states by the
exchange of a phonon of suitable energy with ttieeéawhereas the Raman mechanism
involves the promotion into a virtual state via Higsorption of one phonon and the in-
stantaneous decay into the target state under iemis$ another phonot>3¢! Both
processes cause curvature in the Arrhenius plahes scale linearly with and are a
power function with power factors between 1 and the temperature, respectivéty.

Figure 2 Prominent examples of complexes with SMM behavidmd!! (top left),
Mng“? (down left), Dy (top right) and F£3 (down right); color code: green -
Dy(lIl), yellow - Fe(ll), light blue - Mn(1V), orage - Mn(lll), red - O, dark blue - N,
black - C.

According to the equations (3) and (4) for the heigf the anisotropy barrier, the at-

tempts to increase the latter aimed at the simettas enhancement of the axial anisot-
ropy and the spin ground state by a raise of tmelrau of single-ion contributions in the
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early years of single-molecule magnet researchhodigh corresponding clusters of
high nuclearity could be synthesized, the obtaieeergy barrier of 60-64 K for Mn
could not be exceeded significantly in this W&y as both essential parameters re-
vealed to be strongly correlated with each othersicey a so-called anisotropy dilu-
tion.[**-471By contrast, the purposeful synthetic fine-tuniighe magnetic properties of
known finite compounds via their molecular configlion yielded a new record energy
barrier of 86 K for a member of the family of Mloomplexes based on salicylaldoxime
derivatives in 200%84%1 A new massive impulse was given to this field @$garch by
the incorporation of lanthanide ions into SMMSY Here, the involvement of f-
electrons potentially provides a large spin, adangquenched orbital moment, strong
spin-orbit coupling and a resultant high single-inagnetic anisotropy as valuable con-
tributions for a high energy barrier to magnetiaatieversal? Though, the inner char-
acter of the 4f magnetic orbitals and the corredpanweak covalence of the coordina-
tive bonds hamper the purposeful shaping of thedination sphere as well as a target-
ed synthetic integration of the rare earth metakiinto designed magnetic coupling
schemes. In spite of the introduction of simplegloguidelines for the triggering of
high anisotropy barriers in mononuclear compounddailored ligand fields, the com-
plexity of the electronic structure and the chalieg synthetic handling creates espe-
cially the realization of multinuclear lanthaniagmibased SMMs in general a mixture of
determination via elaborate ligands and serendipigvertheless, a tetranuclear dyspro-
sium complex took over the record by an energyiéraof 170 K in 2009 and since then
rare earth metal clusters have dominated the hégfopmance sectiolit>¥ Especially
SMMs based on a single, virtually magnetically &etl metal ion, which are sometimes
referred to as single-ion magnets (SIMs), have lestaiblished by examples of lantha-
nide compounds and have yielded remarkable capabfti®’! So, the hitherto highest
energy barrier at all of 938 K was for instanceagated by a mononuclear heteroleptic
phthalocyanato double-decker terbium sandwich ceripll These results moreover
reflect the general development of an increasedsfamn finite nuclearity and the em-
phasized significance of the magnetic anisotropyhe research on single-molecule
magnets. Accordingly, the issue of slow relaxatbmhe magnetization based on a sin-
gle metal center has currently developed into atbyic for transition metals because
corresponding molecules exceeded the energy moferomparable conventional mul-
tinuclear clusters with respective peak valuesxaeptional 260 K for a mononuclear
Fe(ll) complex®® and 96 K for a cobalt dimé&° Furthermore, the transition metal
based SMMs feature the advantage of a more targetéd/ersatile synthetic modifia-
bility of the crucial shape of their coordinatiophgre over the lanthanide containing
pendants. Besides some rare examples of mononuklgéil) 263 and Fe(llI}*4
complexes, Fe(ll) and Co(ll) ions dominate the eetipe research results as they can
feature very strong spin-orbit coupling as effeetisource for magnetic anisotropy.
While the Fe(ll) containing examples also require installation of special electronic
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configurations via elaborate ligand systdfA§*5/Co(ll) complexes with SMM behav-
ior based on a virtually magnetically isolated rhéba can be obtained for different
donor atoms, coordination numbers and sphere ge@s&tom relative simple synthet-
ic approacheg’-31-34.67-75]

In spite of the great potential of this structufl@xibility, this plurality of single-
molecule magnets based on just one Co(ll) ion Hithiacks a comprehensive model
for the reasons of the slowed relaxation and therpay of involved processes. The
occurrence of special effects like the coexisteand transfer of multiple relaxation
pathways by the enforcement of an applied statignetc field additionally reveal fur-
ther concealed interesting features despite thdadbla simplicity of these systeri§.
Simultaneously, the still remaining incompleteneksthe understanding of these actual-
ly simplest examples points out the demand formmrtinvestigations of multinuclear
clusters and possibly provides new aspects for therelopment potential. Similar is-
sues can be claimed for the other transition metd and especially for the increasing
number of lanthanide ion based compounds which shelew relaxation of magnetiza-
tion 2851521 Consequently, the guidelines for the rational glesif high-performance
single-molecule magnets are still under permamaptavement alongside the extension
of the scope of respective knowledge. Besides #weldpments of the core research,
the fulfillment of essential requirements for pbésifuture applications is already ap-
proached. Here, the deposition of the SMMs on sadas a necessary precondition of
an addressability for preparative and readout pha@s receives increasing attention
because the complex interactions of both compongites causes the loss of the in-
tended properties and the control of the orientatibthe SMMs still represents a de-
manding task’®>"® Moreover, the purposeful linkage of molecular metgrwith each
otheF*89-8¢land the attachment of moieties for the responseooplementary external
stimulif?%2223.2% represent interesting current challenges of trseareh on single-
molecule magnets.

1.2 Metallacrowns (MCs)

Comprising the multiple cyclic repetition of theathcteristic sequence [M-O-N-], the
first examples of metallacrown complexes were disced in 198878 and named in
the style of their organic pendants, the crownrsthend their corresponding coronates
which had attained the Nobel Prize two years béf8r&! In the following years, the
concept of the metallacrown analogy was spreadfferent ring sizes like 9-MC-83-
1001 12-MC-4[101-1171 15.MC-8118-12U gnd 18-MC-62212 gcross the periodic table of
the elements by examples of cluster based on \arfyaroxylamingt0”112.114] gx-
ime’[94—100,104,110,116,117,122,12ﬂydroxamiC aCi(-59'3,102,108,111,115,118—121']1itrosy[106] and ni_

tritel*01:1%9 ligands as well as their combinatidt§:1°>13IConsequently, a specific no-
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menclature with the general formula (5) was devetbpn the basis of the naming of
the organic crown ethefg*12]

M'(0x)X,[12 — MCycoxna) — 4]Yy (5)

Here, the central guest ion M’ with its oxidaticlate as well as the attached anions X
are prefixed to a bracket which contains the lstM€ for metallacrown embedded into

the total number of all atoms and the amount ofgexydonor atoms in the characteris-
tic cyclic host. The type of ring metal ion witts ibxidation state and the substitute of
the second virtual methylene unit arising fromgatid with short name L are added as
subscript to the initials of the compound classeAthe bracket, the bound uncharged
secondary ligands at the peripheral ring are added.

Figure 3 Structural analogy of an inorganic 12-MC-4 metaltavn complex (left) and
an organic 12-C-4 crown ether molecule (right);ocaode: orange - central guest ion,
green - ring metal ions, red - oxygen donor atamthe characteristic cyclic host, blue -
nitrogen, black - peripheral oxygen atoms / caréied hydrogen atoms.

Moreover, the concept was also transferred to dBvies with modified repetition units
like [M-N-N-] for aza-*?6-1371[M-O-C-N-] for expanded®®-1%3l and [M-N-C-N-] for
expanded aza-metallacrowt¥1°% Due to their unique properties, metallacrowns have
found widespread application in various fields esearch like catalysi& 2% model-

ing of active sites in enzym&8¥ bioactivity[*>>%6] magnetic resonance imagitg]
one- and multidimensional soli#§8-1%21 molecular recognitioA®3-1%! near-infrared
luminescendé'® and single-molecule magnetishtf, 66!
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The compounds based on the pioneering ligandsyBajaroxamic (HShi) acid hold a
paradigmatic significance as they represent thes basthe establishment of this com-
pound class and significantly enabled the extract its distinguished featur&¥:
89,93,102,111,118,152,154,156,167-1[4bre, the expansion of the simple structural tolwar func-
tional analogy to the organic crownethers was tadyén the early days of metalla-
crown chemistry. However, the essential integnitysolution which could not be taken
for granted due to the partial exchange of covdbgrtoordinative bonds as constituting
interactions of the cyclic scaffold had to be emsgupreviously. First of all, the reliabil-
ity of the evolution of the 12-MC-4 type as domingt structural pattern for the
salicylhydroximate ligand was ascertained by maxgngples of different metal species
in spite of the finite ligand size and can be maized by the angle of 90° between both
metal binding moieties. By contrast, ligands lik@illinhydroxamic acid with an in-
creased corresponding angle of 108° prefer the doom of extended 15-MC-5 type
clusters.

OH

Figure 4 Structural formula of salicylnydroxamic acid (eéind its characteristic bind-
ing in 12-MC-4 metallacoronates (right); color codeange - central guest ion, green -
ring metal ions, red - oxygen, blue - nitrogencklacarbon.

In manifold experimental setups, the integrity loé tbasic metallacrown motif and the
absence of main ligand exchange were then venifteereas the bridging and secondary
ligands can easily undergo substitutitt®%16%17%Finally, a strong dependence on the
presence of respective anions was observed congetime selectivity towards different

central guest ions as the principal feature ofdlganic crown ethers and hence the
host-guest behavior of the metallacrowns was daesdrby the term ion-pair selectivity.

The stability constants of the cyclic inorganic fiads in general exceed the corre-
sponding values of their organic pendants dueeatiditional counter charges and the
higher degree of rigid preorganization of the doakmms:?41%5 Nevertheless, the com-

plexation of different cations at the core of théster requires an adaption of the cavity
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sizes and the arrangement of the hydroximate oxygeror atoms which is achieved
via a flexible variation of the molecular configticm of the cyclic scaffold®

Heterometallic metallacoronates of the 12-MC-4 iate hitherto limited to manga-
nese based complexes with one or two al¢&fi’? or alkaline earth®™ metal guest
ions, a sodium centered gallium metallacryptdidand a zinc sandwich cluster with an
encapsulated terbium idH3 A pure transition metal based metallacrown witbthar
transition metal at its core has not been repdidedhis compound class to date. By
contrast, a great number of heterometallic 15-M@&allacoronates which comprise
coppert119:153,157,160,165,166,177-18Hjck o [120.121] gnd zin€?Y in the cyclic host have al-
ready been discovered. Due to the enlarged cavitg, sespecially lanthanide
iong!20:121,153,157,160,165,166, 177-1834a the most common guest ions but also alkatii(ga
transition metal, leatf®*®2 and uraniu*® ions can be encapsulated. Another striking
point which contradicts the widespread existenceswafh complexes for metal ions
across the periodic table of the elements repredastjust weakly developed metalla-
crown chemistry of cobalt. While in general theresponding examples in literature
are limited to some 9-MC-3 compoufd$®1°ll few derivatives of one basic inverse
12-MC-4 molecul&%1%land some aza-metallacrowi; 3% cobalt complexes based
on the pioneering ligand salicylnydroxamic acid énanot yet been reported at all alt-
hough they had already been predicted in the eayg of metallacrown chemisté!

1.3 Metallacrown based single-molecule magnets

Metallacrowns have proven to unit a combinatios@feral properties in a unique way
which creates them a potentially powerful tool &ed various current issues of single-
molecule magnet research. In summary, metallacrawrgeneral and the established
12-MC-4 complexes based on salicylhnydroxamic acidarticular feature the most sin-
gular dualism between the reliability of their dgahost on the one hand and the versa-
tility concerning the encapsulated central guest tbe molecular configuration as well
as the kind of secondary and bridging ligands enatter hand?* While the aspect of
their integrity represents an essential requirenfentheir varied application via the
deposition on surfaces or the incorporation intactional materials, the flexibility as
key feature allows for a targeted synthetic engingeof the magnetic properties of the
metallacoronates and facilitates the control oirtimeraction with various other com-
pounds and environments. These general sourcespabiity can be utilized by a de-
velopment of specified strategies which match #spective addressed issue. Hence,
the magnetic core features can be adapted by guaiaton of the coupling scheme via
a purposeful positioning of suitable metal spetieke cavity and the surrounding scaf-
fold as well as by an adjustment of the anisotrapythe shaping of the individual co-
ordination spheres and the overall molecular caméigon with the help of peripheral
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interactions, secondary and bridging ligands. Meeepthe introduction of multifunc-
tional bridging and secondary ligands facilitates linkage among the complexes, with
additional receptor molecules as well as surfadesubstrates and can simultaneously
serve as communication interface for magnetic ahéranteractions between the so
associated components. An alternative pathway hieeae the latter targets is provided
by a direct integration of additional functionalbgps at the periphery of the metalla-
crown main ligands. Due to the reliable evolutidrire metallacrowns in the style of a
powerful synthetic protocol, this proceeding shooddcompatible with a wide range of
attached moieties. Furthermore, metallacoronates hevealed their potential to func-
tion as supramolecular ligands by the complexatibadditional cation via a suitable
arrangement of their peripheral donor atoms wisdacilitated by the flexible adaption
of the molecular configuratidt® The advancement of this option holds out the pro-
spect for a purposeful expansion of these complaxence, the dualism of reliability
and versatility predestines metallacrowns and esliethe 12-MC-4 type for their ap-
plication in magneto-chemical research and providiguely targeted pathways for the
realization of advanced approaches to the progrfesiagle-molecule magnetism.

However, only one example of a transition metakldas2-MC-4 coronate with single-
molecule magnetic behavior is hitherto reportediterature. So, the pioneering com-
pound Mn(I1)(OACcY[12-MCwmnamneshi-4](DMF)e: 2DMF features an energy barrier of
21K to magnetization revers&l:**¥ A main source for this lack consists in the prefer
ence of the mutual cancelation of spins by thengigenent of coupling pathways within
the intrinsic connectivity pattern for the most goon case of antiferromagnetic inter-
actions*®Y This finding remains also valid for the aforemengd heterovalent manga-
nese cluster but is compensated by the consequérazether structural characteristic
of the previous 12-MC-4 complexes. The anisotrgiacture in the form of a planar
disc shape is accompanied by an accordant comimatithe single-ion contributions
of the magnetic anisotropy due to the nearly paralignment of the Jahn-Teller-axis
of the trivalent manganese ions in the #{§. Exhibiting a slow relaxation of magneti-
zation reversal, the presence of metal ions wigi lsingle-ion anisotropy is also most
likely the decisive factor in a Gctluster with 12-MC-4 subunit which embraces four
hydroxide ions at its cofé® and a vacant aza-12-MC-4 cobalt compté%.By con-
trast, the 9-MC-3 motif represents a deserve gldinit in the development of transi-
tion metal based SMNI§>2%"land is for example also contained in the familyvfs
clusters of salicylaldoxin&1%8-2lderivatives featuring the former record holdettuf
highest anisotropy barrié?] However, the beneficial increased spin grounceshatre
originates from a completely different connectiviigttern due to the absence of a cen-
tral magnetic guest ion and the occasion of fergme#c interactions. At the same
time, the reported single-molecule magnets forléihger 15-MC-551 complexes, the
non-classical 14-MC-5 tyff82%land multinuclear, metallacrown related heterometal
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lic MnxLny cluster&°+2%I certainly gain from the single-ion contributiomsthe overall
spin and magnetic anisotropy of incorporated |lamtt&ions.

This thesis summarizes two novel complementaryegias and their present results to
overcome the intrinsic handicap of the connectipi&igtern of the magnetic interaction
pathways in 12-MC-4 metallacoronates for the cosatif single-molecule magnets by
the utilization of the exceptional dualism of réligy and versatility of the correspond-

ing salicylhnydroxamic acid based complexes. Theegfa provides targeted access to
these unique advantages of metallacrowns for thestigation, optimization and appli-

cation of single-molecule magnets.

The first approach respects the given connectigditern of the magnetic coupling
pathways and intends to turn its intrinsic featurde an advantage for the establish-
ment of a high-spin ground state. For that purpaseore parallel alignment of the
spins in the peripheral ring is planned to be ardgdrin spite of expected antiferromag-
netic exchange interactions via an emphasis otdlgpling pathways between the cen-
tral guest ion and the individual metal ions in dyelic host versus the magnetic inter-
action within the ring. Therefore, a Cu(ll) ion whiis capable for the occurrence of
strong magnetic interactions is scheduled as magdeector at the core of the com-
plex whereas metal ions with large spin contritngidike Fe(lll) are placed in the sur-
rounding scaffold of the designed heterometallghkspin metallacrown.

The second strategy corresponds to the currend trethis field of research to yield,
analyze and optimize single-molecule magnetic biendbased on a virtually magnetic
isolated metal ion. Having gotten hold of the fegsmples of cobalt metallacrowns of
salicylhydroxamic acid, the potential of these QIRP-MCcoqinshi-4] complexes to
feature single-molecule magnetism depending orcéiméral Co(ll) guest ion is investi-
gated. The diamagnetic nature of the Co(lll) iomghe cyclic host avoids the above-
mentioned problematic coupling scheme and shidldsehcapsulated guest ion at the
core from unintended magnetic interactions. Moreotree flexibility of the molecular
configuration of this scaffold enables the cruamdification of the coordination sphere
of the central Co(ll) ion by the exchange seconaary bridging ligands as well as by
the attachment of additional cations at the perploé the complex. Due to the high
sensitivity of divalent high-spin cobalt ions, thigape and the composition of this coor-
dinative environment are assigned to the role ahgerface for the synthetic tuning of
the magnetism of the virtually magnetically isothteo(ll) guest ion at the core of the
single-molecular magnet based on a heterovaleralicoietallacrown.

The detailed concepts of both strategies, thegadly attained results and the corre-
sponding discussions are presented in the followirapters in the form of manuscripts
for publications with attached further experimertdatails, data, illustrations and addi-
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tional remarks as supplementary information. Atdaée of the submission of this the-

sis, the manuscripts concerning the heterometalétallacrowns has been sent to pub-
lishers and is under review whereas the treatiseéhenheterovalent cobalt metalla-

crowns will be rearranged into a communication trelbody of a focused review arti-

cle due to short occasions.

1.4 References

[1] T. Lis, Acta Cryst. B Struct Crystallogr Cryst Chem, 1980,9, 2042
[2] R. Sessoli, D. Gatteschi, A. Caneschi and MNAvak,Nature, 1993,6442, 141

[3] R. Sessoli, H.Lien Tsai, A.R. Schake, S. Wah@. Vincent, K. Folting et alJJ.
Am. Chem. Soc., 1993,5, 1804

[4] D. Gatteschi, R. Sessoli and A. Corrlnem. Commun, 2000,9, 725
[5] G. ChristouPolyhedron, 2005,16-17, 2065

[6] S. Accorsi, A.-L. Barra, A. Caneschi, G. Chast A. Cornia, A.C. Fabretti et al.,
J. Am. Chem. Soc., 2006,14, 4742

[7] D. Gatteschi, R. Sessoli, J. VillaiMolecular Nanomagnets, 2006 Oxford Univer-
sity Press (Mesoscopic physics and nanotechnofggy,

[8] R. Winpenny,Sngle-Molecule Magnets and Related Phenomena, 2006, Springer-
Verlag (Structure and Bonding)

[9] A.J. Tasiopoulos and S.P. Perlep@alton Trans, 2008,41, 5537
[10] M. Murrie, Chem. Soc. Rev., 2010,6, 1986

[11] D. Gatteschi, M. Fittipaldi, C. Sangregoriodaln. SoraceAngew. Chem. Int. Ed.,
2012,20, 4792

[12] G. Christou, D. Gatteschi, D.N. Hendricksor & SessoliMRS Bull., 2000,11,
66

[13] M.N. Leuenberger and D. Lodsature, 2001,6830, 789

[14] W. Wernsdorfer, N. Aliaga-Alcalde, D.N. Henckson and G. ChristolNature,
2002,6879, 406

[15] A. Ardavan, O. Rival, J. Morton, S. BlundeA,. Tyryshkin, G. Timco and R.
Winpenny,Phys. Rev. Lett., 2007,5

[16] M. Manoli, R.D. L. Johnstone, S. Parsons, M. MurN. Affronte, M. Evangelis-
ti and E.K. BrechinAngew. Chem. Int. Ed., 2007,24, 4456

[17] L. Bogani and W. WernsdorfeXat Mater, 2008,3, 179

[18] M. Mannini, F. Pineider, C. Danieli, F. Totti, Sorace, P. Sainctavit et aNa-
ture, 2010,7322, 417

[19] B. Luo, J. Liu, J.-T. LQ, J.-H. Gao and K.Yao, Si. Rep., 2014

[20] H. Hiraga, H. Miyasaka, K. Nakata, T. Kajiwara, Takaishi, Y. Oshima et al.,
Inorg. Chem., 2007,23, 9661



1 Introduction 13

[21]
[22]
[23]
[24]
[25]
[26]
[27]

[28]
[29]
[30]
[31]

[32]
[33]
[34]

[35]
[36]

[37]
[38]

[39]
[40]
[41]
[42]

[43]

Y. Bi, X.-T. Wang, W. Liao, X. Wang, R. Dengil. Zhang and S. Gadnorg.
Chem., 2009,24, 11743

M. Morimoto, H. Miyasaka, M. Yamashita and Me, J. Am. Chem. Soc., 2009,
28, 9823

M. Gonidec, F. Luis, A. Vilchez, J. EsquenaBDAmabilino and J. Vecian#&n-
gew. Chem. Int. Ed., 2010,9, 1623

S. Mossin, B.L. Tran, D. Adhikari, M. Pink,W. Heinemann, J. Sutter et al.,
Am. Chem. Soc., 2012,33, 13651

R. Ababei, C. Pichon, O. Roubeau, Y.-G. Li,B¥éfuel, L. Buisson et alJ. Am.
Chem. Soc., 2013,39, 14840

K. Yamashita, R. Miyazaki, Y. Kataoka, T. Nakshi, Y. Hasegawa, M. Nakano
et al.,Dalton Trans,, 2013,6, 1987

D.-K. Cao, J.-Q. Feng, M. Ren, Y.-W. Gu, Y.ngoand M.D. WardChem. Com-
mun., 2013,78, 8863

M. VerdaguerPolyhedron, 2001,11-14, 1115
D. Gatteschi and R. Sess@ngew. Chem. Int. Ed., 2003,3, 268
R. Bata, Coordination Chemistry Reviews, 2004,9-10, 757

W. Huang, T. Liu, D. Wu, J. Cheng, Z.W. Ouyaaigd C. Duanpalton Trans,,
2013,43, 15326

J. Vallejo, I. Castro, R. Ruiz-Garcia, J. Cabb Julve, F. Lloret et al.). Am.
Chem. Soc., 2012,38, 15704

J.M. Zadrozny, J. Liu, N.A. Piro, C.J. Chagy,Hill and J.R. LongChem. Com-
mun., 2012,33, 3927

E. Colacio, J. Ruiz, E. Ruiz, E. CremadeXrzystek, S. Carretta et aAngew.
Chem., 2013,35, 9300

R.L. Carlin,Magnetochemistry, 1986 Berlin, Springer Verlag

J.M. Zadrozny, M. Atanasov, A.M. Bryan, C.-Vin, B.D. Rekken, P.P. Power et
al.,Chem. &i., 2012,1, 125

K.N. Shrivastavaphys. stat. sol. (b), 1983,2, 437

M. Murugesu, M. Habrych, W. Wernsdorfer, K.Abboud and G. Christoul.
Am. Chem. Soc., 2004,15, 4766

M. Murugesu, J. Raftery, W. Wernsdorfer, G.riGtou and E.K. Brechinnorg.
Chem, 2004,14, 4203

A.J. Tasiopoulos, A. Vinslava, W. Wernsdorf&A. Abboud and G. Christou,
Angew. Chem., 2004,16, 2169

A.M. Ako, I.J. Hewitt, V. Mereacre, R. Clérady. Wernsdorfer, C.E. Anson and
A.K. Powell, Angew. Chem. Int. Ed., 2006,30, 4926

M. Manoli, R. Inglis, M.J. Manos, V. Nastoposl W. Wernsdorfer, E.K. Brechin
and A.J. Tasiopoulogyngew. Chem, 2011 n/a

G. Aromi and E.K. Brechingynthesis of 3d Metallic Sngle-Molecule Magnets,
20086 In: Richard WinpennySngle-Molecule Magnets and Related Phenomena,
Bd. 122, Springer-Verlag (Structure and Bonding), 1



1 Introduction 14

[44]

[45]
[46]

[47]
[48]

[49]
[50]

[51]
[52]
[53]

[54]

[55]
[56]

[57]
[58]

[59]
[60]
[61]

[62]
[63]
[64]
[65]
[66]

[67]

E. Ruiz, J. Cirera, J. Cano, S. Alvarez, Co$® and J. Kortu€hem. Commun.,
2007,1, 52

O. Waldmanninorg. Chem., 2007,24, 10035

S. Hill, S. Datta, J. Liu, R. Inglis, C.J. Mik, P.L. Feng et alDalton Trans,,
2010,20, 4693

F. Neese and D.A. Pantaztgraday Discuss., 201Q 229

C.J. Milios, R. Inglis, R. Bagai, W. Wernsderf A. Collins, S. Moggach et al.,
Chem. Commun., 2007,33, 3476

C.J. Milios, A. Vinslava, W. Wernsdorfer, S.dggach, S. Parsons, S.P. Perlepes
et al.,J. Am. Chem. Soc., 2007,10, 2754

R.J. Blagg, C.A. Muryn, E.J. L. Mclnnes, F.rieuand R.E. P. Winpenngngew.
Chem. Int. Ed, 2011,29, 6530

D.N. Woodruff, R.E. P. Winpenny and R.A. Lagffi, Chem. Rev., 2013,7, 5110
J.D. Rinehart and J.R. Longhem. i, 2011,11, 2078

P.-H. Lin, T.J. Burchell, L. Ungur, L.F. Chiteou, W. Wernsdorfer and M.
Murugesu Angewandte Chemie, 2009,50, 9653

N. Ishikawa, M. Sugita, T. Ishikawa, S.-y. Kilsara and Y. Kaizu]). Am. Chem.
Soc., 2003,29, 8694

N. IshikawaPolyhedron, 2007,9-11, 2147

P.-E. Car, M. Perfetti, M. Mannini, A. Favr&, Caneschi and R. Sessdlihem.
Commun., 2011,13, 3751

K. Katoh, H. Isshiki, T. Komeda and M. YamashiCoordination Chemistry Re-
views, 2011,17-18, 2124

C.R. Ganivet, B. Ballesteros, G. de la Tordyl. Clemente-Juan, E. Coronado
and T. TorresChem. Eur. J., 2013,4, 1457

C. Ni and P.P. Powe€hem. Commun., 2009,37, 5543
D. Yoshihara, S. Karasawa and N. Kogigdm. Chem. Soc., 2008,32, 10460

A. Grigoropoulos, M. Pissas, P. PapatolisPgycharis, P. Kyritsis and Y. Sana-
kis, Inorg. Chem., 2013,22, 12869

R. Ishikawa, R. Miyamoto, H. Nojiri, B.K. Brd®ve and M. Yamashitdnorg.
Chem., 2013,15, 8300

J. Vallejo, A. Pascual-Alvarez, J. Cano, |.s@a, M. Julve, F. Lloret et alAn-
gew. Chem. Int. Ed., 2013,52, 14075

D.E. Freedman, W.Hill Harman, T.David Harrs,J. Long, C.J. Chang and J.R.
Long, J. Am. Chem. Soc, 2010,4, 1224

W.Hill Harman, T.David Harris, D.E. Freedmadn, Fong, A. Chang, J.D. Rine-
hart et al.J. Am. Chem. Soc., 2010,51, 18115

P.-H. Lin, N.C. Smythe, S.I. Gorelsky, S. Magy N.J. Henson, |. Korobkov et
al.,J. Am. Chem. Soc., 2011,40, 15806

J.M. Zadrozny and J.R. Lond,Am. Chem. Soc., 2011,51, 20732



1 Introduction 15

[68]

[69]
[70]
[71]

[72]
[73]

[74]
[75]

[76]
[77]
[78]
[79]

[80]
[81]

[82]

[83]
[84]

[85]

[86]
[87]
[88]
[89]

[90]
[91]
[92]

T. Jurca, A. Farghal, P.-H. Lin, I. KorobkaV. Murugesu and D.S. Richesanh,
Am. Chem. Soc, 2011,40, 15814

A. Buchholz, A.O. Eseola and W. Pla€smptes Rendus Chimie, 2012,10, 929
V. Chandrasekhar, A. Dey, A.J. Mota and E.&a, Inorg. Chem., 2013,8, 4554

D. Wu, X. Zhang, P. Huang, W. Huang, M. Ruard &.W. Ouyang,norg.
Chem,, 2013,19, 10976

F. Yang, Q. Zhou, Y. Zhang, G. Zeng, G. Li,Shi et al. Chem. Commun., 2013,
46, 5289

Y.-Y. Zhu, C. Cui, Y.-Q. Zhang, J.-H. Jia, Xauo, C. Gao et alChem. <.,
2013,4, 1802

R. Baia, J. Miklovi and J. TitiS]norg. Chem., 2014,5, 2367

A. Eichhoéfer, Y. Lan, V. Mereacre, T. Bodenstand F. Weigendnorg. Chem.,,
2014,4, 1962

A. Naitabdi, J.-P. Bucher, P. Gerbier, P. Rabd M. Drillon,Adv. Mater., 2005,
13, 1612

R.V. Martinez, F. Garcia, R. Garcia, E. CodmaA. Forment-Aliaga, F.M.
Romero and S. Tatapdv. Mater., 2007,2, 291

A. Cornia, M. Mannini, P. Sainctavit and R.sSeli, Chem. Soc. Rev, 2011, 6,
3076

M.Jesus Rodriguez-Douton, M. Mannini, L. Arrae) A.-L. Barra, E. Tancini, R.
Sessoli and A. Corni&gGhem. Commun., 2011,5, 1467

S. Hill, Science, 2003,5647, 1015

R. Tiron, W. Wernsdorfer, D. Foguet-Albiol, Mliaga-Alcalde and G. Christou,
Phys. Rev. Lett., 2003,22

K. Bernot, L. Bogani, A. Caneschi, D. Gattesahd R. SessoliJ. Am. Chem.
Soc., 2006,24, 7947

H. Miyasaka and M. YamashitBalton Trans., 2007,4, 399

M. Murrie and D.J. PriceAnnu. Rep. Prog. Chem., Sect. A: Inorg. Chem., 2007,
20

E. Pardo, R. Ruiz-Garcia, J. Cano, X. Ottedere R. Lescouézec, Y. Journaux
et al.,Dalton Trans., 2008,21, 2780

H. Miyasaka, M. Julve, M. Yamashita and R.r@t&Inorg. Chem., 2009,8, 3420
M.Soo Lah and V.L. Pecorard,Am. Chem. Soc, 1989,18, 7258
V.L. Pecoraro|norganica Chimica Acta, 1989,2, 171

M.Soo Lah, M.L. Kirk, W. Hatfield and V.L. Pecaro, J. Chem. Soc., Chem.
Commun, 1989,21, 1606

C.J. Pederseyngew. Chem. Int. Ed. Engl., 1988,8, 1021
J.-M. Lehn Angew. Chem. Int. Ed. Engl., 1988,1, 89
D.J. CramAngew. Chem. Int. Ed. Engl., 1988,8, 1009



1 Introduction 16

[93]
[94]

[95]
[96]

[97]
[98]
[99]

[100]
[101]

[102]
[103]
[104]
[105]
[106]

[107]
[108]

[109]
[110]
[111]
[112]
[113]

[114]

B.R. Gibney, A.J. Stemmler, S. Pilotek, J.Wampf and V.L. Pecorardnorg.
Chem., 1993,26, 6008

P. Chaudhuri, M. Hess, E. Rentschler, T. Weytidler and U. FlérkeNew J.
Chem., 1998,6, 553

M. Kim and F.P. GabbaDalton Trans., 2004,20, 3403

C. Papatriantafyllopoulou, G. Aromi, A.J. Tagoulos, V. Nastopoulos, C.P. Rap-
topoulou, S.J. Teat et aEur. J. Inorg. Chem., 2007,18, 2761

C.P. Raptopoulou and V. Psychatigrganic Chemistry Communications, 2008,
10, 1194

A. Audhya, K. Bhattacharya, M. Maity and M. &kdhury,Inorg. Chem., 2010,
11, 5009

A. Audhya, M. Maity, K. Bhattacharya, R. Clérand M. Chaudhuryinorg.
Chem, 2010,19, 9026

J. Esteban, M. Font-Bardia and A. Escé&er, J. Inorg. Chem., 2013,30, 5274

G. Bombieri, G. Bruno, M. Cusumano and G. [Bhgno, Acta Crystallogr C
Cryst Sruct Commun, 1984,3, 409

M.Soo Lah, B.R. Gibney, D.L. Tierney, J.EnRer-Hahn and V.L. Pecorard,
Am. Chem. Soc, 1993,13, 5857

G. Psomas, C. Dendrinou-Samara, M. AlexiouT#ohos, C.P. Raptopoulou, A.
Terzis and D.P. Kessissogldaprg. Chem, 1998,26, 6556

E. Colacio, C. Lépez-Magaria, V. McKee andRamerosa,). Chem. Soc., Dal-
ton Trans,, 1999,17, 2923

G. Psomas, A.J. Stemmler, C. Dendrinou-Samara Bodwin, M. Schneider,
M. Alexiou et al.,Inorg. Chem, 2001,7, 1562

S.D. Kirik, R.F. Mulagaleev and A.l. BlokhiActa Crystallogr C Cryst Struct
Commun, 2005,10, m445

S. Jana, R. Frohlich, A. Hepp and N.W. Mitfaiganometallics, 2008,6, 1348

M. Tegoni, M. Remelli, D. Bacco, L. Marchismé@ F. Dallavalle Dalton Trans,
2008,20, 2693

O.N. Shishilov, T.A. Stromnova, A.V. Churakolk.G. Kuz’'mina and J.A.K
Howard,Journal of Organometallic Chemistry, 2009,9-10, 1453

J. Kibel, P.J. W. Elder, H.A. Jenkins an¥&rgas-BacaDalton Trans., 2010,
46, 11126

X.-J. Zhao, Q.-F. Zhang, D.-C. Li, J.-M. Dand D.-Q. WangJournal of Or-
ganometallic Chemistry, 2010,18, 2134

M. Ullrich, R.J. F. Berger, C. Lustig, R. Flich and N.W. MitzelEur. J. Inorg.
Chem., 2006,21, 4219

M. Alexiou, C. Dendrinou-Samara, C.P. Rapidpa, A. Terzis and D.P. Kes-
sissoglou)norg. Chem, 2002,18, 4732

M. Ullrich, R.J. F. Berger, S. Jana, T. PaReFréhlich and N.W. MitzelDal-
ton Trans, 2011,5, 1144



1 Introduction 17

[115]
[116]

[117]
[118]
[119]

[120]

[121]
[122]

[123]

[124]

[125]
[126]

[127]
[128]

[129]
[130]

[131]
[132]
[133]
[134]

[135]
[136]

[137]
[138]

J. Jankolovits, C.M. Andolina, J.W. Kampf,NK.Raymond and V.L. Pecoraro,
Angew. Chem. Int. Ed., 2011,41, 9660

M. Fang, H. Zhao, A.V. Prosvirin, D. PinkowidB. Zhao, P. Cheng et aDal-
ton Trans,, 2013,41, 14693

M. Hotynska and M. Korabikiur. J. Inorg. Chem., 2013,31, 5469
D.P. Kessisoglou, J. Kampf and V.L. Pecor&ayhedron, 1994,9, 1379

A.J. Stemmler, J.W. Kampf and V.L. Pecorafmgew. Chem. Int. Ed. Engl,
1996,2324, 2841

S.Hamed Seda, J. Janczak and J. Lisovsé&rganic Chemistry Communica-
tions, 2006,8, 792

J. Jankolovits, J.W. Kampf and V.L. Pecord&oalyhedron, 2013 491

T. Afrati, C. Dendrinou-Samara, C.M. Zaleskiyv. Kampf, V.L. Pecoraro and
D.P. Kessissoglounorganic Chemistry Communications, 2005,12, 1173

S.0. Baumann, M. Bendova, H. Fric, M. Puclgleer C. Visinescu and U. Schu-
bert,Eur. J. Inorg. Chem., 2009,22, 3333

V.L. Pecoraro, A.J. Stemmler, B.R. Gibney, Bodwin, H. Wang, J.W. Kampf
and A. Barwinski,Metallacrowns. A New Class of Molecular Recognition
Agents, 1996, In: K.D. Karli:Progress in Inorganic Chemistry, Bd. 45. John
Wiley & Sons, Inc (Progress in Inorganic ChemistB3

G. Mezei, C.M. Zaleski and V.L. Pecora@hem. Rev, 2007,11, 4933

G.Attilio Ardizzoia, M.Angela Angaroni, G. LMonica, F. Cariati, S. Cenini,
M. Moret and N. Masciocchinorg. Chem, 1991,23, 4347

I. Kim, B. Kwak and M. Soo Lahnorganica Chimica Acta, 2001,1-2, 12

S. Lin, S.-X. Liu, J.-Q. Huang and C.-C. Lih, Chem. Soc., Dalton Trans,,
2002,8, 1595

J.lvar van der Vlugt, S. Demeshko, S. Declaarti F. MeyerJnorg. Chem.,
2008,5, 1576

D. Wu, D. Guo, Y. Song, W. Huang, C. Duan, eng and O. Satdnorg.
Chem., 2009,3, 854

L.F. Jones, C.A. Kilner and M.A. Halcro®@hem. Eur. J., 2009,18, 4667
Y. Chen, J. Dou, D. Zhang and D. &glid State Sciences, 2010,4, 461
C. Chen, H. Qiu and W. Chdmorg. Chem, 2011, 110727131033083

G.-J. Chen, C.-Y. Gao, W. Gu, X. Liu, S.-Pari¥ J.-L. Tian and D.-Z. Liac.
anorg. allg. Chem,, 2011,3-4, 374

E.V. Govor, A.B. Lysenko, D. Quifionero, E.Rusanov, A.N. Chernega, J.
Moellmer et al. Chem. Commun., 2011,6, 1764

A.A. Mohamed, S. Ricci, A. Burini, R. Galas€l. Santini, G.M. Chiarella et al.,
Inorg. Chem., 2011,3, 1014

D. Zhang, Y. Chen, Q. Zhao and Y. Wianorg. allg. Chem, 2011,9, 1175

A.J. Blake, R.O. Gould, C.M. Grant, P.E. Y.in, D. Reed and R.E. P.
Winpenny,Angew. Chem. Int. Ed. Engl., 1994,2, 195



1 Introduction 18

[139]
[140]
[141]

[142]
[143]
[144]

[145]

[146]
[147]

[148]
[149]
[150]
[151]
[152]
[153]
[154]
[155]
[156]
[157]

[158]
[159]

[160]

[161]

R.W. Saalfrank, S. Trummer, U. Reimann, M@howdhry, F. Hampel and O.
Waldmann Angew. Chem. Int. Ed., 2000,19, 3492

H. Piotrowski, K. Polborn, G. Hilt and K. S&n, J. Am. Chem. Soc., 2001,11,
2699

M.-L. Lehaire, R. Scopelliti, H. Piotrowsknd K. SeverinAngewandte Chemie
International Edition, 2002,8, 1419

Z. Grote, R. Scopelliti and K. Severfngew. Chem. Int. Ed., 2003,32, 3821
T. Brasey, R. Scopelliti and K. Severingrg. Chem., 2005,2, 160

N. Masciocchi, E. Corradi, M. Moret, G.AttliArdizzoia, A. Maspero, G. La
Monica and A. Sironilnorg. Chem., 1997,24, 5648

K. Yamanari, I. Fukuda, T. Kawamoto, Y. KusAi Fuyuhiro, N. Kubota et al.,
Inorg. Chem., 1998,21, 5611

R.H. FishCoordination Chemistry Reviews, 1999 569

P. Annen, S. Schildberg and W.S. Sheldriakrganica Chimica Acta, 2000,1-
2,115

J. Omata, T. Ishida, D. Hashizume, F. lwasakil T. NogamiJnorg. Chem,,
2001,16, 3954

K. Yamanari, R. Ito, S. Yamamoto, T. Konnao, Puyuhiro, K. Fujioka and R.
Arakawa,lnorg. Chem., 2002,25, 6824

N. Shan, S.J. Vickers, H. Adams, M.D. Wardl a@A. ThomasAngew. Chem.
Int. Ed., 2004,30, 3938

M. Paz Mufoz, B. Martin-Matute, C. Fernandzas, D.J. Cardenas and A.M.
EchavarrenAdv. Synth. Catal., 2001,4, 338

T.K. Si, S. Chakraborty, A.K. Mukherjee, MEsDrew and R. Bhattacharyya,
Polyhedron, 2008,11, 2233

J.T. Grant, J. Jankolovits and V.L. Pecorarimorg. Chem, 2012
120502154627002

E.S. Koumousi, S. Mukherjee, C.M. Beaversl. Jeat, G. Christou and T.C.
StamatatosChem. Commun., 2011,39, 11128

I. Tsivikas, M. Alexiou, A.A. Pantazaki, C.eddrinou-Samara, D.A. Kyriakidis
and D.P. KessissogloBjoinorganic Chemistry and Applications, 2003,1, 85

C. Dendrinou-Samara, A.N. Papadopoulos, DMalamatari, A. Tarushi, C.P.
Raptopoulou, A. Terzis et allpurnal of Inorganic Biochemistry, 2005,3, 864

A.J. Stemmler, J.W. Kampf, M.L. Kirk, B.H. &s¢i and V.L. Pecorardnorg.
Chem, 1999,12, 2807

J.J. Bodwin and V.L. Pecoraimprg. Chem, 2000,16, 3434

J.J. Bodwin, A.D. Cutland, R.G. Malkani andLV Pecoraro,Coordination
Chemistry Reviews, 2001, 489

A.D. Cutland-Van Noord, J.W. Kampf and V.Leddraro,Angew. Chem, 2002,
24, 4861

A.B. Lago, J. Pasan, L. Cafiadillas-DelgadokF@belo, F.J. M. Casado, M. Julve
et al.,New J. Chem, 2011,9, 1817



1 Introduction 19

[162]
[163]

[164]
[165]

[166]

[167]
[168]
[169]

[170]
[171]
[172]
[173]
[174]
[175]
[176]
[177]
[178]
[179]
[180]
[181]

[182]
[183]

[184]

C. McDonald, T. Whyte, S.M. Taylor, S. SaizK. Brechin, D. Gaynor and
L.F. JonesCrystEngComm, 2013,34, 6672

C.-S. Lim, A.Cutland van Noord, J.W. Kampfdai.L. PecoraroEur. J. Inorg.
Chem, 2007,10, 1347

C.-S. Lim, J.W. Kampf and V.L. Pecoraltoprg. Chem, 2009,12, 5224

C.-S. Lim, J. Jankolovits, P. Zhao, J.W. Kdmapd V.L. Pecorardnorg. Chem,
2011, 110503091349087

C.M. Zaleski, E.C. Depperman, J.W. Kampf, MKirk and V.L. Pecoraroln-
org. Chem, 2006,25, 10022

M.Soo Lah and V. Pecorar@omments on Inorg. Chem, 1990,2, 59
M.Soo Lah and V.L. Pecorarmorg. Chem, 1991,5, 878

B.R. Gibney, D.P. Kessissoglou, J.W. Kampdl AhL. PecoraroJnorg. Chem,
1994,22, 4840

B.R. Gibney, H. Wang, J.W. Kampf and V.L. Bexro,Inorg. Chem, 1996,21,
6184

C. Dendrinou-Samara, G. Psomas, L. lordanidisTangoulis and D.P. Kes-
sissoglouChem. Eur. J, 2001,23, 5041

D.P. Kessissoglou, J.J. Bodwin, J. KampfP@ndrinou-Samara and V.L. Peco-
raro,Inorganica Chimica Acta, 2002,1, 73

C. Dendrinou-Samara, L. Alevizopoulou, L. danidis, E. Samaras and D.P.
KessissoglouJournal of Inorganic Biochemistry, 2002,1-2, 89

B. Emerich, M. Smith, M. Zeller and C.M. Zake, J Chem Crystallogr, 2010,9,
769

B.R. Tigyer, M. Zeller and C.M. Zaleslkgcta Crystallogr E Sruct Rep Online,
2011,8, m1041

J. Herring, M. Zeller and C.M. Zaleslécta Crystallogr E Struct Rep Online,
2011,4, m419

A.J. Stemmler, A. Barwinski, M.J. Baldwin, W.oung and V.L. Pecoraral.
Am. Chem. Soc, 1996,47, 11962

A.D. Cutland, R.G. Malkani, J.W. Kampf andLVPecoraroAngew. Chem. Int.
Ed., 2000,15, 2689

A.D. Cutland, J.A. Halfen, J.W. Kampf and V.Recoraro,). Am. Chem. Soc,
2001,25, 6211

T.N. Parac-Vogt, A. Pacco, P. Nockemann, &irent, R.N. Muller, M. Wickle-
der et al.Chem. Eur. J, 2006,1, 204

C.M. Zaleski, A.D. Cutland-Van Noord, J.W. i§pf and V.L. Pecorarcrystal
Growth & Design, 2007,6, 1098

S.Hamed Seda, J. Janczak and J. Lisowski,J. Inorg. Chem, 2007,19, 3015

G. Mezei, J.W. Kampf, S. Pan, K.R. Poeppetmes. Watkins and V.L. Pecora-
ro, Chem. Commun., 2007,11, 1148

E.V. Govor, A.B. Lysenko, A.N. Chernega, XAHoward, A.A. Mokhir, J.
Sieler and K.V. DomasevitcRolyhedron, 2008,11, 2349



1 Introduction 20

[185]
[186]

[187]
[188]
[189]
[190]
[191]
[192]
[193]
[194]
[195]
[196]
[197]
[198]
[199]

[200]
[201]
[202]

[203]
[204]

[205]

M. Tegoni, M. Tropiano and L. Marchibalton Trans, 2009,34, 6705

J. Jankolovits, J.W. Kampf, S. Maldonado ahnd. Pecoraro,Chem. Eur. J,
2010,23, 6786

C.-S.Lim Jeff W. Kampf and Vincent L. Pecaradoseph JankolovitsZ.
Naturforsch., 2010,65b, 263

C.M. Zaleski, C.-S. Lim, A.D. Cutland-Van Nab J.W. Kampf and V.L. Peco-
raro,Inorg. Chem, 2011,16, 7707

A.V. Pavlishchuk, S.V. Kolotilov, M. Zellel,.K. Thompson and A.W. Addi-
son,lnorg. Chem., 2014 140114140153006

G. Vlahopoulou, A. Escuer, M. Font-Bardia andCalvet,Inorganic Chemistry
Communications, 2012 78

A. Kaza, P. Jensen, J. Clegg, A.F. MastersMiaschmeyer and A.K.L Yuen,
Polyhedron, 2013 909

T.C. Stamatatos, C. PapatriantafyllopoulouK&tsoulakou, C.P. Raptopoulou
and S.P. PerlepeBplyhedron, 2007,9-11, 1830

T.C. Stamatatos, S. Dionyssopoulou, G. EftlogmP. Kyritsis, C.P. Raptopou-
lou, A. Terzis et al.lnorg. Chem., 2005,10, 3374

C.M. Zaleski, S. Tricard, E.C. Depperman, Wernsdorfer, T. Mallah, M.L.
Kirk and V.L. Pecoraradnorg. Chem, 2011,22, 11348

T.C. Stamatatos, D. Foguet-Albiol, S.-C. L&C. Stoumpos, C.P. Raptopou-
lou, A. Terzis et al.J. Am. Chem. Soc, 2007,30, 9484

R. Inglis, S.M. Taylor, L.F. Jones, G.S. Pafgtathiou, S.P. Perlepes, S. Datta et
al., Dalton Trans., 2009,42, 9157

S. Wang, L. Kong, H. Yang, Z. He, Z. Jiang, ID et al.,Inorg. Chem, 2011,
110303113001003

C.J. Milios, A. Vinslava, P.A. Wood, S. PansoW. Wernsdorfer, G. Christou et
al., J. Am. Chem. Soc., 2007,1, 8

A.-R. Tomsa, J. Martinez-Lillo, Y. Li, L.-MChamoreau, K. Boubekeur, F. Far-
ias et al.Chem. Commun, 2010,28, 5106

P.L. Feng and D.N. Hendricksdnprg. Chem., 2010,14, 6393
T.T. Boron, J.W. Kampf and V.L. Pecorahogrg. Chem, 2010,20, 9104

F. Cao, S. Wang, D. Li, S. Zeng, M. Niu, Yorf§ and J. Doulnorg. Chem.,,
2013,19, 10747

A. Deb, T.T. Boron, M. Itou, Y. Sakurai, T.&Mlah, V.L. Pecoraro and J.E. Pen-
ner-HahnJ. Am. Chem. Soc., 2014 140320133230001

C.M. Zaleski, E.C. Depperman, J.W. Kampf, MKirk and V.L. Pecorardin-
gew. Chem. Int. Ed, 2004,30, 3912

C.M. Zaleski, J.W. Kampf, T. Mallah, M.L. Kirand V.L. Pecorarolnorg.
Chem, 2007,6, 1954



2 Heterovalent Metallacrowns 21

2 Heterovalent Metallacrowns

Enforcing a high-spin ground state for a 12-
metallacrown-4 complex via a heterometallic magneti ¢
director approach

Peter Happ and Eva Rentschler

Applying a novel magnetic director approach, weehasalized Cu(ll)(DMRXCI[12-
MCreqinshir4](DMF)4- 2DMF as the first heterometallic transition mel&-MC-4
complex in order to equip this type of compoundhvathigh-spin ground state.
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2.1 Abstract

Applying a novel magnetic director approach, weehawalized Cu(ll)(DMRCI2[12-
MCreqneshir4](DMF)s-2DMF as the first heterometallic transition mel&-MC-4
complex in order to equip this type of compoundvéthigh-spin ground state. Synthe-
sis was planed extracting basic principles of tregmetic interplay in corresponding
homometallic compounds. The high spin ground ssatealized as the central guest ion
accomplishes its anticipated role as a magnetectlir enforcing an appropriate spin
topology.

2.2 Introduction

The quest for novel single-molecule magnets isafrtbe most powerful driving forces
in coordination chemistry researétf! Since the discovery of the phenomenon in 1993,
[58] different approaches have been pursued in ordeoraply with the two essential
requirements of a high-spin ground state and aal axagnetic anisotropy. Attempts
to raise these simultaneously by increasing théeauty 2% revealed both parameters
to be strongly correlatdd 3l Current synthetic efforts focus on an increasesodropy
and are, hence, mostly geared towards the incdrporaf lanthanide ions into new
complexeB841¢l and/or the geometric and electronic optimizatiorSMMs identified
already*"-??2l However, only a few rare approaches are basedpampmseful design of
definite, novel target molecules and usually dem#rel establishment of advanced,
determining ligands with various sets of donor aéit*

Metallacrowns represent a promising class of comgsuor the generation, engineer-
ing and further application of new single-molecaoiagnets, as they have proven most
singularly to combine the features of syntheticaf@lity, stability of their basic scaf-
fold, structural versatility, and facile functioimdtion?>2"! In spite of the finite ligand
size, salicylhydroxamic acid @3hi) especially reliably creates the 12-MC-4 sunuait
motif with four metal centers in the cyclic hostdaen encapsulated guest ion at its core
(Fig. 1)128-32 The complex Mn(I1)(OAcY12-MCunamnshiy-4](DMF)s has already been
reported to reveal SMM behavior. In that case,dbeurrence of an energy barrier to
magnetization reversal has been attributed paatilyuto the combination of single-ion
anisotropy contributions, which are promoted by plenar linkage of the spin carriers
in the characteristic configuratiétil However, 12-MC-4 clusters, in general, lack a
high-spin ground state because the nearly comphet&ial compensation of the spins
via antiferromagnetic interactions is facilitateg the geometric arrangement of the
coupling pathway&2-3%1

Therefore, we present here the first achievemehés amplementary approach which
respects the basic motif of the metallacrowns assaablished class of complexes and
realizes the enforcement of an increased spin grstate by a purposeful placement of
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different metal ions in a designed target molecijéherefore, holds out the prospect of
a uniquely rational access to novel and versatilgls-molecule magnets based on
high-spin metallacrowns. Featuring the most singdilelism of adaptability and stabil-
ity, the upgrade of 12-MC-4 metallacrowns with aglsed magnetic properties would
create them powerful tools to face current chaksngf magneto-chemical research.
Particularly, the deposition on surfaces and tlw®nporation into functional materials

and devices represent promising scopes in tha¢ce€p®
b '
Ji

v

Fig.1 Basic 12-MC-4 motif with different metal-bindinges at the core (orange) and in
the surrounding scaffold (green), and a correspanitiealized square magnetic model
with a radial (d) and tangential ¢J coupling constant.

As we are working in the field of metallacrown chisiry, we have been looking for a
way to join the synthetic reliability of the chatewstic structural motif with the insight
into the intramolecular magnetic interplay in orderequip these complexes of distin-
guished features with a high-spin ground state. iltezpretation of the magnetic prop-
erties of the homometallic metallacrown (HNEEu(I1)[12-MCcuaneshir4] 1 in this
article, demonstrates the reasonable applicaticheofdealized square planar coupling
scheme that is performed by default for 12-MC-4etyjompounds in a paradigmatic
way [33-3540-441|n this instance, the number of distinct couploumstants is reduced to
one parameteriJor the radial interactions between the guest hietaand the spin
centers in the cyclic host, and another parametfar Jhe tangential interactions within
the peripheral ring (Fig. 1). As will be discussednore detail below, this arrangement
of coupling pathways and spins favors their mutaacellation in the frequent case of
antiferromagnetic interactions overall.

Nevertheless, the square magnetic model also ¢sespa star-shaped subpattern
and a large number of examples of the latter siradlype featuring a high-spin ground
state in spite of antiferromagnetic interactionsehbeen reporteld>>® We, therefore,
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developed the strategy to turn the square cougaiggme of the metallacrown into a
dominantly star-shaped one by emphasizing the Iradiaractions via a deliberate
placement of different metal ions inside the vasidainding sites. Concerning the spin
topology of the ground state, this means the eefasnt of a shift in the spectrum of
possible orientations between the extremes of &ipaaallel and a parallel alignment of
the magnetic moments in the cyclic scaffold (Fig).S o that effect, a Cu(ll) guest ion
was intended to function as the central magnetiecthr, because its natural magnetic
orbital dx2-y2 points directly towards basal domtoms and can, consequently, induce
extraordinary strong antiferromagnetic exchangeradtions in an appropriate ar-
rangement!>3 This holds especially for 12-MC-4 metallacrowns vee have deduced
from the magnetic behavior df in accordance with similar compounds in literature
3540-441Moreover, the range of the cavity size and thelame position of the radial link-
ing oxygen donor atoms appeared most promisinghi®maforementioned type of com-
plex, which has been established as the predomswgramolecular assembly of the
pioneering ligand salicylhydroxamic adfd3%54%6I The design of the target molecule
was completed by the placement of Fe(lll) ionsdagihe cyclic periphery. These also
provide high single-ion spin contributions as dulgasets of magnetic orbitals for the
exchange interactions in the targeted cluster GUHMCreqamynshir4]. Furthermore,
the coupling constants reported for the salicyloxdmic acid-based metallacrown
Fe(II1)(OAC)3[12-MCreinshir4](MeOH) are smaller by magnitudes than those for the
homometallic copper metallacrowns such148” The quantitative evaluation of the
interplay between radial and tangential exchanggraetions performed is dealt with in
the course of the interpretation of the experimlemi@gnetic data, which have been ob-
tained for the successfully synthesized compound!XDMF)2Clo[12-MCreqiyn(shiy
4](DMF)4-2DMF (2).

The homometallic complex (HNgtCu(I)[12-MCcumnshir4] (1) and the heterometal-
lic compound Cu(ll)(DMR)CI2[12-MCreqiynshiy4](DMF)22DMF (2) have been pre-
pared by reactions of salicylnydroxamic acid witte tcorresponding metal chloride
salts in the presence of amine bases in methawodiamethylformamide, respectively.
Pursuing the positioning of the different metalsdior 2 outlined, a preferential for-
mation of the cyclic scaffold by Fe(lll) ions waasti@ipated due to the extraordinary
affinity of the hydroxamic acid moiety towards thipeci€®®®% The encapsulation of
the Cu(ll) ion inside the core was, on the contranpmoted by a waiver of potential
bridging polydentate ligands in order to keep thenher of pre-oriented donor atoms
low, and to facilitate a flexible adaption of thevity size via the overall molecular con-
figuration. The successful synthesis of both commoisuhas been verified by various
characerization methods like X-ray crystallograpéigmental analysis, infrared spec-
troscopy, UV-Vis spectroscopy, atomic absorptioacsmscopy, molibauer spectrosco-
py and ESI-mass spectrometry.
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Fig. 2 Molecular structure of (HNERCu(I1)[12-MCcuayneshiy4] in crystals ofl; color
scheme: light blue outlined - Cu(ll), red - O, daike - N, and black - C.

The crystal structure ofl contains the well-known pentanuclear complex diani
Cu(I[12-MCcumnshird]?> (Fig. 2, S1¥?%58 Four of the Cu(ll) ions are linked by the
same number of threefold deprotonated salicylhyaimux acid molecules forming the
cyclic host of the metallacrown with the charadiei repetition unit [Cu-O-N-]. Thus,
each ligand binds one metal center via its hydrexengroup, while the iminophenolate
functionality associated is coordinated with aaliéint copper ion of the metallamacro-
cycle. As every copper ion of this peripheral solafffis bound by the complementary
moieties of two adjacent salicylhydroximates, acsgsion of five- and six-membered
chelate rings is observed. The fifth Cu(ll) ionides in the inner cavity on a center of
inversion and is surrounded by the hydroximate exygonor atoms, which point to-
wards the inside of the complex. Although all meghters adopt a square planar coor-
dination sphere, the overall molecule does noufeaperfect planarity. By contrast, a
so-called ‘sofa-configuration’ is present, becabsth adjacent ligands of the asymmet-
ric unit are tilted slightly out of the plane oftimetal ions in a different orientation and
are symmetrically related to the salicylhydroxinsaite the opposite half of the molecule
by the center of inversion. As has been descrilbediqusly for similar compounds, the
metallacrown is disordered over two positions alibetcentral guest ion in a refined
ratio of 86:1472%%% The triethyl ammonium ions interact via hydrogeméing with two
phenolate oxygen atoms (carbonyl oxygen atomsh®mtinority orientation) on oppo-
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site sides of the periphery of the 12-MC-4 clusfidre metallacrown dianions in the
crystals ofl overlap like bricks in the ‘a’ direction, formirigethyl ammonium-flanked
chains. These are aligned towards layers alondctrexis (Fig. S2), which are alter-
nately stacked in the ‘b’ direction, with oppositelination of the chains (Fig. S3).
Crystal structure information, and selected interat distances and angles are provid-
ed in Tables S1, S2 and S3 of the ESI, and arengiveroper places for the discussion
of the magneto-structural correlations.

Fig. 3Molecular structure of Cu(Il)(DMEEI2[12-MCreqinshiy-4](DMF)4 in crystals of
2; colour scheme: light blue - Cu(ll), yellow - Fié) green - Cl, red - O, dark blue - N,
black - C.

The neutral molecules in the crystal structureahpound?2 also obey the regular 12-
MC-4 constitution, which has been described initéta 1 (Fig 3, S4). However, the
cyclic host comprises four Fe(lll) ions while a @u{on is encapsulated inside the core
of the complex. Due to the centrosymmetry of theattecrown, two of the iron ions on
opposite sides of the ring are surrounded by arsgpgramidal coordination sphere
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with a chloride counter ion on the apical posit{orr 0.058)[%1) On the contrary, a pair
of transoid dimethylformamide secondary ligandsheammpletes the distorted octahe-
dral environment of the remaining Fe(lll) ions dikdwise delimits the distinguished
axis of the strongly Jahn-Teller elongated octatve@round the central copper ion. The
planarity of the basic motif is again slightly petied as the adjacent salicylhydroxi-
mate main ligands of the asymmetric unit are titbed of the plane of the metal ions in
opposite directions.

The complex is also disordered over two positidnsuathe copper ion on the center of
inversion but the extent is significantly lower lwia rate of above 97% for the majority
orientation. Additionally, two disordered dimethydimamide solvent molecules per
metallacrown fill the space between adjacent corgdeThe latter are packed towards
layers in the plane, which is spanned by the ‘a+xd ‘a+b’ vector (Fig S4). The dime-
thylformamide ligands project into the interspa@aween the layers. Crystal structure
information, selected interatomic distances andeangre listed in tables S1, S2 and S3.
Moreover, the relevant parameters are picked incthese of the discussion of the
magnetic data.

The magnetic properties @faccording to guT vs. T plot are depicted in figure 4. At
room temperature the experimengalT value of 1.00 cm3 K mdlis distinctly lower
than the calculated spin-only value of 1.88 cm3 &l-hfor five uncoupled Cu(ll) ions
with S = % and g = 2.0. Decreasing the temperatbeeyvT values decline with con-
tinuously increasing slop until an inflection poistreached slightly above 100 K. Both
observations already indicate a favoritism of IgMnsstates due to strong antiferromag-
netic interactions between the metal ions. Belo® KQthe slope decreases and the data
reveal a plateau at 0.44 cm3 K mdbetween 40 and 10 K. Anticipating an usually
slightly raised g-factor for copper compounds, feeture gives evidence for an isolated
S = % spin ground state. ThaT values finally decrease again for very low tenaper
tures. Due to the shortest distance of only 6.0®rACu(ll) ions of different metalla-
crowns within the chains along the a axis and & 3®%tween the chains in ¢ direction,
the latter might be attributed to intermoleculatifenromagnetic interactions.

The interpretation of the magnetic data was peréal via the idealized square cou-
pling scheme (Fig.1), which has been frequentlyliagpfor 12-MC-4 compounds in
literaturel®3-3540-44 Hence, only two different coupling constants fadial and tangen-
tial exchange interactions have been introduced the following isotropic spin-
Hamiltonian according to the Heisenberg-Dirac-vdaek model.

H = _2]1(§1§2 + §1§3 + §1§4 + §1§5)

- 2]2(§2§3 + §3§4 + §4§5 + gzgs)
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In spite of the lack of an exack Gymmetry, this simplification is justified by tloen-
formity of the relevant structural parameters. @istances of the central Cu(ll) ion and
the two crystallographically distinguished hydroxit® oxygen atoms for instance both
amount to 1.90 A while the bond lengths of theseol@atoms to the adjacent copper
ions in the periphery measure 1.91 and 1.90 A. bleeg the spanned angles between
the guest ion, the linking oxygens atoms and th&ahoenters in the host hardly differ
with 116.8 and 117.6° respectively. Within the aydcaffold, the distances between
the Cu(ll) ions also resemble each other accourfiting.58 and 4.61 A.

1,1 5
1,0
0,9
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0,6
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Fig.4 Temperature dependence of thel product guT vs. T plot) for experimental
susceptibility data of compourid the solid line refers to the best fit of the expental
data according to an idealized square magnetic mode

The best fit result of g = 2.16, 3 -155.2 cmt and 3= -92.3 cmt is in good accordance
with the reported values for comparable compoumdsi@plies strong antiferromagnet-
ic coupling for both interaction pathwaljg%42-44 However, the radial interaction via
the single hydroximate oxygen atom clearly excebdgdangential coupling through the
diatomic N-O bridge. According to the correspondamgrgy level diagram (Fig. S10),
the low-spin ground state of=S1/2 is well separated from two excited S = 14est by
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125.8 and 184.5 cthand from the lowest lying S = 3/2 high-spin staye213.8 crtt.
The analyses of the magnetization measurementgmothiis finding as they match the
anticipated Brillouin function for an isolated sground state (Fig. S8, S9). A parallel
alignment of the peripheral spins like in antifenagnetically coupled star shaped mol-
ecules is hence not accomplished. As it has bepmnigtrated previously, the relative
energies of the spin states are linear functionthefratio between the radial and the
tangential coupling constantgB for the here applied model (Fig. S3).Thus, below
the threshold ofdk = 1 an S = % ground state representing the caae afternating
spin topology in the cyclic scaffold is adopted wdes the parallel alignment of the
peripheral spins opposite to the central spin lBea®d above the limit ofill, = 4 (Fig.
S12). Between those extremes of dominating tanglemtiradial exchange coupling and
specifically for the here analyzed compoun@h/J = 1.68), another S = 1/2 spin state
holds the lowest energy (Fig. S13). Therefore,ghtdrcement of a high-spin ground
state via superior radial magnetic interactionseaty to be hindered by the geometric
arrangement of the coupling pathways (Fig. S14).

Based on the insight into the magnetic interactiohfiomometallic 12-MC-4 com-
pounds likel, an evaluation of the spin state energies in tadrom with the ratio be-
tween radial and tangential coupling has been pedd for the Cu(ll)[12-
MCreqmn(shir4] target molecule within the range of of the idesd square magnetic
model. The number of states significantly incredsa® 10 to 286 due to the placement
of S = 5/2 spins in the sites at the periphery.(Bitp). Starting from superior tangential
coupling, an S = % state is lowest in energy, whagresents the extreme of an alter-
nating spin topology within the cyclic host. Betwemtios of #J = 1 and 4, again a
different S = %2 state takes over. Proceeding tosveethtively stronger radial interac-
tions, the value of the spin ground state increaseginuously from S = 3/2 at the
threshold of 4% = 4 in steps of 1 for every raise of the ratiodyntil the other ex-
treme of a parallel aligned spin orientation in threy with S = 19/2 is reached at the
limit of J1/J» = 20 (Fig. S16). These considerations on the @mal Istress the need for
distinctly superior radial magnetic interactionsit®n the other hand, high-spin ground
states are already achieved via the magnetic diregiproach in spite of the geometric
hindrance for ratios between radial and tangemtiraction which are significantly
lower than the demanded threshold for the complgtatallel alignment of the periph-
eral spins (Fig. S17).

The magnetic data of the synthesized compdliate presented according tonal vs.

T plot in figure 5. At room temperature, the expentalyuT value of 17.12 cm? K
mol! resembles the expected spin-only value of 17.88 knmol?! for four non-
interacting Fe(lll) ions with S = 5/2 and one Cl(lbns with S = % at a g-factor of g =
2.0. Cooling down the sample, theT values increase until a maximum of 22.45 cm3 K
mol? is reached close to 40 K. This feature indicategrergetic preference of higher
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spin states by strong intramolecular magnetic augons. For lower temperatures, the
T values decrease with rising slope. Due to theadies of 7.10 and 7.42 A between
Fe(lll) ions of different metallacrowns within tlegyers, the relevance of intermolecular
magnetic interactions for the magnetic propertiesompound? at very low tempera-
ture cannot be excluded. Moreover, the influenceafnetic anisotropy has to be taken
into considerations as significant zero field $plg parameters D have been reported
for square pyramidal coordinated Fe(lll) idhi3?

24
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2 14
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10 T T T T T T T 1 ! | ! |
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Fig. 5 Temperature dependence of el product gmT vs. T plot) for experimental
susceptibility data of compourg] the solid line refers to the best fit of the exipental
data according to an idealized square magnetic mode

Although the deviation of the metallacrown from §ymmetry is directly obvious from
the different coordination numbers and secondaggnlds of the crystallographically
distinct Fe(lll) ions, the interpretation of the gmetic data has again been performed
via an idealized square coupling scheme. This @diog is supported by the compari-
son of the relevant structural parameters. Foants#, the interatomic distances along
the radial interaction pathways show nearly idemtialues. So, the bond lengths be-
tween the Cu(ll) ion and the hydroximate oxygemeaccount for 1.91 and 1.92 A.
The distance between the latter and the Fe(lll)inotne square pyramidal coordination
sphere is with 1.99 A only slightly smaller thar tvelue of 2.01 A for the counterpart
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of the six-fold coordinated metal ion. Additionallyhe corresponding angles moreover
measure 123.6 and 124.1°, respectively. Concertiiagtangential coupling, the two

distinguishable distances between the peripheoal @enters strongly resemble each
other with 4.88 and 4.89 A. This kind of simplifitan has furthermore been applied
successfully for a very similar case of a pseuduorsgtrical iron cluster in literatufe’]

Thus, the optimized coupling constant for the iatéon between the Cu(ll) ion in the
core with S = %2 and the peripheral Fe(lll) iongha# cyclic host with S = 5/2 amounts
to J = -49.2 cm-1 whilez)= -3.8 cm-1 was obtained as best fit results Heréxchange
interaction in the ring due to the square magmatdel at a g-factor of g = 2.03. Setting
up the energy diagram based on these values, ahl®=state is lowest in energy due
to the ratio of 4% = 12.9 (Fig. S20) but it is closely accompaniedhlfy = 13/2 and a S
= 9/2 state only 3.3 and 4.2 dnabove, respectively (Fig. S21). Despite of thdthm
tions of the applied model, its significance is erithed by the simulation of the tem-
perature dependent magnetization data using thamiapd fit parameters, which
matches the measured data comparatively well &ig). A fitting according to the
Brillouin function of an isolated spin ground statas not performed due to the antici-
pated near excited states, which might be the nebssides magnetic anisotropy for the
missing superimposition of the measured values ridsva master curve in the plot of
the reduced magnetization versus the field-temperatatio (Fig. S19). The achieve-
ment of a high-spin ground state is therefore datlidconfirmed by both types of mag-
netic measurements.

Although the behavior of the sample under a dynamagnetic field was analyzed, no
evidence of SMM characteristics could be obserwesh evith an additional static field.
A discussion of the reasons for this demands a mheta@led investigation of the lowest
lying states, which has to be performed by elaleoragthods because of their weak
energetic separation. The successful establishofemtigh-spin ground state will now
allow achieving the features of single-molecule n&gm by a synthetic fine adjust-
ment via the engineering of secondary ligands, dioation geometries and the molecu-
lar configuration in analogy to the family of s&traped Feclusterg®5-5¢1

2.3 Conclusions

Inspired by the insight into the interplay of thegnetic interactions in the compound
(HNE)2Cu(I)[12-MCcuanneshir4] and related complexes in literature, a strategy
overcome the nearly complete cancellation of thessim 12-MC-4 metallacrowns was
devolved that respects their basic structural motifsiders the frequent occurrence of
antiferromagnetic coupling and utilizes their adegeous features. The herein present-
ed magnetic director approach is aimed at the eafoent of a high-spin ground state
via dominating radial magnetic interactions. Foattburpose, a copper-centered iron
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metallacrown was designed as a target moleculer@alized through the compound
Cu(I1)(DMF)2Cl2[12-MCreqineshir4](DMF)s x 2 DMF. Indeed, the magnetic data of
this first example of a transition metal-based twteetallic 12-MC-4 metallacrown
prove the presence of a high-spin ground statereftve, the novel magnetic director
approach has revealed its potential to join thaldished, distinguished features of 12-
MC-4 metallacrowns, such as stability of the basiaffold, structural versatility and
facile functionalization with advanced magnetictieas in a singularly targeted way. It
represents hence a suitable strategy to develge tbmmpounds for their application in
magneto-chemical issues.

Elaborate investigations, including XMCD measuretagare in progress in order to
refine the magnetic model of the novel heteromietalbmpound. Moreover, synthetic
experiments are currently being performed which atrthe further engineering of the
magnetic properties via the substitution of secontigands.
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2.5 Notes

Electronic Supplementary Information (ESI) avaiaJExperimetal details; synthesis;
X-ray crystallography - crytal structure informati¢Tab. S1), selected interatomic dis-
tances and angles (Tab. S2-3), numbering schentkeshermal ellipsoids (Fig. S1, S4),
packing diagramms (Fig. S2-3, S5-6); magnetismerggnlevel diagrams (Fig. S10-13,
S15-17, S20-21), magetization curves (Fig. S8-B-8), spin topology illustrations
(Fig. S7, S14); elemental analysis - data; infrageelctroscopy - data; UV-Vis spectros-
copy - data, spectra (Fig. S22-23); atomic absmmpsipectroscopy - data; molbauer
spectroscopy - data, spectrum (Fig. S24), ESI-rspsstrometry - data].

Crystal data. 1 CsoH4sCuNeO12, M = 1122.58, monoclinic, a = 9.5697(7), b =
18.8080(13), ¢ = 11.8032(9) &,= 90,p = 107.039(2)y = 90°, U = 2031.2(3) A3, T =
173 K, space group P2 (no.14), Z = 2, 19690 reflections measured, 49Gdue (R

= 0.0825) which were used in all calculations. Tihal wR(F?) was 0.0795 (all data}.
Cs2H72Clo.CuFeN12020, M = 1543.04, triclinic, a = 11.7510(5), b = 121805), ¢ =
12.8605(5) Ao = 96.9260(10)p = 111.4130(10)y = 110.2760(10)°, U = 1620.39(11)
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A3, T = 173 K, space group P-1 (no.2), Z = 1, 356&flections measured, 7811 unique
(Rint = 0.0466) which were used in all calculations. Tinal wR(F?) was 0.0779 (all
data). CCDC 984042 and 984043.
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2.7 Supplementary Information

2.7.1 Experimental Section
All chemicals were reagent grade and were usedwitfurther purification.

X-ray diffraction data for the structure analysesrevcollected from suitable crystals of
1 and2 on a Bruker SMART 3-circle diffractometer with AREX I CCD detector and
Oxford cooling system using graphite-monochromaedKo radiation § = 0.71073
A) at -100°C.

Magnetic data were obtained from polycrystallinenples on a Quantum Design
MPMS XL SQUID magnetometer equipped with a 7 T nedgiiemperature dependent
susceptibility was measured from 2 to 300 K at ppliad field of 1 T. Magnetization
data were collected in a range between 2 and 10 & a field of 7 T.

C, Hand N elemental analyses were carried outlemsa Heraeus Vario EL at the Insti-
tute of Organic Chemistry at the Johannes GutenUaigersity Mainz.

Infrared absorption spectra were recorded at rcamperature in a range of 400-4000
cm! on a JASCO FT/IR-4200 spectrometer using KBr pelle

UV-Vis absorption measurements were performed batvwd0 and 1000 nm for a 0.2
and 0.01 mM solution of in MeOH and between 250 and 1000 nm for a 0.002 mM
solution of2 in CHCk on a JASCO V-570 UV/Vis/NIR spectrophotometer.

Atomic absorption spectroscopy was carried out &eikinElmer 5100 ZL spectrome-
ter.

The >’Fe MGssbauer spectrum was recorded in transmiggiometry with 2’Co(Rh)
source kept at room temperature and a conventspedtrometer operating in the con-
stant-acceleration mode. Previously, the powdeesdpte had been hermetically en-
closed in the sample holder made of acryl.

ESI mass spectra were obtained in the positive nade from a Waters Q-ToF-
ULTIMA 3 with LockSpray source at the Institute ©fganic Chemistry at the Johan-
nes Gutenberg University Mainz.

2.7.2 Synthesis
(HNEt3)2Cu(ID[12-MC cugnneshiy-4] (1)

CuCkhk (0.168 g, 1.25 mmol) and salicylhydroxamic acidl83 g, 1 mmol) were dis-

solved in 20 ml of methanol and a solution of tmgamine (0.304 g, 3 mmol) in 10 ml
of methanol was added. The dark green reactionum@xwas stirred for 16 h and than
filtered. Dark green crystals suitable for X-rayfrdiction analysis were obtained from
the filtrate by slow evaporation after two days.
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Yield: 0.185 g (66%)
Cu(I)(DMF) 2Cl2[12-MCre(innshi-4](DMF)4 - 2 DMF (2)

CuCkhk (0.269 g, 2 mmol) and salicylhydroxamic acid (@1 1 mmol) were dissolved
in 10 ml of dimethylformamide and a solution oéthanolamine (0.373 g, 2.5 mmol) in
10 ml of dimethylformamide was added. By additidnaosolution of FeGl - 400
(0.199 g, 1 mmol) in 10 ml of dimethylformamideettlark green reaction mixture im-
mediately turned dark red. It was stirred for 1artd than filtered. Dark red crystals
suitable for X-ray diffraction analysis were ob&ihfrom the filtrate by slow evapora-
tion after one month.

Yield: 0.126 g (33%)

2.7.3 X-ray Crystallography

A semi-empirical absorption correction of the obéml X-ray diffraction data was per-
formed with MULABS?!? The structures were solved by direct methods thighhelp of
the program SIR$7and all non-hydrogen atoms were refined by fulkiraleast
squares methods orf With anisotropic displacement parameters using ISHE97.#
All carbon bound hydrogen atoms were placed on gdacally calculated positions
and refined according to the riding model with afarm value of U, The nitrogen
bound hydrogen of the triethylammonium moietylofvas located and refined accord-
ing to the riding model.
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Compound 1 2
Formula Ca0H48Cls N6 O12  Cs2 H72 Ci2 Cu Fa Ni2 Oz
Formula weight 1122.58 1543.04
T/IK 173 173
Wavelength/A 0.71073 0.71073
Crystal system Monoclinic Triclinic
Space group P21/c P-1
alA 9.5697(7) 11.7510(5)
b/A 18.8080(13) 12.8013(5)
c/A 11.8032(9) 12.8605(5)
0l° 96.926(1)
B/° 107.039(2) 111.413 (1)
y/° 110.276 (1)
V/A3 2031.2(3) 1620.39 (11)
Z 2 1
dcalcd/genT® 1.835 1.581
p/mm-t 2.648 1.359
Crystal size/mm 0.47 x0.45x0.24 0.30 x0.21 x 0.08
Omax/° 28.14 28.00
Reflns. collected 19690 35651
Indep. Reflns (Rint) 4967(0.0825) 7811(0.0466)
Data/restrains/parameters 4967/47/350 7811/70/478
Goof on P 1.021 0.963
R1, WR2 (I>26(1)) 0.0343 0.0300

0.0758 0.0735
R1, wRe (all data) 0.0476 0.0444

0.0795 0.0779
Largest diff. peak and hole/e & 0.529/-0.547 0.598/-0.354

Table S1Crystallographic data and refinement parametearthiocrystal structures af
and2
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1 2
Cul-O1 1.896(2) Cuio1 1.9155(12)
Cul-04 1.8996(19) Culo4 1.9114(12)
Cu2-01 1.9032(19) CuiO9 2.7166(18)
Cu2-02 1.964(2) Fe101 1.9907(13)
Cu2-06' 1.871(2) Fel02 1.9692(14)
Cu2-N2' 1.926(2) Fe106' 1.8635(13)
Cu3-03 1.8999(19) FeN2' 2.0521(15)
Cu3-04 1.907(2) FelCl1 2.2473(6)
Cu3-05 1.940(2) Fe203 1.8706(13)
Cu3-N1 1.913(3) Fe204 2.0094(12)

Fe205 1.9976(13)
Cul.--Cu2 3.2502(4) FeQ7 2.0997(14)
Cul---Cu3 3.2421(3) Fe@8 2.0964(14)
Cu2---Cu3 4.5758(5) Fegl 2.0741(15)
Cu3: --Cu2i 4.6057(6)

Fel---Fe2 4.8905(4)
N3-H3N 0.91(3) Fel---Cul 3.4503(3)
N3-.-03 2.815(3) Fe2---Fel 4.8759(4)
H3N---03 1.96(3) Fe2.--Cul 3.4556(3)

Table S2Selected interatomic distances (A) in the crystalctures ofl and2
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1 2
Cul-01-Cu?2 117.62 (10) CuD1-Fel 124.07(6)
Cul-04-Cu3 116.81 (10) CuD4-Fe2 123.59(6)
01-Cul-04 91.90(8) 01Cul-04 90.53(5)
01-Cul-04 88.10(8) O1Cul- O4 89.47(5)
01-Cu2-02 80.10(8) 01Cu1-09 96.53(5)
O1-Cu2N2 88.77(10) O1-Cul-09 83.47(5)
02-Cu2- 06 98.15(8) 04Cu1-09 92.68(5)
06 -Cu2-N2' 92.98(11) 04-Cul-09 87.32(5)
03-Cu3-05 98.87(8) O1Fel-02 76.97(5)
03-Cu3-N1 93.05(9) O1FelN2' 83.51(5)
04-Cu3-05 81.20(8) O4Fel-Cl1 105.35(4)
04-Cu3-N1 91.52(10) O2Fel-06 95.39(6)
O2-FelCl1 104.03(5)
06-Fel-N2' 86.81(6)
O6-FelCl1 109.41(5)
N2 -FelCl1 104.62(5)
03-Fe2-05 112.06(6)
03-Fe2-07 88.50(6)
03-Fe2-08 90.90(6)
03-Fe2N1 87.18(6)
04-Fe2-05 77.48(5)
04-Fe2-07 89.52(5)
O4-Fe2-08 92.11(6)
O4-Fe2N1 83.49(5)
0O5-Fe2-07 89.03(6)
O5-Fe2-08 85.35(6)
O7-Fe2- N1 95.79(6)
08-Fe2-N1 90.47(6)

Table S3Selected bond angles (°) in the crystal structafdsand2
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Figure S1 Molecular structure of (HNERCuU(I1)[12-MCcumynshir4] in crystals ofl
with numbering scheme and thermal ellipsoids at f0&bability level; color scheme:
light blue - Cu(ll), red - O, dark blue - N, gre{-

Figure S2Packing of the (HNEj2Cu(l1)[12-MCcugyn(shiy4] units towards chains along
the a axis in the crystal structurelpfview on the ac plane in b direction; color scheme
light blue - Cu(ll), red - O, dark blue - N, gre{-
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Figure S3Packing of the chains towards layers along theig amd stacking of these
layers in b direction in the crystal structurelp¥iew on the bc plane along the a direc-
tion; color scheme: light blue - Cu(ll), red - Garld blue - N, grey - C
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Figure S4 Molecular structure of Cu(Il)(DMELI2[12-MCreqynshir4](DMF)4 in crys-
tals of 2 with numbering scheme and thermal ellipsoids &b Fobability level; color
scheme: light blue - Cu(ll), yellow - Fe(lll), gree Cl, red - O, dark blue - N, grey - C
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Figure S5 packing of the Cu(ll)(DMRECI2[12-MCreqinneshir4](DMF)s units in the
plane spanned by the a+b and a+c vector in thdatrggucture of2; color scheme:
light blue - Cu(ll), yellow - Fe(lll), green - Cled - O, dark blue - N, grey - C
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Figure S6 Stacking of the layers in the crystal structur@;,ofolor scheme: light blue -
Cu(ll), yellow - Fe(lll), green - Cl, red - O, dabkue - N, grey - C

2.7.4 Magnetism

In the course of the data processing of all magmagasurements, diamagnetic correc-
tions were applied for the holder as well as fa itfitrinsic contributions of atoms and
moieties with the help of Pascal’s constant$e fitting of the temperature dependent
susceptibility data was performed with the helphaf program CLUMAG using they T

vs. T plot of the measured data above 10 K. Momelksitions and the simulation of the
magnetization data &were carried out via the software package FIT-MART
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Figure S7 Schematic drawing of an alternating and paraligihad spin topology for
the cyclic host of a 12-MC-4 metallacrown as exeerases of dominantly tangential

(a) and radial (b) antiferromagnetic interactioting respective superior coupling path-
ways are graphically highlighted
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Figure S8 Field dependence of the reduced magnetization (iAN. H plot) of1 for
different temperatures between 2 and 10 K; sohiddirepresent simulations according
to the Broillouin function for an isolated S = ¥pgnd state and a g-factor of g = 2.2
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Figure S9Field-temperature ratio dependence of the redotaghetization (M/INg Vs.
H/T plot) of 1 at temperatures between 2 and 10 K for appliednetagfield from 0.1
to 7 T; the solid line represents the simulatedterasurve according to the Broillouin
function for an isolated S = %% spin ground stai ag-factor of g = 2.2
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Figure S10Energy level diagram of the spin states of the QJa@-MCcugnnshir4]*
complex inl according to the best fit result of the tempemtependence of theT
product gmT vs. T plot; Fig. 4) for an idealized square magnmodel using an iso-
tropic Heisenberg Hamiltonian
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Figure S11Coupling constants ratio dependent normalizedgnlevel diagram of an
idealized square magnetic model for a generalized!)[12-MCcuaynshir4]> complex
with radial (1) and tangential §J) antiferromagnetic interactions according to am is
tropic Heisenberg Hamiltonian
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Figure S12Coupling constants ratio dependent normalizedgnievel diagram of an
idealized square magnetic model for a generalize@){12-MCcumnshi-4]> complex
with radial (3) and tangential ¢J antiferromagnetic interactions according to am is
tropic Heisenberg Hamiltonian with special focustba spin ground states; occurring

spin ground states are highlighted
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Figure S13Coupling constants ratio dependence of the valubeo§pin ground state of
an idealized square magnetic model for a genechl@ag(l1)[12-MCcuann(shir4]? com-
plex with radial (d) and tangential ¢J antiferromagnetic interactions according to an
isotropic Heisenberg Hamiltonian
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Figure S14lllustrative visualization of the geometric hindca from the manipulation
of the spin ground state of a 12-MC-4 complex vieatral magnetic director approach
by a comparison of the spin topologies of the cystiaffold for both extreme cases of
dominantly radial (a) and tangential (b) antiferegnetic interactions; assuming the
paradigm of a homometallic metallacrown with allnspenters S = ¥ and identical,
antiferromagnetic coupling constantsahd J, every parallel alignment of spins (red
arrow) means an energetic penalty relative to aipanallel orientation; the handicap of
the intended high-spin state can be illustratedibyply counting the penalties for the
parallel aligned (4) and alternating (2) spin t@gyl in the ring
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Figure S15Coupling constants ratio dependent normalizedggnievel diagram of an
idealized square magnetic model for a generalized)L2-MCreqiyneshir4] complex
with radial (3) and tangential ) antiferromagnetic interactions according to am is
tropic Heisenberg Hamiltonian
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Figure S16Coupling constants ratio dependent normalizedgnievel diagram of an
idealized square magnetic model for a generalized)CL2-MCreqiyneshir4] complex

with radial (3) and tangential ¢J antiferromagnetic interactions according to am is

tropic Heisenberg Hamiltonian with special focustba spin ground states; occurring

spin ground states are highlighted
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J,

Figure S17Coupling constants ratio dependence of the vailtleeospin ground state of
an idealized square magnetic model for a genech@ag(l1)[12-MGCeeqiynshir4]> com-
plex with radial (d) and tangential §J antiferromagnetic interactions according to an
isotropic Heisenberg Hamiltonian
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Figure S18Field dependence of the reduced magnetization (IMAN. H plot) of2 for
different temperatures between 2 and 10 K; sotiddirepresent simulations according
to the best fit result of the temperature depenel@fcheywT product guT vs. T plot;
Fig. 5) for an idealized square magnetic model
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Figure S19Field-temperature ratio dependence of the reducaghetization (M/Mgs
vs. H/T plot) of2 at temperatures between 2 and 10 K for appliednetagfield from
0.1to 7 T; the solid lines are guidelines for ¢yes
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Figure S20 Energy level diagram of the spin states of the DBAF)2Cly[12-
MCreannshir4](DMF)4 complex in2 according to the best fit result of the tempematur
dependence of thg.T product gmT vs. T plot; Fig. 5) for an idealized square mdgne
model using an isotropic Heisenberg Hamiltonian
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Figure S21 Energy level diagram of the spin states of the lIEDMF)2Cly[12-
MCreannshir-4](DMF)4 complex in2 according to the best fit result of the tempematur
dependence of thg.T product gmT vs. T plot; Fig. 5) for an idealized square mdgne
model using an isotropic Heisenberg Hamiltoniarhvidicus on the lowest lying states

2.7.5 Elemental Analysis

1. Found: C, 42.92; H, 4.47; N, 7.35. Calc. fapiisCusNeO12: C, 42.80; H, 4.31; N,
7.49%

2. Found: C, 40.48; H, 4.60; N, 10.96. Calc. faphzCl.CuFesN12020: C, 40.48; H,
4.70: N, 10.89%
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2.7.6 Infrared Absorption Spectroscopy

1. vmadcm?

3136w, 3025w, 2980m, 2942w, 2882w, 2737w, 2678v8785¢(C=N)sn), 1565vs,
1523s, 1466m, 1433m, 1386s, 1321s, 12588l-O)sn), 1175w, 1152m, 1093m,
1065w, 1029m, 1020m, 943s, 852m, 795w, 755s, 668B4s, 580m, 545w, 509w,
475m, 454w, 424m

2: VmaJcm_l

3146br, 3059w, 2929m, 2864w, 2806w, 1647vCEOpmr), 15955 ¢(C=N)sh),
1561s, 1492vs, 1427s, 1383s, 1316s, 12686 Q)shi), 1156m, 1145w, 1117w, 1100m,
1063w, 1034w, 1010m, 935s, 865s, 774w, 758s, GBS, 634w, 578w, 541w, 503w,
463m

The assignment of characteristic bands was perfibiviea comparison with reported
data for similar salicylhydroxamic acid based matabwns®*3
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2.7.7 UV-Vis Absorption Spectroscopy

1: Ama{MeOH)/nm 216 ¢dm® mot® cnil 110000), 236 (85000), 318 (29200), 616
(711)

2. kma{CHCl3)/nm 296 ¢/dm3 mot! cnit 48200), 472 (18400)

The band at 616 nm fdrrepresents a copper centered d-d tranéftimhereas the light
absorption by2 at 472 nm is characteristic for a ligand-to-methlarge-transfer
(LMCT) in hydroxamate iron complexé&¥!8 By comparison with the measured absorp-
tion maxima of the free main ligand salicylhydroxaracid at 300 and 236 nm, the
bands at 318, 236 dfand 296 nm of can be assigned to excitations within the delo-
calizedr-system of chelating hydroximate.
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Figure S22 Normalized UV-Vis spectra df in MeOH (green)?2 in CHCk (red) and
HaShi in MeOH (blue)
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Figure S23Normalized extract of the UV-Vis spectra bin MeOH (green) an@ in
CHClz (red)

2.7.8 Atomic Absorption Spectroscopy

2: Found: ratio Cu:Fe, 1:4.15. Calc. fos:B7,Cl,CuFesN12020: ratio Cu:Fe, 1:4
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2.7.9 Molbauer Spectroscopy

The evaluation of the’Fe M6Rbauer spectrum was performed with the heth@RE-
COIL 1.03 fit routinet® The optimized reasonable fit results of an applied-site
model for the isomer shifoi), quadrupole splittingAEg), Lorentzian line width ()
and the area ratio (A) are given below.

2. doublet 18,5 0.4343 mm$, AEG 1.816 mm 3, T 0.179 mm 3, A 49.8%
doublet 2:§;s 0.3336mm st, AEg 1.108mm s, T 0.181 mm 3, A 50.2%

The spectrum exhibits the presence of two disinoct species, which are comprised in
the compound with same quantity and both reveat#&walues of the isomer shift for

high-spin Fe(lll) ions. Furthermore, the quite sist quadrupol splittings match the

inhomogeneous arrangement of donor atoms in coatidm spheres. Hence, the wider
doublet might moreover be attributed to the fivietfooordinated iron ion with the api-

cal chloro ligand.
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Figure S24 M6Rbauer spectrum ¢ solid lines represent the result of the entite fi
(cyan), the fit for doublet 1 (green) and doubléteti)
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2.7.10 ESI Mass Spectrometry

1. m/z(MeCN)

920 {(Cu(IN[12-MCcumn(shir4])Hs}

1021 {(Cu(I)[12-MCcunnshiy4])(HNEts)H2} *
1122 {(Cu(IN[12-MCcugmn(shiy4]) (HNEtz)2H} *
1225 {(Cu(I[12-MCcugmn(shiy4]) (HNEtz)3} *
1583 {(Cu(I)[12-MCcugnshiy4])s(HNEtz)aHa} **
1942 {(Cu(I1)[12-MCcun(shir4])2(HNEts)Ha} *
2043 {(Cu(I)[12-MCcugnn(shir4]) 2(HNEts)2Hz} *

1: m/z(MeOH)

942 {(Cu(IN[12-MCcumn(snir4])NaHz} *

964 {(Cu(IN[12-MCcugnnshir4])NagH} *
1021{(Cu(I)[12-MCcugmnshi-4])(HNEts)H2} *
1043 {(Cu(Il[12-MCcuqnshir4])(HNEts)NaH}
1122 {(Cu(I1)[12-MCcuannshiy4]) (HNEt)2H}
1583{(Cu(I1)[12-MCcugyn(shiy4]) (HNEts)sH4} 2*

2: m/z(DMF:MeCN/1:1)

1126 {(Cu(ll)(Clp[12-MCremneshir4](DMF)2)Na}*

1141 {Cu(ll)CI[12-MGee(uyn(shir4](DMF)s} *
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3 Heterovalent Cobalt Metallacrowns

A systematic interface to the SMM features based oa single
Co(ll) ion — the first cobalt metallacrowns of salcylhydrox-
amic acid

Peter Happ and Eva Rentschler
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3.1 Abstract

The first examples of cobalt metallacrowns basedhenpioneering ligand salicylhy-
droxamic acid have been synthesized and theircheimistry has been investigated by a
series of eight corresponding compounds which theen characterized by X-ray crys-
tal structure analysis, one- and two-dimensidRaNMR spectroscopy, mass spectrom-
etry, UV-Vis spectroscopy, IR spectroscopy andistas well as dynamic magnetic
measurements. Due to the high flexibility of theleealar configuration of the Co(lll)
containing cyclic host, a most singular structwtadersity with various coordination
environments of the central divalent cobalt guestis generated in dependence of the
presence of different peripherally attached addgiccations, secondary and bridging
ligands. Moreover, single-molecule magnetic behavioas been observed for three
members of the novel Co(l1)[12-M&Gunshi-4] coronates featuring increasing energy
barriers of up to 79 K along the distortion pathweym an octahedral to a trigonal
prismatic shape of the coordination sphere of tlagmeatically virtually isolated high-
spin Co(ll) ion. Hence, the dualism of the relidiiand indicated controllable versatili-
ty of these cobalt metallacrowns creates them aepfolvsynthetic interface for a fur-
ther systematic investigation and optimization led SMM features based on a single
Co(ll) ion as a current hot topic in magnetochemist

3.2 Introduction

While complexes of high nuclearity had been in fingus of single-molecule magnet
research in its early day/s? later efforts in this field mainly targeted finitéusters and
the fine tuning of their magnetic properti&s? Due to the strong dependence between
the value of the spin ground state and the axiamatic anisotrop¥:3-1¢l the attempts
to enhance both of these essential parametersMiM Behaviour simultaneously with
the number of single-ion contributions did not glidligher energy barriers to magneti-
zation reversal. First advances were rather atlaimeethe subtle synthetic modification
of the magnetic interactions in the deserved fawiilfinite Mns clusterd!®’l However,
appreciable progress could not be achieved umiih&nide ions were incorporated into
the SMM complexe88-21 A milestone was reached in 2003 when a terbiurhgoty-
aninato double-decker sandwich complex was diseaverhich revealed single-
molecule magnetism based on just one single mataand represents in a most para-
digmatic way the rising importance of the enginegf the magnetic anisotropy in this
field of researct??24 Accordingly, a corresponding derivative currertitylds the rec-
ord energy barrier of 938 K% Depending on the electronic configuration of tespec-
tive lanthanide ion, the distribution of the f-dlens is often highly anisotropic in the
my microstates of the spin-orbit coupled ground sgaité hence an increased magnetic
anisotropy can be triggered by a complementaryntigield!?®! However, the highly
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polarized bonding due to the inner character ofvilence orbitals provides only few
selectivity for the shape of the coordination sphdihe targeted synthetic realization of
precise and varied geometries hence requires tieendeing influence of large restric-
tive ligand systems. Providing more advantageousdioative properties, complexes
with SMM behaviour based on a single 3d metal ianehalso yielded remarkable ener-
gy barriers up to 260Kl Besides a few examples of Fe() and Mn(I111f2°-24 this
scientific realm is dominated by Co(ll) and Fe@®mpounds because they are especial-
ly capable for a just partially quenched first-ardebital angular momentum as an ef-
fective source of magnetic anisotropy. While thiedalemands for an enforcement of
special electronic configurations via elaborateanigs??’2-2* mononuclear Co(ll)
SMMs can be achieved with less synthetic effor$ iana greater variety of coordina-
tion spheres. Hence, corresponding complexes wibrial-planaf® tetrahedral?é-4!!
square-pyramiddf?4? distorted octahedr&t-"! and distorted trigonal prismafi@ ar-
rangement of nitrogen, oxygen, phosphorus, sulphdrhalide donor atoms have been
discovered. Recently, the impressive value of 10%aK been reported for the height of
the anisotropy barrier to magnetization reversah ohixed valent Co(ll)Co(llp com-
plex which demonstrates the promising potentiathid class of compounds to attain
high-performance single-molecule magri&tsin that respect, the high sensitivity of the
magnetic properties of divalent high-spin cobatisido different coordination spheres in
combination with its marked flexibility to adoptetn in a wide range simultaneously
creates capabilities and challenffésHowever, a comprehensive model of the reasons
for the slowed relaxation and detailed general vaéwhe interplay of different relaxa-
tion mechanisms as well as an explicit set of duide for the design of novel com-
plexes with optimized energy barrier has not yetrbextracted from the great variety of
mononuclear Co(ll) SMMs. In analogy to the prolifamily of salicylaldoxime based
Mne-clusterd®”174%a basic complex type which features a reliablynéeg structural
motif and simultaneously provides the opportunities versatile synthetic modifica-
tions in fine and large scale would afford an inaddle foundation for a systematic ex-
perimental investigation of this magneto-structiyralorrelated issue. Metallacrowns
represent an established class of compounds wiifi these opposing requirements
in a most singular way and can be obtained witletalborate preliminary synthetic ef-
fort.5951 Especially, the 12-MC-4 complexes built by saliggdroxamic acid have
proven to combine a reasonable and reliable seH#rably of their cyclic host on the on
hand with a flexible adaption of their moleculantiguration and cavity size as well as
a facile exchange of the central guest ion, briggind secondary ligands on the other
hand®2-5° Therefore, the supramolecular metallacrown scaffsbvides an ideal tun-
ing workshop for the static and dynamic magnetapprties of an encapsulated Co(ll)
ion at its core. However, cobalt metallacrowns\a®y rare compounds in genéfi®?
and hitherto no complex of the ligand salicylhydaoic acid with the aforementioned
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metal ion has been described in literature althabelr accessibility were already pre-
dicted in the first days of metallacrown resedféh.

Getting hold of the first two examples of salicydlngxamic acid based cobalt metalla-
crowns, we recognized the potential of a rich cls¢rypias both complexes differed in
their unique structural features from each othertae corresponding coronates of other
transition metals from literature in spite of sianilreagents and reaction conditions.
Hence, we enlarged the scope to a series of eagghpounds and discovered the slow
magnetic relaxation of three novel single-molecolagnets among the Co(ll)[12-
MCecoamneshi-4] clusters based on the Co(ll) high-spin guest & the core of the
Co(Ill) comprising cyclic host. The dualism of saprolecular preorganization and en-
hanced structural flexibility of the molecular cmpiration of the surrounding scaffold
allows for a large and fine scale manipulationhs toordination sphere and the corre-
lated magnetic properties of the central divalertadt ion via synthetic tools like bridg-
ing and secondary ligands as well as peripheratla¢id cations. Therefore, we have
established the foundations of a synthetic interficthe static and dynamic magnetic
features based on a single Co(ll) ion. It enablegstematic experimental investigation
and optimization of the underlying causes and wedlprocesses of the slowed relaxa-
tion in order to find a comprehensive model forstleurrent hot topic in magneto-
chemistry.

3.3 Experimental section
Materials and methods
All chemicals were reagent grade and were usedwitfurther purification.

X-ray diffraction data for the structure analysesrevcollected from suitable crystals of
1.3MeCN, 3:-7MeCN, 4-3MeCN-HO, 5-3.5MeOH-HO, 6-2.75 MeOH,
7-5.5MeOH- HO and8:5.75MeOH on a Bruker SMART 3-circle diffractometdth an
APEX Il CCD detector and Oxford cooling system gsgnaphite-monochromated Mo-
Ka radiaton § = 0.71073 A) at -100°C. Corresponding data of
(2)3-H:Sal-20CMe- HO were obtained from a Stoe IPDS 2T at -80°C wittfo@
Cryostream using graphite-monochromated Mo4iédiation & = 0.71073 A). Semi-
empirical absorption corrections of the data frdme Bruker SMART diffractometer
were performed with MULABE*®! or SADABS!®®! The data from the Stoe IPDS 2T
were corrected by the integration method. A fidugon of the structures was comput-
ed by direct methods with the help of the progrd®93 [*”1 The subsequent refinement
of the models was conducted via full-matrix leagtiages methods or? Rvith aniso-
tropic displacement parameters for all non-hydrogésms with SHELXL-201%8
Moreover, the accomplishment of the refinement suggported by the representation of
molecular graphics and difference Fourier mapstié@ programs Olex$? Mercury
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3.3"% and ORTEP-&! Graphics and compilations of the experimental datd pa-
rameters of the obtained models for publicationenssued using the programs Dia-
mond 3.2 and publCIF 1.9.167

Magnetic data were collected from ground and rastchpolycrystalline samples on a
Quantum Design MPMS XL SQUID magnetometer equippgd a 7 T magnet. Tem-
perature dependent susceptibility was measuredange from 2 to 300 K at an applied
field of 0.1 T. Magnetization data were collectédeanperatures between 2 and 10 K
using magnetic fields up to 7 T. Diamagnetic cdroes of the dc magnetic data were
performed for the matrix and the intrinsic conttibns of atoms and moieties of the
samples with the help of Pascal’'s constdfitdn- and out-of-phase ac susceptibility
measurements were conducted in the presence aedcabsf a static magnetic field of
up to 0.7 T at different temperatures below 15 Kffequencies between 1 and 1000
Hz. The fitting of the magnetization data was @arout with the help of the program
PHII!

C, H and N elemental analyses were obtained frdtoss Heraeus Vario EL at the In-

stitute of Organic Chemistry at the Johannes Geaenkniversity Mainz!H and!H-

4 COSY nuclear magnetic resonance spectroscopisurgaents were performed on

a Bruker DRX 400 of solutions in deuterated dichiethane and chloroform. The sol-

vents were used as internal standards and thergeet scaled in respect of the stand-
ard reference tetrametyhlsilan. The spectra arsalyas conducted with the help of the
MesTreNova 6.0.2 softwat&!

Infrared absorption spectra in a range of 400-400® were recorded at room tempera-
ture on a JASCO FT/IR-4200 spectrometer using KBlHeps. UV-Vis absorption
measurements were performed between 250 and 1000rmsolutions in CHG with
concentrations between 0.2 and 0.01 mM on a JASEJ0/UV/Vis/NIR spectropho-
tometer. ESI mass spectra were carried out in tis&tipe ion mode from a Waters Q-
ToF-ULTIMA 3 with LockSpray source at the Institubé Organic Chemistry at the
Johannes Gutenberg University Mainz.

3.4 Synthesis

Precursor [Co(ll)2(H20)(Piv)a(HPiv)4]

The precursor compound [Co@H20)(Pivi(HPiv)s was prepared as described previ-
ously!7

[Cos(Shi)a(Piv)s(Pip)a(OH)(H20)] (1)

A suspension of salicylhydroxamic acid (0.077 &, fmol) in acetonitrile (10 mL) was
added to a mixture of [Co(HH20)(Piv(HPiv)4] (0.474 g, 0.5 mmol / 1.0 mmol based
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on cobalt) and acetonitrile (10 ml). Piperidine2@b g, 3 mmol) was dissolved in ace-
tonitrile (10 ml) and the solution was added to téaction mixture. The resultant dark
brown solution was stirred for 18 h at room temperaand filtered afterwards. Suita-
ble crystals for X-ray structure analysisloeBMeCN were obtained from the filtrate by
slow evaporation of the solvent after one month. fiaher analysis, the product was
washed with cold acetonitrile and dried under vacuklemental analysis — Found: C,
48.44; H, 6.65; N, 6.29 .Calc. forsé1104C0sN7O21 (1): C, 48.74; H, 6.45, 6.03. Yield:
29%

[12-MCecoqinneshi-4](Py)s (2)

A suspension of salicylhnydroxamic acid (0.230 ¢ damol) in acetone (10 mL) was
added to a mixture of [Co(HH20)(Piv(HPiv)4] (0.474 g, 0.5 mmol / 1.0 mmol based
on cobalt) and acetone (10 ml). Pyridine (0.712 gqymol) was dissolved in acetone (10
ml) and the solution was added to the reactionumetThe resultant dark green brown
solution was stirred for 18 h at room temperaturé fitered afterwards. Suitable crys-
tals for X-ray structure analysis o2)§-H.Sal-20CMe-H.O were obtained from the
filtrate by slow evaporation of the solvent aftexeomonth. For further analysis, the
product was washed with cold acetone and dried runaleuum. Elemental analysis —
Found: C, 54.79; H, 4.60.; N, 10,06 Calc. for 204208C012N36048
((2)3: H2Sal-40CMe- 5H0): C, 55.03; H, 4.31, 10.36. Yield: 24%

Co(I)(Boa)z2[12-MCcoamnshi-4](Pip)s (3)

A suspension of salicylhydroxamic acid (0.230 &, mol) in acetonitrile (10 mL) was
added to a mixture of [Co(HH20)(Piv(HPiv)4] (0.474 g, 0.5 mmol / 1.0 mmol based
on cobalt) and acetonitrile (10 ml). Piperidined@l g, 12 mmol) was dissolved in ace-
tonitrile (10 ml) and the solution was added to téaction mixture. The resultant dark
orange brown solution was stirred for 18 h at rdemperature and filtered afterwards.
Suitable crystals for X-ray structure analysis3ofMeCN and crystals of a byproduct
were obtained from the filtrate by slow evaporatdnhe solvent after two month.

(HPip)(Piv)[Li[Co(ll)(u2-Piv)2(Piv)[12-MCcognshi-4](Pip)s]]2 (4)

A solution of piperidine (0.511 g / 6 mmol) in aaeitrile (10 mL) was added to a mix-
ture of [Co(lIp(H20)(Piv)a(HPiv)4] (0.474 g, 0.5 mmol / 1.0 mmol based on cobalt) an
salicylhydroxamic acid (0.153 g, 1 mmol) in acetol@ (10 ml). A suspension of lithi-
um chloride (0.042 g, 1 mmol) in acetonitrile (1Q)mvas added to the reaction mix-
ture. The resultant dark orange brown solution stased for 18 h at room temperature
and filtered afterwards. Suitable crystals for X-structure analysis af-3MeCN-HO
were obtained by slow evaporation of the solvetdrafvo weeks. For further analysis,
the product was washed with cold acetonitrile anelddunder vacuum. Elemental anal-
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ysis - Found: C, 50.46; H, 6.76; N, 8.21. Calc. f@isH226C010Li2N22039
(4-3MeCN-HO): C, 50.84; H, 6.40; N, 8.58%. Yield: 22%

Co(Il)(Boa)(Piv)[12-MCcoqmnshi-4](Morph)s(MeOH) (5)

2-Benzoxazolinone (0.270 g, 2 mmol) and morpholi@&84 g, 9 mmol) were dis-
solved in methanol (10 mL) and were added to a tisolu of
[Co(I)2(H20)(Piva(HPiv)4] (0.474 g, 0.5 mmol / 1.0 mmol based on cobaltnietha-
nol (10 mL). Salicylhydroxamic acid (0.230 g, 1.5nai) was dissolved in methanol
(10 ml) and the solution was added to the reaatmdxture. The resultant dark brown
solution was stirred for 18 h at room temperature fitered afterwards. Suitable crys-
tals for X-ray structure analysis 6f3.5MeOH- HO were obtained from the filtrate by
slow evaporation of the solvent after two weeks. faother analysis, the product was
washed with cold methanol and dried under vacuulamEgntal analysis - Found: C,
44.58; H, 5.23; N, 8.47. Calc. fors£8H94C0sN10026.5(5-3.5MeOH-HO): C, 44.83; H,
5.48; N, 8.11% Yield: 55%

Co(IN(Piv)2[12-MCcoqinshi-4](Py)s (6)
(Co(INCo(lIH(Py)3(Piv)2)Co(I)(NO2)(Piv)(Shi)[12-MCcoqinynshi-4](Py)4 (7)

A solution of salicylhydroxamic acid (0.077 g, vimol) in methanol (10 mL) was
added to a mixture of [Co(HH20)(Piv(HPiv)4] (0.474 g, 0.5 mmol / 1.0 mmol based
on cobalt) and methanol (10 ml). Pyridine (0.233 gamol) was dissolved in methanol
(10 ml) and the solution was added to the reaatmdxture. The resultant dark brown
solution was stirred for 18 h at room temperature filtered afterwards. Suitable crys-
tals for X-ray structure analysis of both produas$-2.75 MeOH and-5.5MeOH- HO
evolved simultaneously and with similar shape fitbnfiltrate in the course of the slow
evaporation of the solvent after one month.

Co(IN(NO2)(Piv)[12-MCcoqmn(shi)-4](Pic)s (8)

A solution of salicylhnydroxamic acid (0.077 g, Grvimol) in methanol (10 mL) was

added to a mixture of [Co(HH20)(Piv(HPiv)4] (0.474 g, 0.5 mmol / 1.0 mmol based
on cobalt) and methanol (10 ml). 3-Picoline (0.273 mmol) was dissolved in metha-
nol (10 ml) and the solution was added to the reacmixture. The resultant dark
brown solution was stirred for 18 h at room temperaand filtered afterwards. Suita-
ble crystals for X-ray structure analysis&b.75MeOH were obtained from the filtrate
by slow evaporation of the solvent. For furtherlgsia, the product was washed with
cold methanol and dried under vacuum. Elementdisisa- Found: C, 51.19; H, 4.65;

N, 9.53. Calc. for @H7:CosN11017 (8:1MeOH): C, 51.48; H, 4.38; N, 9.43% Yield:
28%
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3.5 Results and Discussion

For simplicity, the results and discussion will ie¢éerred to the cobalt complexes with
their associated number codes in spite of additispbvent molecules in the corre-

sponding samples as they represent the centraduddjthis article and account for the
major source of response for most of the differgpplied characterization methods.
Otherwise the solvents will be directly addressegbrioper places. Information on the
number of solvent molecules in the crystal struetand in the dried polycrystalline

powder state which was the basis of all other a@al\are available at the description of
the synthetic procedure and the results of the eheah analysis in the experimental
section.

3.5.1 Synthesis

As we had found a pathway to synthesize cobalt llaetawns with salicylhydroxamic
acid by treating [Co(Ib(H20)(Pivl(HPiv)s] with this ligand and an additional amine,
we obtained the first two exampl2sand 6 which featured very different structures in
spite of the similar reaction conditions. Hence, amticipated a rich chemistry for this
class of novel compounds and continued our symtlegtorts by altering solvents and
amine ligands. Moreover, we detected during theattarization o6, that the sample
contained the byprodugt and were even able to determine the moleculactsime of
the later. Therefore, we managed to synthesizedley isostructural, pure compound
8 by replacing the pyridine with 3-picoline. Utilizy the combination of salicylhydrox-
amic acid, piperidine and cobalt pivalate in difietr ratios with acetonitrile as solvent,
we obtained a most singular series of complexésand4 which roughly reflects the
proportion of applied reactants within the supragoolar composition of the products
(Fig. S1). However4 crystallized parallel to another byproduct for @hhonly very bad
X-ray diffraction data could be obtained indicatiagobalt 12-MC-4 molecular struc-
ture with coordinated pipderidine carbamate. Thevkadge of the molecular structure
of 4 was nevertheless of great value in the procesheoEharpening of the synthetic
focus because simultaneously with the growth ofvitugety the single-molecule mag-
netic of the metallacoronates was discovered. Asptoperty was based on the central
Co(ll) guest ion and revealed to be highly sensitiv the shape of the coordination
sphere of the later, its manipulation via the cha@t suitable additives became the dom-
inant motivation of synthesis. Here, the bridgingehzoxazolinonate ligand (Byan 4

as an unscheduled rearrangement product of salirdkamic acid with a weakly
binding carbonyl oxygen donor atom introduced thpartunity to enforce a distortion
of the geometry by the insertion of an elongateddodts purposeful addition into later
synthetic experiments yielded the compkand marked the first successful targeted
step to set up a tuning workshop for the magnebpgrties of the encapsulated Co(ll)
guest ion at the core of the flexible cobalt mataibwn host.
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The large number of incorporated rearrangement @ecbmposition products of
salicylhydroxamic acid within its cobalt complexepresents a remarkable aspect con-
cerning the synthesis. Besides the aforementionkben2oxazoline, salicylic acid and
nitrite anions were contained in the crystal sues of 3-7MeCN,
(2)3-H:Sal-20CMe H20 and 7-5.5MeOH-HO, 8-5.75MeOH. Although all of these
secondary supramolecular building units can be lgimgtionalized and similar findings
are known from literaturé® 7 the frequency of their occurrence suggests thenass
tion that their evolution is promoted by the preseaf the cobalt ions.

3.5.2 Crystal structures

The assignment of oxidation states was performell the help of charge balance con-
siderations, the comparison of bond lengths andearas well as the evaluation of the
octahedricity of the coordination spheres. A quadiconfirmation of the respective
results was accomplished by Bond Valence Sum (B¥%) and Continuous Shape
Measures (CShM) calculatiof$:2 The BVS analysis was additionally used to deter-
mine the protonation state of the oxygen ligandd-iBMeCN!®¢87 Selected details
about bond length, angles and the performed caicaokawill be given in the course of
the discussion. A full summary of the crystallodrgpdata and refinement parameter is
also available as from the supplementary infornmafiicab. 1, 2).

The naming of the metallacrown compounds, the lalgebf the orientation modes of
the bridging ligands and the numbering of the atant ions, which is illustrated in the
supplementary information, was carried out in thdesof the established nomencla-
ture>® Moreover, the distinction of a lower and higheiopty face is also sometimes
used for descriptions when the central Co(ll) isrdisplaced out of the least square
plane of the cyclic host. Here, the side which $aite elevated guest ion is assigned to
the higher priority. Furthermore, the ligands alassified concerning their function
within the complexes (Fig. S2). The term “main hda refers to salicylhydroxamic
acid and its trianion as it is essential for thenfation of the charactistic constitution
motif of the metallacrowns. “Bridging ligands” asemultaneously attached to a ring
metal center and the Co(ll) ion at the core ofdbmplex whereas “secondary ligands”
saturate the remaining binding sites at a singl&ahien. All structures comprise disor-
dered ligands and/or solvent molecules. These weated via two-site models and in
rare cases for pivalate ligands with a nearly ¢acdistribution of the electron density
of the tert-butyl group via three-site models wigistrained distances and restrained or
constrained anisotrpic displacement parameters E\DPThe structure of
(2)3- HSal-20CMe- H.O contains large cavities with diffuse solvent ncales which
had to be treated partially by the SQUEEZE roufitieCarbon bond hydrogen atoms
were in general located in calculated positions rafided according to the riding mod-
el. By contrast, nitrogen and oxygen bond hydrogemms of non-disordered ligands
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apart from the water and hydroxid ligand IirSMeCN were refined in the semi-free
procedure according to the riding model. Non-carbond hydrogen atoms of solvent
molecules were placed in calculated positions aed brientation was partially adjust-
ed according to hydrogen bonding considerations.

General constitution motif of Co(ll)[12-MCcoamn(shi-4] coronates

O
(6]
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Co(lll)
/N 0}
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\o Co(ll)—O/ \O
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Scheme 1General constitution motif of Co(l)[12-MCCo(llI)$hi)-4] coronatesgolor
code: green - Co(lll), light blue - Co(ll), red 5 @ark blue - N, black - C

The constitution of the complex&s 4, 5, 6, 7, &eatures the classic 12-MC-4 motif
with the regular, cyclic succession of the [M-O-kepetition unit which arises from the
linkage of four Co(lll) ions by four salicylhydraxiate ligands (SF). Here, each of the
four metal ions is coordinated by the hydroximateiety of one main ligand and the
iminophenolate group of the adjacent trianion fargna five- and a six-membered che-
late ring (Scheme 1). As the cobalt ions of thdicywost adopt the oxidation state of
+lIl, their coordination spheres strictly obey detdral geometry and the remaining two
coordination sites are saturated by amines, meth@ananionic bridging ligands. By
contrast, a Co(ll) ion is chelated by the four in#gapointing hydroximate oxygen do-
nor atoms at the core of the complex and its coatdin sphere is strongly depending
on the correlated interplay of the configurationtleé cyclic scaffold, the type and the
relative position of the bridging and secondaraitids. In respect of these features, the
novel class of compounds reveals great differericaa the salicylhydroxamic acid
based metallacrowns known in literature. Due tg singularity and the tremendous
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influence on the magnetic properties, these aspatitbe discussed in detail for each
complex below.

[Cos(Shi)s(Piv)s(Pip)a(OH)(H20)] (1)

Figure 1 Molecular structure ol; color code: green - Co(lll), red - O, dark blu® -
black - C

The molecular structure df does not match the above outlined general motithef
cobalt metallacoronates in its full extent (FigSB; Tab. S3, S4). However, it compris-
es a substructure with the constitutional featofes metallacrown fragment as well as
an attached cobalt dimer that can be derived ftoemapplied precursor compound. All
contained cobalt ions adopt the oxidation staté anld their corresponding strictly oc-
tahedral coordination spheres contradict the asymmrstructure of the whole complex.
The metallacrown fragment comprises the virtualsgjuen Co4 and three ring metal
ions Col, Co2 and Co3, which are linked by twocg#lydroximate ligands in the
normal metallacrown binding mode. However, theyrdowte to the intermediate co-
balt ion Co2 in cis fashion. Its remaining coordioa sites are occupied by a piperidine
ligand and a pivalate anion, which binds to théuar guest ion Co4 via the second ox-
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ygen donor atom. By contrast, the pivalate at #reninal end of the metallacrown
fragment Co3 provides only one donor atom for adioative bond while the carbonyl
type oxygen functions as acceptor atom in a hydrdgend with a water ligand in cis
position. Besides another piperidine ligand, a byaf ion additionally links the dan-
gling tail of the ring with the virtual guest iohlere, the assignment of the water 021
and hydroxid 020 ligand has been performed in r@spiethe coordination mode, bond
lengths, hydrogen bonding considerations and th& B&lculations. The Co(lll) ion at
the opposite end of the metallacrown fragment Go&imultaneously involved in the
reagent related dimer unit. Hence, it is bridged fdth cobalt ion Co5 via two pivalate
ligands. The linkage between both assumed fragmeradditionally promoted by an-
other salicylhydroximate, which coordinates to #mtual guest ion Co4 via its imino-
phenolate and to the pheripheral metal centerefitmer via its hydroximate group. In
analogy to the binding mode of the main ligandhe metallacrowns, the hydroximate
oxygen donor atom also binds to the cobalt ion @dfich participates in both subunits.
Moreover the octahedral coordination sphere ofdtter is completed by another piper-
idine molecule, while a pair of hydrogen bondedafate and piperidine ligands coordi-
nates to the peripheral cobalt ion Co5. The congdeare closely packed in the bc
plane, whereas the layers are separated by acéosdlvent molecules residing in the
cavities of the interspace.

[12-MCecoqinneshi-4](Py)s (2)

The asymmetric unit of 2)3- H.Sal-20CMe-H.O comprises three complexes [12-
MCcoamneshi-4](Py) 2 with identical constitution, pseudorGymmetry and chirality
(Fig. 2, S4). Therefore, a general descriptionhefdgeneral molecular structure is given
at that point. Individual deviations in interatondistances and angles are available
from the supplementary information (Fig. S5, S6h.T85-S10). The complexes can be
classified as vacant reverse metallacrowns andecpestly they do not obey the out-
lined general coronate pattern. The cyclic hostl$® composed by four Co(lll) ions
and four linking salicylhydroximate ligands. Howeyvévo of the main ligands bind
with the same bidental moiety to each of the megatres while both remaining coordi-
nation sites of the octahedrons are occupied biylipgr ligands. Therefore, the two co-
balt ions on opposite sides of the metallacrownirarelved in two five-membered che-
late rings with the hydroximate moieties whereas tihio other Co(lll) ions are each
coordinated by two iminophenolate groups formingraembered chelate rings. Hence,
[Co-O-N-] and reverse [Co-N-O-] repetition unitseshate along the twelve-membered
ring. Except for one Co(lll) ion (Co2) with trandoarrangement of both iminopheno-
late moieties, all ring metal ions adopt the sdechpropeller configuration with a cis
orientation of the attached main ligands and carassgned to the same chiral de-
scriptor. Consequently, both salicylhydroximateahds which connect the three centers
of chirality are perpendicularly tilted out of theast square plane of the metal ions in
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opposite direction. The configuration of the wholecule adopts pseuda-Gym-
metry and the corresponding pseudo-rotation axisel® by the position vectors of the
two cobalt ions which participate in the six-mendzerchelate rings comprising the
iminophenolate groups. Moreover, the overall shafpthe metallacrowns is highly ani-
sotropic even the least square plane of the metal as the average distance between
the Co(lll) ions on the pseudo-rotation axis ac¢sdar 7.27 A and 5.38 A for the re-
maining pair of metal centers.

Figure 2 Molecular structure oP; color code: green - Co(lll), red - O, dark blu® -
black - C

In the crystal structure oR)z- H>Sal-20CMe- H0O, three of the individual but isostruc-
tural complexes are assembled around a water nmeleta star-shaped way. Here, the
peripheral phenolate oxygen atoms at the Co(lisiavith planar configuration Co2

serve as acceptors of hydrogen bondings with theerwaolecule. The triades are



3 Heterovalent Cobalt Metallacrowns 82

aligned to chains along the b direction via T-shipe-interactions. These chains are
stacked along the a direction and the resultardréagre packed along the c direction
with further T-shapedsn-n-interactions between the substructures. Acetond an
salicylhydroxamic acid molecules reside in the sgaetween the packed chains. Due to
the diffuse solvent molecules in the large cavigspecially between different stacks,
the SQUEEZE routine had to be appli€8i. According to the elemental analysis, the
found electron density and the size of the cavities content of the latter can be esti-
mated as 13 acetone and 4 water molecules per asyimuomit.

Co(I)(Boa)z2[12-MCcoamnshi-4](Pip)s (3)

Figure 3 Molecular structure 08; color code: green - Co(lll), light blue - Co(lted - O,
dark blue - N, black - C

The centrosymmetric molecular structure3ofepresents a regular 12-MC-4 metalla-
crown which matches the above described generatitwion pattern (Fig. 3, S7; Tab.
S11, S12). Moreover, the common all-planar arrareggnof the salicylhydroximate
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ligands is observed. Each of two 2-benzoxazoliretigands bind to a Co(lll) ion Col
on opposite sides of the cyclic scaffold via thedemitrogen donor atom whereas the
carbonyl oxygen atoms are coordinated to the Cagl)Co3 at the core of the complex.
The remaining coordination sites of the octahedoairdination spheres of the metal
centers in the ring are occupied by piperidine mualkes. As the bridging ligands are
attached to different faces of the metallacrowm iinans-anti mode, they reside on op-
posite vertices of the octahedral arrangement abdatoms around the central Co(ll)
ion (Fig S8). The associated axis is significarglgngated because the Co(ll)-O dis-
tance of the carbonyl oxygen atoms O7 amounts 1@74.(18) A whereas the corre-
sponding values of the hydroximate oxygen donormatoaccount for Co03-O1
1.9609(17) A and Co1-04 1.9409(17) A, respectiv@lyis finding is also reflected by
the calculated high trigonal prismatic measure ciwl@ven exceeds with 16.53 the typi-
cal range for the coordination spheres of the Qda@hs and means a coordinate on the
shape map of octahedral versus trigonal prismagiasures that is characteristic for the
elongation of an octahedron due to the Jahn-Tefiect®®! Moreover, the elongated
axis adopts a skew orientation towards the planthefmetal ions with an angle of
17.39(4)° towards a normal vector of the plane. éMheless, a small octahedricity
measure of 0.319 is obtained because the two phadjacent salicylhnydroximate lig-
ands are each tilted consensually above and bélewlane of the cobalt ions with their
hydroximate oxygen atoms residing on the corresimgndpposite face of the metalla-
crown. The shape of the basic structural motif ttaerefore be attributed to the so-
called “sofa” configuratioff?!

The complexes in the crystal structure are packedids layers along the a+b plane
and the acetonitrile solvent molecules occupy émeaining cavities in between.

(HPip)(Piv)[Li[Co(ll)(u2-Piv)2(Piv)[12-MCcogmnshi-4](Pip)s]]2 (4)

The molecular structure of comprises two inversion-symmetric regular 12-MC-4
metallacrown subunits with the outlined generalidasnstitution which are connected
via a pivalate anion (Fig. 4, S10, S11; Tab. S13)SInteracting via hydrogen bonding
with the anionic linker, a piperidinium cation peeges the charge balance of the neutral
supramolecular structure. Besides two bridging lptealigands, each coronate binds
another pivalate supporting the peripheral comgieraof a lithium ion as anchor for
the aforementioned carboxylate linker between weedubunits. The remaining sites of
the octahedral coordination spheres of the Coighp in the cyclic scaffolds are satu-
rated by piperidine ligands. Coordinating two adjaicmetal ions Col and Co2 of the
characteristic ring, the two bridging pivalate arscadopt a cis-syn configuration. The
associated Co(lll) ions are linked by a hydroximiggand (O1, O2, O3, N1) which is
tilted perpendicularly below the face of highesbpty and therefore both reveal pro-
peller configuration obeying the same chiralityagsor. Proceeding along the M-O-N
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direction, the peripheral phenolate O6 and carborygen O8 donor atoms of the adja-
cent cobalt ion Co3 in the ring additionally birek tattached lithium ion. Moreover, the
supplementary pivalate ligand at the face of highrarity bridges the transition and the
alkali metal ion. As the two main ligands at the(lp ion Co3 are arranged in a
transoid orientation, its chirality is attributeal the opposite descriptor of the previous
centers Col and Co2. Following the taken path ataime cyclic host, the linking
salicylhydroximate causes a planar configuratiothefnext trivalent cobalt ion Co4 by
an in plane coordination of its iminophenolate mpiEN3, O9) although the carbonyl
oxygen O8 represents the vertex of octahedral aoatidn sphere of the previous
Co(lll) ion Co3 on the face of lower priority. Ikt@rdance with perpendicular (01, O2,
03, N1) and partial (O7, O8, 09, N3) tilting of ttveo main ligands, the arrangement
of the ring metal ions strongly deviates from plityaand adopts a butterfly-type shape.

Figure 4 Metallacrown subunit in the molecular structure4ofcolor code: green -
Co(lll), light blue - Co(ll), red - O, dark blueN, black - C, violet - Li

Hence, the coordination sphere of the central Cagil Co5 is best described as an oc-
tahedron but with significant unilateral distorti@@ig. 5). While all angles on one half
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of the polyhedron differ only less than 9° fromhargonality, the vertex of the hydrox-
imate oxygen donor atom of the partially tilted mhgand O7 is replaced from its ideal
position and therefore gives rise to a pair of éaf@7-Co5-014 101.51(9)°, O7-Co5-
016 106.16(9)°) and smaller cis bond angles (04-08577.73(9)°, O7-Co5-010
81.63(9)°) whereas the trans trans angle of theesponding axis is O1-Co5-0O7
159.92(9)°. Moreover, the Co(ll)-O distances wharle involved in the resultant ex-
tended face of the octahedron exceed with Co5-Q18523) A, Co5-0 16 2.113 (3) A,
C05-07 2.185 (2) A all of the remaining bond lersg#ithin in the coordination sphere
(Co5-010 2.024 (2) A, Co5-04 2.040 (2) A, Co5-0065. (2) A). The continuous
shape calculations support the approach to ret@egeometry in a first approximation
to the octahedron due to octahedral and trigoriahatic shape measures of 1.671 and
10.721. However, the significant distortion is atipicted by a generalized coordinate
of 30.8% along the minimum distortion interconverspathway between both polyhe-
dra.

016

O4
O1

010

Figure 5 Coordination polyhedron (left) and coordinatiornege (right) of the central
Co(ll) guest ion irg; color code: green - Co(lll), light blue - Co(ltgd - O, dark blue - N,
black - C

In the crystal structure ef 3MeCN-HO, the supramolecular dimers are packed in lay-
ers in the a + b plane with Van-der-Waals intetardi between the molecules. Along
the c direction layers with opposite tilting angtdfthe complexes are stacked and ace-
tonitrile solvent molecules occupy the cavitiesatvizeen.
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Co(I)(Boa)(Piv)[12-MCcoin(shi-4](Morph)s(MeOH) (5)

The molecular structure & also corresponds to the described general cotstitmo-

tif of a regular 12-MC-4 metallacrown (Fig. 6, Sl1Zab S15, S16). A 2-
benzoxazolinonate as well as a pivalate ligandtfanas bridging ligands and are ar-
ranged in a syn-cis mode. Coordinating trans tathele nitrogen with its carbonyl O2
and trans to the pivalate ligand with the pheno@8oxygen donor atom, the linking
salicylhydroximate between the corresponding Cp{dhs Col and Co2 in the cyclic
host is tilted perpendicularly towards the leasiesg plane of the ring metal ions. By
contrast, the three other main ligands all coottgina plane. The resultant propeller
configurations are assigned to the opposite chyralescriptors. Following the cyclic
host along the commenced direction, a methanolsbiodhe next trivalent cobalt ion
Co3 whereas all remaining binding sites of the luetlaal coordination spheres of the
metal centers in the cyclic scaffold are occupigdnorpholine molecules.

Figure 6 Molecular structure 05; color code: green - Co(lll), light blue - Co(lfgd - O,
dark blue - N, black - C
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The geometry of the coordination sphere of theattl central Co(ll) ion Co5 is still
best described as octahedral in a first approxonéig. 7). But although the bond
lengths of Co05-O1 2.062(2), Co05-0O4 2.094(2), Co52056(2), Co5-0O10 2.008(3),
C05-013 2.112(3) and Co5-016 2.066(3) A are limiteé range of moderate extend
and the largest interatomic distances belong t@datoms on opposite vertices, a de-
scription as a (tetragonal) distorted octahedraudlizasatisfies the actual shape. Conse-
quently, the bond angles within the coordinatiohesp represent the reason of asym-
metry because the values for adjacent as well medposite vertices strongly deviate
from the ideal 90 and 180° and span large range36af1(9) - 113.23(10)° and
155.51(10) - 168.52(11)°, respectively. This issuexpressed by octahedral and trigo-
nal prismatic shape measures of 2.935 and 7.78@khsas by the intermediate general-
ized coordinate for the minimum distortion intereersion pathway of 40.9%.

o7

o13@. C°° 010

016
O4

o1

Figure 7 Coordination polyhedron (left) and coordinatiornege (right) of the central
Co(Il) guest ion irb; color code: green - Co(lll), light blue - Co(ltgd - O, dark blue - N,
black - C

In the crystal structure dd-3.5MeOH-HO the metallacrowns are packed in layers
along the b + ¢ plane which are stacked along thgis A network of methanol and
water molecules resides in the cavities and lihlkesdlusters with each other by hydro-
gen bonding.

Co(IN(Piv)2[12-MCcoqinshi-4](Py)s (6)

The arrangement of the cobalt ions and the salydytiximate ligands in this complex
matches the described general 12-MC-4 pattern comggits constitution and moreo-
ver resembles the configuration ®fThus, one of the main ligand is tilted perpendicu
larly towards the least square plane of the ringaimens while the remaining deproto-
nated moieties of salicylhydroxamic acid chelate @o(lll) ions in-plane trans orien-
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tated to each other (Fig. 8, S13; Tab. S17, S1Bg felative positions of the two

pivalate bridging ions represents a trans-syn nmaslene carboxylate binds to Co3 in
trans position to the phenolate oxygen donor at@ofxhe tilted main ligand whereas
the other pivalate is coordinated to Col on theosjip side of the metallacrown. The
remaining vertices of the octahedral coordinatipheses of the metal centers in the
cyclic scaffold are occupied by pyridine ligand®ittB centers of chirality Co2 and Co3
are assigned to opposite descriptors.

Figure 8 Molecular structure 0o8; color code: green - Co(lll), light blue - Co(ltgd - O,
dark blue - N, black - C

Concerning the elevated divalent cobalt guest iob @t the core of the coronate, all
Co-O distances fall into a narrow range around\@rame value of 2.06 A except for
the slightly enlongated bond of Co5-0O4 2.174(3)dfvards the hydroximate oxygen
donor atom of the tilted main ligand (Fig. 9). Apaching a trigonal prism, the binding
angles can be grouped into three different cladses.the six pairs of donor atoms
which reside on same triangular faces of the pi(i&d, 010, 014/04, O7, O16), the
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deviations from the ideal O-Co-O angle of 81.8° fanend to be smaller than 7° with
one exception of 010-Co5-014 95.08(12)°. The samference angle is valid for two
oxygen atoms on opposite triangular faces shaliegsame edge of a rectangular face.
Here, the angle values amount to O7-C05-010 69155Q1-Co05-04 80.12(10) and
04-Co5-07 85.27(11)°. By contrast, angles of remgttices of O1-Co5-O7
108.35(11), 0O4-Co05-014 118.62(12), 010-Co5-O16 4@32), 04-Co5-010
137.19(11), O7-Co05-014 153.61(13) and O1-Co05-018.2(§12)° are observed in
comparison with 135.6° for the perfect trigonalspri These parameters result in trigo-
nal prismatic and octahedral shape measures ol 28d 7.823. Thus, they also con-
firm the present coordination sphere being closé¢hé¢ general geometry of the trigonal
prism than to an octahedron. Moreover, the datassmtamount with a 67.3% complete-
ness of the interconversion along the minimum distio pathway.

O1 o14 010

Figure 9 Coordination polyhedron (left) and coordinatiornege (right) of the central
Co(ll) guest ion ir6; color code: green - Co(lll), light blue - Co(ltgd - O, dark blue - N,
black - C

The packing in the crystal structure ®2.75 MeOH contains the arrangement of lay-
ered clusters in planes which are parallel to the spanned by the a+c and b vectors
but do not comprise the origin of the cell. Theitas between the layers are filled with
methanol solvent molecules.

(Co(INCo(l)(Py)s(Piv)2)Co(I1)(NO2)(Piv)(Shi)[12-MCcoqmyn(shiy-4](Py)a (7)

As the crystals of7-5.5MeOH-HO were obtained from the same reaction6a&.75
MeOH, this pair of structures will be comparedhe following. Moreover, correlations
between the structural constitutions and configonat of 4 and 7 will be worked out
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because both feature the peripheral complexatianaddditional cation. Instead of the
alkali ion and the pivalate linker, a heterovaleobalt dimer is attached to the coronate
with the support of a fifth salicylhydroximate. Th&-MC-4 subunit o7 obeys the pre-
viously described general constitution pattern seckals trans-syn arrangement of the
bridging ligands in analogy to the molecular stauetof6. Besides one pivalate ligand,
a nitrite anion holds this function by coordinatiwgh its nitrogen atom to the Co(lll)
ion Co1l of the ring and simultaneously binding wathoxygen donor atom to the Co(ll)
ion Co5 at the core (Fig. 10, S14; Tab. S19, SAb¢refore, the coordination sphere of
the central guest ion is also better described tg@nal prism rather than an octahe-
dron.

Figure 10 Molecular structure of; color code: green - Co(lll), light blue - Co(lbed -
O, dark blue - N, black - C

The additional salicylhnydroximate ligand forms &-siembered chelate ring including

its iminophenolate moiety (O15, N5) and the asdedidrivalent cobalt ion Co4 of the

metallacrown. Both attached phenolate oxygen atdthsand O15 are arranged in trans
position to each other. The corresponding maimbigahich participates in the charac-
teristic cyclic motif of the metallacrown is theoeé tilted perpendicularly to the least-
square plane of the coronate metal ions. Furthexnibe resultant propeller configura-
tion at Co4 is assigned to the opposite chiralggaliptor as the neighbouring metal
center Col along the M-O-N direction in the ringhwthe attached nitrite anion and the
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second adjacent Co(lll) ion Co3 which coordinates bridging pivalate ligand. The
fourth trivalent cobalt ion Co2 in the scaffold eaNs a planar arrangement of the coor-
dinating bidental moieties. Hence, the salicylhydmate which connects it with the
Co(lll) ion Col binding the nitrite ligand features in-plane coordination via its
iminophenolate moiety (O3, N1) whereas the carbanygen donor atom O2 is at-
tached at the minor priority face. Consequentlig tigand is partially tilted out of the
least-square plane of the metal ions although tf@gement of the latter strongly dif-
fers from planarity. All remaining octahedral cootion sites of the trivalent cobalt
ions in the metallacrown subunit are occupied hydioye molecules.

The attachment of the heterovalent cobalt dimeolires a facial chelating of the Co(ll)
ion Co6 via the peripheral carbonyl O11 and pheed0 oxygens of the coronate and
the hydroximate oxygen O13 of the auxiliary salggroxamic acid trianion. Moreo-
ver, the latter also binds the Co(lll) ion of thendr Co7 with both oxygen donor atoms
of its hydroximate moiety O13 and O14. In accor@awith the oxidation state, the ar-
rangement of the donor atoms around this remotalmenter Co7 obeys strictly octa-
hedral geometry. Two further pivalate ligands beidige heterovalent metal centers Co6
and Co7 and pyridine molecules complete the sid-6olordination in each case.

A
A

Figure 11 Coordination polyhedron (left) and coordinatiomere (right) of the central
Co(Il) guest ion in7; color code: green - Co(lll), light blue - Co(ltgd - O, dark blue - N,
black - C
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Taking a closer look at the coordination spher¢éhefelevated Co(ll) guest ion Co5 at
the core of the conronate, some differences betweemolecular structures 6fand7
can be observed although its geometry represenlistarted trigonal prism in both
complexes (Fig. 11). I, the average Co(ll)-O bond length is slightly eesed as the
distance to the nitrite anion measures Co5-016323)& and the other Co(l1)-O bonds
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on the same virtual triangular face of the trigopagm are Co5-0O1 2.168(2) and Co5-
010 2.104(2) A. Besides the shortening of the hmigignoiety relative to the carbox-
ylate by one atom and the different binding prapsrof the nitrito ligand, the relatively
short interatomic distance of 2.642(2) A betwean @o(lIl) ion Co5 and the phenolate
oxygen O15 of the additional salicylhydroximatealgl represents an evident reason for
these findings. The distribution of the value foe angles between the donor atoms of
the same triangular face and the central metalisaaso broadened because three of
them exceed the satisfied deviation threshold ah® from the perfect value of 81.8°
with O1-C05-010 76.37(8), O4-C05-019 89.09(9) ald@05-016 97.19(9)°. On the
contrary, the angles of O1-Co05-04 76.48(8), 016-0Cd® 81.73(10) and O7-C05-010
89.20(8) for the edge sharing vertices of differgi@ngular faces are in better accord-
ance with the ideal value of 81.8° with a decreasteddard deviation compared with
the parameters @ The angles for remote oxygen donor atoms howeweer with O4-
Co5-010 100.13(8), 01-Co5-019 116.39(9), O7-Co5-AB3.63(9), 04-Co05-016
141.03(10), O1-Co5-0O7 150.82(8) and 010-C05-019.96§9)° a significantly en-
larged range around the perfect value of 135.6& ffigonal prismatic shape measure
summarizes this set of parameters with an increesled of 4.077. Simultaneously, the
only slight decrease of the octahedral shape measfiects the broad distribution of
the captured values and the resulting asymmetpefcoordination sphere. Thus, no
generalized coordinate for the interconversionliesen calculated because the deviation
from the minimum distortion pathway as its refeeerzceeded the threshold of 10%.

The cluster in the crystals af5.5MeOH-HO are loosely packed towards straight
chains along the a axis and zig-zag chains aloagthxis. Large cavities between the
compounds host methanol and water solvent moleeutésh interact with each other
and the complexes via hydrogen bonds.

Co(IN(NO2)(Piv)[12-MCcoqmnshi)-4](Pic)s (8)

In simplified terms, the molecular structure8is obtained from comple& via the re-
placement of the pyridine by 3-picoline ligands &mel substitution of one pivalate by a
nitrite anion as already observed in the molecstarcture of7.The constitution of the
basic motif, the trans-syn arrangement of the limgldjgands, the perpendicular tilting
of a single main ligand towards the minor prioriace and the respectively opposite
chiralty descriptors for the resultant propellenfigurations are retained (Fig. 12, S15;
Tab. S21, S22). The exchange of the bridging ligaare concerns Co(lll) ion Col
which adopts a planar configuration of its coortidabidental moieties. In spite of the
shortening of the bridging fragment by one atoratre¢ to the carboxylate, the distort-
ed trigonal prismatic coordination spheres of taet@al Co(ll) ion of6 and8 strongly
resemble each other. However, small modificatiars e determined. The homogenei-
ty in the bond lengths is slightly decreased, as@b(ll)-O distance of the nitrite ligand
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accounts for Co5-013 2.175(2) A and the bond towdhe tilted main ligand is still
slightly elongated with Co5-04 2.137(2) A (Fig. 13pe pivalate ligand reveals a rela-
tively shortened bond length of Co5-016 2.008(2) A.

Figure 12 Molecular structure 08; color code: green - Co(lll), light blue - Co(lted -
O, dark blue - N, black - C

In contrast to this, the bond angles are slighditdy in line with the parameters of the
perfect trigonal prism. So, the angles for the @wygtoms within the same triangular
face (O1, 010, O13 / 04, O7, 016) and the centfllCion (O1-Co5-010 77.93(8),
01-Co05-013 79.96(8), O4-Co5-O7 85.21(7), O4-Co5-(BB306(8), 010-Co05-013
88.65(8), O7-C05-016 90.00(9)°) are in better age® with the ideal value of 81.8°.
The same finding holds true for the donor atomdgli@ierent triangular faces with a
common edge, which show values of O7-C05-010 78)7%§1-Co5-0O4 81.83(8) and
013-C05-016 86.32(9)°. Moreover, the minimum andimam deviation from the
reference angle of 135.6° for the divided verticeseduced in the series O1-Co5-0O7
110.84(8), O4-Co05-013 120.08(8), 010-C05-016 129)8404-C05-010 141.09(8),
07-C05-013 154.24(8), O1-C05-016 155.81(9)°. As ¢batinuous shape measures
calculations are more sensitive to the angles, cih@radicting results of the bond
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lengths and angles give rise to a slightly decrdasgonal prismatic shape measure of
2.902. The insignificantly reduced generalized dowate of 65.2% for the interconver-
sion pathway on the contrary arises from the siamaélbus decline of the octahedral
shape measure to 7.359 and the corresponding ldsweation from the minimum dis-
tortion pathway.

The complexes in the crystals 5.75MeOH are packed towards chains along the a
axis by S- as well as T-type = interactions and by T-type = interactions along the b
axis. The cavities within and especially in betwélea resultant layers host methanol
molecules, which are linked by hydrogen bonds wdbkh other but also with the clus-
ters.

o013 0O1

010

Figure 13 Coordination polyhedron (left) and coordinatiomege (right) of the central
Co(ll) guest ion irB; color code: green - Co(lll), light blue - Co(ltgd - O, dark blue - N,
black - C

General remarks concerning the molecular structure

In contrast to the wide-spread existence of meatalians based on metals across the
periodic system of the elements and the concedti@teurrence of this cluster type for
the adjacent 3d metals manganese, iron, nickecappger, the metallacrown chemistry
of cobalt is only very weakly developed. Besidesismza-derivativeg®92 just a few
9-MC-3 type and two examples of the same basicragavd2-MC-4 type complex,
which only differ in secondary structural featulige the counterion and the residues of
carboxylate ligands as well as encapsulated aniwge been hitherto reported. Not
even any kind of cobalt complex and hence no nastadivn in particular is known for
the pioneering ligand salicylhnydroxamic acid iretd@ture up to now although the acces-
sibility of such a species has already been assumtx early period of metallacrown
chemistryl®3 The eight present examples provide a broad stalctiversity and each
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of these clusters reveals at least unusual or bitharto unprecedented structural fea-
tures for 12-MC-4 compounds. As some of these $amigies are present in more than
one compound and/or are worth to be discussed &amore comprehensive point of
view, they have not been dealt with explicitly a&d into the context of respective liter-
ature in the course of the individual descriptiénhe molecular structure.

Although, complexL does not obey the general metallacoronate paitemight in the
style of the “collapsed” metallacrowfs%! be named a “nascent” metallacrown. This
term however does not refer to an evolutionary vid¢whe cobalt 12-MC-4 compounds
but accounts for the fact that a metallacrown fraghtan be recognized in the molecu-
lar structure as well as a pivalate bridged cothamtter, which can be related to the ap-
plied precursor compound.

Complex2 features a vacancy of its core as well as themateg reversion of the char-
acteristic repetition unit along its cyclic scatfoln this context, it is worth mentioning
that the word “reverse” is here applied purposgfinstead of “inverse”, as the transpo-
sition of the sequences within the constitutiorihef metallacycle is often accompanied
with the encapsulation of anions by the ring maiak, which project into the central
cavity in these cases. Therefore, the term “invelngs especially been used to charac-
terise the different configuration of the cyclicaffold and only in second place to de-
scribe the changed constitution (Fig. S#93°% So, the first two cobalt metallacrowns
were reported as inverse species because theytamaausly reveal the reverse succes-
sion and host two anions in central cali§f!! The inverse structures frequently occur
for the ligand bis-2-pyridyl ketone oxime for whiskeveral mixed ligand clusters with
only participation of salicylhydroxamic acid ares@lknown®6:10%-103lHowever, neither

a vacant nor a reverse and/or inverse metallactzaged on the latter ligand have been
described in literature for a transition metal yetleed, vacant tin 12-MC-4 compounds
have been published which also comprise two peiipaladly tilted main ligand$§->4!

The tilting of the main ligands and the correspagdiresence of chiral centers with a
propeller configuration of the ligands representsaurring motif for the here described
compounds. Apart fror, all metallacoronats feature at least one perpaieatiy tilted
salicylhydroximate ligand4 as well a7 furthermore comprise a particularly tilted one.
By contrast, the bidental coordination occurs iang and in trans position to each other
for the reported transition metal 12-MC-4 metaltaens of this main ligan?°-
59.105.106lThe singularity of this structural feature in cdnagion with its numerous pres-
ence among the members of this novel class of canggsuggests a causality, which
will be discussed.

The great variety of the cobalt metallacrowns rdmay the arrangements of the bridg-
ing ligands is remarkable as well. The trans-ardadenwhich is realized i is in gen-
eral quite rarely observed for 12-MC-4 compléXés°~1%hnd only one description of
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a corresponding salicylhydroxamic acid based irommound is known to date!
Moreover, the cis-syn orientation fhand5 was hitherto reserved for a few 12-MC-4
clusters of salicylhydroximate linked trivalent ngamese ions which are partly bridged
with two alkali ions above and below the actualecof the complex via single, shared
donor aton®>571 On the contrary, the trans-syn arrangemers, in and8 represents a
widely spread motif in literaturi@?-56:59:102,103,106]

The possibility of a peripheral, multidental comgd@#on of additional cations presented
in 4 and7 is a further interesting aspect of the cobalt fteteowns. In general, the ma-
jority of 12-MC-4 metallacrown in literature withufther attached metal ions to the
main ligands of the basic motif are comprised ofabint transition metals ion. While
the linkage via a single donor atom is especiatigvn for copper compounds®*tia
fused Ni(ll) based structuré10:19210%has heen observed besides some stacked Cu(ll)
metallacrown8'?-14 as examples for additional binding of cations abow below the
faces. The chelating of metal ions via the periphdonor atoms in the style of a multi-
dental supramolecular ligand is for instance evidena zinc metallacrowh® a terbi-
um centered zinc metallacryptabht?! a nickel metallacrowH!® a family of Lrs clus-
ters with a metallacrown core structdit@ and some copper metallacoronatés:é11l

The latter property represents a suitable entramoethe discussion about the reasons
for the indicated most singular features of theak®red novel class of cobalt metalla-
crowns. Analyzing the high frequency of divalenttahéons in expanded coronates, the
four key factors negative excess charge, lowerlIpoaitive charge, flexibility of the
coordination number and versatility of the struatwwonfiguration can be deduced. The
influence of the flexible modification of the moldar configuration on the attachment
of cations can be evidently recognized via a comparof the crystal structures of
Cu(I)[12-MCcuaynshir4] compounds. In all cases, the size of the ckntnaty is en-
larged via a slight tilting of the ligands out dietleast-square plane of the ring metal
ions in order to fit the dimensions of the Cu(l)egt ion. While low interactions with
the counter ions causes an opposite tilting of paos of adjacent ligand in a “sofa”
configuration, a domed shape of the molecule isiobtl when the cations are chelated
at the peripher{*

By contrast, the positive high local and excessgiaf the basic constitution pattern in
combination with the general need for higher camation numbers foster the binding of
further, partially anionic and/or bridging ligands the faces of metallacoronats based
on trivalent ring metal ions. These hamper theatliaecess to the donor atoms from the
faces and especially rigid bridging ligands redtieeflexibility for the adaption of pe-
ripheral sets of binding sites towards possibleeptrs of coordinative bonds. Moreo-
ver, the attachment of cations in proximity to hjghositive charged metal centers is
disfavoured due to the Coulomb repulsion. The neaso the unexpectedly distinct
ability for peripheral complexation of additionaktal ions seems to be closely related
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to the phenomenon of the tilted salicylhydroximiggands, as both features occurred in
the molecular structures dfand7 at the same Co(lll) ion of the cyclic host. Heteg
distance between the carbonyl and the phenolatgeoxgs well as the corresponding
bite angle of the cobalt coronate as supramoledigland is decreased. Hence, the re-
pulsion of the positive charged ring metal ion &hne attached cation is reduced by a
enlarged distance from each other and the proxigfitgounter (partial-) charges to the
shortest interaction pathway. An additional anidigand supports the latter effect and
increases the chelat effect of the coordinated tesieMoreover, the tilting of a main
ligand represents the precondition for the cis4sydging mode id and5 as it induces

a deformation of cyclic scaffold via an offset b&tCo(lll) ions and therefore facilitates
a sufficient spatial distance of the inner donamnad of the three-membered linking
moieties. Consequently, the two bridged Co(lll)Sare linked via a perpendicularly
tilted salicylhydroximate ligand in both casesdodnd5. These explanations however
directly lead to the question of the reason foruheue flexibility of the arrangement
of the main ligands which seems to contradict thietly octahedral shape of the coor-
dination spheres at the first sight. Actually, bbitflings share the same origin in ttfe d
electronic configuration of the Co(lll) ions. Thertesponding low-spin configuration
yields the maximum stabilization energy for an opeshell with given octahedral lig-
and field splitting and features a non-degenergtednd state. Hence, there is ab inito
no reason for an energetic disparity of the diffiéreinding sites at the Co(lll) ion,
whereas the Jahn-Teller effect obviously creatpseterence of a transoid in-plane co-
ordination of the strongly binding moieties of sglhydroximate towards Mn(lll) and
Cu(ll), which are to date the most common ring retas in 12-MC-4 complexes of
this main ligand. Consequently, the possibility fioe out-of-plane linkage of the ring
metal ions in the cobalt metallacrowns by salicgiioximate can be rationalized by the
fact that there is in first approximation no prefece of any pair of the adjacent sites on
the vertices of the octahedron. Therefore, thalfiety of the cyclic host arises in sim-
plified terms from the choice of the binding siteist not from the versatility of their
relative positions concerning the metal center. @éretral Co(ll) guest ion on the con-
trary variably adopts different and asymmetric cirmation spheres and thus represents
the second key to the flexibility of molecular cigfration. However, the quest for rea-
sons for the frequent use of these degrees ofdreeahd the shape of the final results
seems to be more complex and its eventual accampdist might require elaborate
theoretic calculations. The variety of structunespite of the presence of similar reac-
tants already suggests that several differentenites might be involved in the shaping
of the molecular configuration and that the prefeeeamong the different shapes is
low. Besides packing effects, electronic, stermadl geometrical influences within in
the complex can be taken into account. Howeves; soine of them which appear to be
of increased importance will be discussed in mataitl The strong affinity towards a
strictly octahedral arrangement of the donor atooll ions might here also play a
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crucial part in the interaction of different influges. It is worth mentioning in that con-
text, that the octahedricity of the cobalt centetith propeller configuration in the
metallacoronates with tilted ligands is always tgethan of the corresponding in-plane
coordinated Co(lll) ions. Here, the deviations frtme perfect geometry which mainly
arise from the low bite angle of the hydroximateugr can be compensated more easily
by the flexible positioning of the monodentate figa in the cis orientation. In order to
preclude additional sources of strain, the bridgextal ions have been considered in
this inquiry. But not only the local effect of thiéing shall be considered but also the
influence on the whole assembly might be relevant.the rigidity of the coordination
geometry might cause a certain degree of ringrstndiich can be diminished by the
incorporation of at least one tilted main ligandoinhe cyclic scaffold. Although the
molecular structures of the present work clearftesthe enormous versatility of the
central Co(ll) ion to adopt different shapes ofc®rdination geometry, the elevation of
the hydroximate oxygen which is implied in theinidf of a main ligand might give a
significant contribution to the interplay of inflnees. The crystal structure ®7MeCN
proves the possibility to host the Co(ll) guest ianthe actual core of the complex.
However, several parameters indicate why this swius already avoided under slight-
ly different reaction conditions and an out-of-garoordination is realized in most of
the examples. Concerning the Co(ll) ion Co3, thmlpxelongated octahedron with
shortened bond lengths in the perpendicular plapeesents a quite uncommon setting.
Although the parameters might indicate a strongpdisn due to the Jahn-Teller effect
which is typically observed for Co(ll) low-spin cqhexes, the absence of strongly
splitting ligands contradicts this assumption. éast, the findings seem to be a combi-
nation of the weak coordinative properties of tadbonyl oxygen of 2-benzoxazolinone
and the limited size of the central cavity. Theraatdinarily high octahedral and low
trigonal prismatic shape measures of 0.804 and451f@ the Co(lll) ion Co2 which
joins the pairs of oppositely tilted main ligandstioe “sofa” configuration suggest in
that respect severe obstacles towards a furtheansign of the arrangement of donor
atoms for this molecular configuration via theitidgf of the main ligands. Hence, the
trigonal prism represents the simplest counterdoafa planar cobalt metallacrown with
six fold coordination of the elevated Co(ll) guast as it is observed in the similar case
of Mn(I)(RCOO)[12-MCwunamnshi)-4] complexes. Nevertheless, even the cobalt coro-
nates6, 7 and8 with a syn-trans orientation of the bridging ligancontain at least one
perpendicularly tilted main ligand. Simultaneousinpe of the hydroximate oxygen do-
nor atoms is significantly displaced above the tlesgmare plane of the characteristic
ring although simple geometric calculations confithe suitability of the observed
range of Co(Il)-O bond lengths and the edge lenftimne hypothetical square arrange-
ment of the inner donor atoms of the cyclic hostli@ construction of a perfect trigonal
prism (Fig. S18). The cause of the avoidance o ithéal geometry might hence be
based on its general disadvantageous less convespigting of the energy levels of d-
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orbitals for the @ configuration and a spatial imbalance of the riggatharges within
the coordination sphere. In that respect, the pnayiof the phenolate oxygen of the
additional salicylhydroximate i can be interpreted. An analogue increase of tbe co
dination number via a third bridging ligand or #gansion of the ring size by one rep-
etition unit is observed for the manganese metallacs. The latter effect is yet always
found in combination with the application of aromatitrogen ligands. This example
furthermore indicates the pronounced importanctheibridging and secondary ligands
concerning the constitution and configuration cé thetallacrown via their electronic
and/or steric influence. For instance, the tiltofghe main ligand is accompanied by a
deflection of the axis of the octahedron which esponds to the carbonyl oxygen atom
from orthogonality towards the least-square plathefring metal ions and therefore the
proximity of the secondary ligand in trans posittowards the other ligands at the same
face is reduced. Additionally, an interaction o tecondary and bridging ligands with
each other via hydrogen bonds could be observehercases of the incorporation of
cyclic aliphatic amines. In the special case ofwtaeant metallacrown 2, the unshielded
Coulomb repulsion between the hydroximate oxygematdue to the absence of a cen-
tral counter charge serves as a probable motivadiawoid planarity.

While the application of ambident bridging ligarfds the deformation of coordination
polyhedron of the Co(ll) guest ion has already bastessfully applied, the suitability
of the periphaeral complexation of cations forshaping of the cobalt metallacoronates
can be deduced from the present examples. By @nthe relevance of other effects
can only be estimated on the basis of this compiaiThe detailed investigation of the
relative importance of the different influencesresents an interesting issue for further
experimental and theoretical research. It will hieigain the precision for the targeted
modification of the coordination sphere of the can€o(ll) ion via the application of
peripheral complexation, secondary, bridging andlifired main ligands as synthetic
tools for the adjustment of its magnetic properties

3.5.3 Infrared Spectroscopy

All recorded infrared spectra of the isolated caempkl, 2, 4, 5 and 8 contained a
strong band between 1594 and 1598'amhich has been assigned to the stretching vi-
bration of the C=N bond of the salicylhydroximageahd. Moreover, the corresponding
second characteristic band for the N-O stretchilbgation has been observed for all
clusters except foR. However, this deviation is in accordance with thigfernt non-
bridging binding mode of the vacant metallacrowarr€spondingly, a shift of this band
has also been detected in the vacant tin metallaxs@f salicylhydroximate. Another
set of strong bands at 1573-1580cand 1438-1450 cthrepresents the asymmetric
and symmetric stretching vibrations of the carbakyjroups within the compounds.
Further bands in the characteristic range of thbargyl stretching vibrations at 1711
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and 1658 cm in the spectra of2js- H.Sal-20CMe- H,O and5-3.5MeOH-HO arise
from acetone solvent molecules and the 2-benzoxera bridging ligand.

3.5.4 UV-Vis Spectroscopy

The recorded electronic spectralof2, 4, 6 and8 resemble each other in their general
shape and simultaneously reflect the closer stractelationship between the three
Co(Il) centered metallacoronads6 and8 although the features are primarily assigned
to absorption process which are locate at the §a¢ihs and/or the ligands (Fig. S20;
Tab. S44). Apart from one local maximum, the ddéfdrtransitions only appeared as
less distinctive shoulders due to the pluralityirafividual coordination environments
within the single complexes. Hence, the charadtengavelengths were extracted from
the obtained data via inflection point analysisngsihe first and second order deriva-
tions. The spectra df, 4, 6, 8 each reveal shoulders in the ranges of 325-333.486
and 635-649 nm where&sn principle shares the same sequence of fea(@883% 423,
616 nm) with a slight blueshift of the wavelengththe visible region. Here, an assign-
ment of the two respective features with lowestrgynéo d-d transitions from thiq
ground state into the excited states By andT2q term of the Co(lll) ions is in good
accordance with the related example of a mononutiealent cobalt compound based
on benzhydroximate in literatuf&® However, it should be mentioned that the obtained
spectra represent a superimposition of the diftecentributions of the absorption pro-
cesses located at specific metal centers. Hengeneralized model might omit hidden
features and can be less appropriate for the elactstructure of at least some of the
individual cobalt ions. An alternative general npietation which ascribes the presence
of both aforementioned bands to a splitting of fig terms and includes the infliction
point in the near UV-region as a d-d transitionsesn the'A14 and!T,q State has been
discarded for several reasotfd:*??l The proximity of the ligands within the spectro-
chemical series in combination with the varietytioéir relative arrangements in the
coordination spheres of the Co(lll) ion in the sasample contradicts the corresponding
dimension of the assumed splitting. Moreover, tbeoedance of the absorption feature
of 2 and the other complexes around 330 nm suggests/alvement of the salicylhy-
droximate in the transition rather than a pure liezation on the Co(lll) ions. A defini-
tive assignment towards a charge-transfer or igaatl band cannot be performed on
the basis of the present information. However,dbeurrence of absorption characteris-
tics for salicylhydroxamic acid based metallacrownisdifferent metals like nickel,
manganese and copper as well as the energetionptgyaf the first absorption maxi-
mum of the free ligand supply the latter assumptMareover, the spectra weakly indi-
cate another infliction point at 261 nm which regaets a ligand centered transition
process. The shift of the features in the visiblgion betwee2 andl, 4, 6, 8 is already
detectable by the human eye. While the dissolveapaof the reverse metallacrown
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appears dark green, solutions of the latter congslegveal an orange brown color. As
the absorption band of lowest energy can be usedrfeestimation of the octahedral
splitting by adding the Racah parameter C with vakie of 3800 cm for Co(lll)
ions*?1123 the determined value of 616 versus 649, 635, G#8 46 nm means
stronger an average ligand field for the ring mésak of 2 (Ao = 20034 crit) com-
pared to the trivalent cobalt ions 1n4, 6, 8 (Ao = 19209, 19548, 19232, 19280 ¢n
This finding obviously reflects the distinguishedoadination spheres of the vacant
metallacrown which always comprises two or fouragen donor atoms and a non-
bridging mode of the hydroximate moiety.

3.5.5 Mass spectrometry

All mass spectra show a complex fragmentation patad the intact molecular ion
{M+H} * can only be observed in the case2oHowever, a comprehensive systematic
has been to interpret them in a consistent way.t dibthe peaks in the high mass range
could be assigned to ions which comprise the fidffeld of the cobalt centers and the
salicylhydroximate main ligands whereas the anigmsalate, nitrite and 2-
benzoxazolinonate as well as the neutral ligand&limg, 3-picoline, piperidine, mor-
pholine, methanol and water are partially or corgijereleased. The loss of ligands is
thereby in general a common phenomenon for ESI ptea of Co(lll) complexes in
literaturel?4125] Although the complex pattern of the mass spedtthe cobalt metal-
lacrowns in the present work are hardly suitablevaluate the integrity of the clusters
in solution, the assignment of the majority of iigant peaks to ions with the expected
number of metal centers and main ligands strongiijcates a certain stability of the
basic motif of the coronates in acetonitrile andharol. During the following discus-
sion of the obtained data, the observed complex vat be divided into series of mole-
cules which only differ in the number of aminesnder to preserve clarity and compa-
rability but not to rate the binding strength ofydigand type. All assigned peaks in the
spectrum ofl contain the expected five cobalt ions, three ghiydroximate trianions
and the hydroxid ligand. The three peaks at 16883Jand 1545 m/z refer to the com-
plex ions {Ca(Shik(Piv)s(OH)(Pip} + H}*, {Cos(Shik(Piv)s(OH)(Pipk + H}* and
{Cos(Shik(Piv)s(OH)(Pip) + Na}* with the full number of five pivalate ligands. Mere
over, two series of ions comprising four of theaeboxylate anions of the general for-
mulae {Ca(Shik(Piv)4s(OH)(Pipk(H20)}* (x = 3, 4; 1439, 1524 m/z) and
{Cos(Shik(Piv)s(OH)(Pip)} ™ (x = 2, 3, 4; 1336, 1421, 1506) have been ideifi
Here, the two molecules with three piperidine lidgrieature the highest intensity. In
both spectra o2, a long sequence of equidistant peaks (995, 10742, 1232, 1311,
1390, 1469 m/z) refers to the complex ions {[12-8d@neshi-4](Pyx + H} with x
ranging from 2 to 8, the species with five attaclpgddine yields the highest count
number. Additionally, the three heaviest memberthefseries can also be found with a
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replacement of the associated proton by a sodiumnidhe spectrum which has been
recorded from a solution in methanol (1333, 144911m/z). The spectrum df pro-
vides a multitude of peaks, as positive ions cagilyebe accessed via the successive
removal of pivalate ions and an appropriate chargia different cations. Although in
general the occurrence of alkali counter ions is$r&pectra can originate from the up-
take of environmental materials, the frequency lo$esved complex ions containing
lithium is massively raised in the case4fnd hence the number of peaks is further
increased. Therefore, the results will just be saned at that point and the full list of
assigned peaks is available from the supplemeniafigrmation. Singly positive
charged ions can be identified for a series of dergs with the components of the
basic coronate subunit motif as well as three pieatjroups which differ in the number
of remaining piperidine ligands and in the comhbomatof various counter ions. Here,
the most extensive sequence refers to the chargéstutes with two associated lithium
cations {Co(ll)(Piv}[12-MCcoamneshiy-4l(Pipkx + 2Li}* (x = 1, 2, 3, 4; 1297, 1382,
1467, 1552 m/z). Additionally, the combination gb@ton and a lithium ion as well as
a sodium and lithium ion can be recognized for sepecies of the series. For just two
remaining pivalate ions, the most examples are gasdi to the formulae
{Co(IN)(Piv)2[12-MCcoqmnshiy-4](Pipk + H}" (x = 2, 3, 4, 5; 1268, 1353, 1438, 1523
m/z) and {Co(Il)(Piv}[12-MCcoamnshi-4](Pipx + Li} " (x = 2, 3, 4; 1274, 1359, 1444
m/z). Finally, complex ions {Co(Il)(Piv)[12-M&umnshi-4](Pipkt ™ (x = 0, 1, 2, 3, 4;
996, 1081, 1166, 1251, 1336 m/z) have been idedtifiesides two methanol adducts
{Co(IN)(Piv)[12-MCcoqmnshi-4](Pipx+ MeOH}" (x = 3, 4; 1283, 1368 m/z). The
charged molecules {Co(Il)(PiyL2-MCcognshi-4](Pipk + H}* and {Co(ll)(Piv)[12-
MCcoamnshi-4](Pip)} * feature the highest intensities in the spectrum. due to the
range of different bridging and secondary ligarttls, interpretation of the spectramf
comprises the consideration of various combinatiohBe two dominant series
{Co(IN)(Piv)[12-MCcoqmnshiy-4](Morph)}* (x = 0, 1, 2, 3, 4; 996, 1083, 1170, 1257,
1344 m/z) and {Co(ll)(Boa)[12-M&xmnshiy-4](Morph}}™ (x = 0, 1, 2, 3, 4; 1029,
1116, 1203, 1290, 1377 m/z) can be assigned toemective bridging ligand in the
spectrum of the solution in acetonitrile. Moreovamplex ions {Co(ll)(Boa)(Piv)[12-
MCcoamneshiy-4](Morph) + H} (x = 1, 2 3, 4; 1218, 1305, 1392, 1479 m/z) caritay

the pivalate as well as the 2-benzoxazolinonaterarhlthough, the methanol ligand
has vanished in most of the identified ionized s the species {Co(ll)(Boa)[12-
MCcogmneshi-4](MorphxMeOH}" can be observed in some versions with x = 1, 2, 3
(1148, 1235, 1322, m/z). The peaks in the specwobithe same sample in methanol
resembles these findings and the presence of sddioaal sodium adducts is evident.
A full list of assigned peaks is included in thgglementary information. The same
classification of a series of complex ions accaydio the compilation of the bridging
ligands can be conducted for the spectra. dfere, the sequence of peaks for the simul-
taneous presence of the nitrite and pivalate ligartle spectrum of the solution in ace-
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tonitrile is diversified by the alternation of theation between a proton in
{Co(I)(NO2)(Piv)[12-MCconmnshi-4](Pick + H}" (x = 1, 2, 3, 4, 5; 1136, 1229, 1322,
1415, 1508 m/z) and a sodium ion in {Co(I)(N@iv)[12-MCcoanshi-4](Pick +
Na}* (x =1, 2, 3, 4, 5; 1158, 1251, 1344, 1437, 1530 nAdditionally, the individual
series of peaks assigned to the carboxylate {G&G\)[12-MCcoqimnshiy-4](Pick} ™ (x =

0, 1, 2, 3, 4, 5; 996, 1089, 1182, 1275, 1368,1148z) and the nitrite {Co(lI)(
NO2)[12-MCcogmneshi-4](Pick} ™ (x =2, 3, 4, 5 ; 1127, 1220, 1313, 1406 m/z) can b
identified. Similar results are indicated by thespum of the solution in methanol alt-
hough the resolution was reduced due to the lowbdldly. The list of assigned peaks is
available from the supplementary information.

In summary, the worth of analysis of the compowidghe method mass spectrometry
mainly for the present work consists in the com@atary evidence for the successful
incorporation of some novel or converted buildingtsl like the lithium cation, nitrite
anion and 2-benzoxazolinate for metallacrown chegidMoreover, the similar sys-
tematic of the peak patterns, the low frequencgdufucts and the lack of agglomerates
indicate a certain degree of stability of the catenincluding the central guest ion. An
evaluation from a chemical point of view on the gasition of the obtained fragments
hints at the ionization process as the major soafd¢be fragmentation although a pre-
vious partial substitution of the secondary andidirig ligand by labile solvent mole-
cules cannot be excluded.

3.5.6 'H-NMR Spectroscopy

The 'H-NMR spectra of the diamagnetic compledeand?2 reveal signals of the same
integral and multiplicity for a respective ligange which are shifted against each other
depending on the individual environments at thedinig sitexs Concerning the aro-
matic systems, the peak sets of the same ligandespeould be subdivided into dis-
crete groups of correlated signals which represegily distinguishable ligands via two
dimensionalH-'H COSY spectra. The low field region of thd-spectrum ofl con-
tains five distinctive signals of similar integrahich correspond to the same number of
attached pivalate ligand8 € 0.48 (s), 0.64 (s), 0.99 (s), 1.16 (s), 1.2%(sN). Moreo-
ver, several multiplets in the range between 0r&b400 ppm arise from the methylene
protons of the piperidine ligands (Fig. S21). |e Hromatic region a set of partially su-
perimposed doublets and triplets can be observddcan be grouped with the help of
the cross-peaks of the two-dimensional NMR expeminieto three subsets €& 6.46-
6.49 (t), 7.00-7.08 (m), 7.11-7.13 (d), 7.45-7.dy §pm), 6 = 6.63-6.68 (M), 6.75-6.77
(d), 6.91-6.96 (m), 7.85-7.87 (d) ppm) amd=6.63-6.68 (m), 6.91-6.96 (m), 7.00-7.08
(m) 8.27-8.29 (m) ppm) for the distinguishable sdhydroximate ligands (Fig. S22).
Signals for the water, hydroxyl and the nitrogemddydrogen atom could not be as-
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signed unambiguously. Furthermore, the presenewfddditional peaks with weak in-
tensity in the aromatic region and in proximitytte pivalate signals might indicate
minor proton exchange processes. By contrast, ititefleld region in the spectra @f
features doublet and triplets for the aromatic gmetof the salicylhydroximate ligand as
well as for the attached pyridine molecules (Fi#g. Tab. S46).
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Figure 14 *H-NMR (top) and'H-*H COSY (down) spectrum df in chloroform; col-
ored numbers represents assignment of the sigifif@retht colors encode distinguisha-
ble ligands, different numbers encode differentd$ipons

Here, the signals of the pyridine ligands can kmlyaentified because the protons in
ortho- and para-position cause peaks of doublesitieindicating a free rotation of this
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moiety. Counting the numbers of different signasly the half amount of protons
which might be expected from the crystal structceilea be observed at the first sight.
However, this finding simply arises from the trarsfrom pseudo-£symmetry in the
solid into a real &symmetry in solution. Hence, four signal groups-(6.75-6.80 (m),
7.37-7.41 (t), 7.90-7.91 (d) ppmp € 6.85-6.89 (t), 7.26-7.30 (m), 8.62-8.63 (d) ppm)
(6 =7.05-7.08 (t), 7.53-7.57 (t), 8.66-8.68 (d) ppanyl 6 = 7.31-7.35 (t), 7.75-7.78 (1),
8.52-8.53 (d) ppm) can be assigned to the foumndjsishable pyridine ligands via the
H-'H COSY spectrum whereas two subsets of peédks ¢.44-6.48 (t), 6.94-6.98 (t),
7.10-7.12 (d), 8.02-8.04 (d) ppm) and (6.75-6.80Q, (M26-7.30 (m), 7.26-7.30 (m),
8.36-8.38 (d) ppm) represent the salicylhydroxinraten ligands in deuterated chloro-
form. A complementaryH spectrum was recorded for a solution in dichldhmge to
resolve the multiplet below the signal of the salvehloroform and is available from
the supplementary information (Fig. S23; Tab S#vsummary, the occurrence of dis-
tinguishable peak sets and their correlation withriumber of ligands clearly prove the
integrity of both complexe$ and2 in chloroform and dichlormethane respectively.

3.5.7 Magnetic properties

Static magnetism

The temperature dependence of the molar staticqasgeptibilityy of 4, 5 and8 re-
veals the typical features of samples which arepr@ed of mononuclear Co(ll) high-
spin complexes. Due to the partially unquenchedtadrinoment, the values of th@
product significantly exceed the spin-only valueld76 cmK/mol for a spin of S =
3/2 with a g-factor of g = 2 at room temperaturer&bver, the spin-orbit coupling in
combination with the shape of the ligand field gare rise to a strong magnetic anisot-
ropy which causes a deviation from a simple pararatg Curie law and is in general
observed as a monotonic decrease ofglh@roduct in the course of the cooling of the
sample. (Fig. 15)

TheyT value of 3.15 ciK/mol for 4 resembles the reference of 3.37°K/mol for an
independent spin and orbital momentum Fayround tern?’l Decreasing with con-
tinuously increasing slope in the course of thelingptheyT curve shape reveals the
characteristic behaviour of an isolated six-coaatkd Co(ll) ion with significant con-
tribution of spin-orbit coupling to the splitting the “T14 state!?®-13% At 2 K, lowest
temperature of the measurement, tfieproduct is 2.18 cfiK/mol. The corresponding
plot of theyT product versus the temperature T 3deatures a very similar curve shape
with benchmark values of 3.03 and 2.26%k/mol at 300 and 2 K, respectively. By
contrast, the sample 8fshows a linear decrease from 3.2FI¢fmol at room tempera-
ture to a value of 2.79 ci/mol at 95 K. For lower temperatures, the slopehafyT
curve increases continuously and reaches a value9a@fcnik/mol at 2 K. The latter
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shape is quite similar to other examples of isdla@®(ll) ions with distorted trigonal
prismatic coordination sphefé!
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Figure 15 plot of thexmT product versus temperature #r5 and8; solid lines repre-
sent guidelines for the eyes

The fitting of temperature dependent susceptibdiéya of Co(ll) is challenging due to
the incomplete quenching of the contributions @f dinbital momentum. Expressions for
six-fold coordinated metal centres have been dérfee the model case of an octahe-
dral coordination sphere and have also been adémtedsymmetric tetragonal or trig-
onal distortion of this reference shape. Howeeesé equations contain an intensive
amount of variable parameters and hence can eamsie overparametrization and use-
less fit results. The coordination spheres of edrguest ions at the core of the com-
plexes4, 5 and8 feature pronounced deviations from a perfect @grdference poly-
hedron. A careful analysis of bond lengths and engis well as the determination of
their position on the shape map of the octahedrdltatragonal shape measures clearly
yield that these distortions can neither be pregcin a trigonal nor a tetragonal axis of
the octahedron. Therefore, the detailed interpoetaif the temperature dependent sus-
ceptibility of the introduced cobalt metallacrowissan interesting task of the present
and future work and are supported by ab initio Wlakions as well as experimental in-
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vestigations of the electronic structure via comlntary methods like EPR spectros-
copy which are already in progress.

The high magnetic anisotropy is also reflectedh®yrecorded magnetization data of all
three complexes at low temperatures (Fig. S24, 826,A plot of the reduced magneti-
zation values M/Nug versus the ratio of field and temperature H/T doesresult in a

common master curve for the single measuremergssatidifferent temperatures (Fig.
S25, S27, S29). Moreover, the corresponding MAValues of 2.28, 2.23 and 2.17 for
4, 5 and8 at a temperature of 2 K and an applied field ofcéme significantly below

the saturation magnetization of an isolated S =sat2 with a g-factor of g = 2 accord-

ing to the Brilloin function but are in good agresmh with reported values in litera-
ture.[44’46'127]
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Figure 16 plot of the reduced magnetization versus the eggdield for8; solid lines
represent the best fit results according to ance¥fe spin Hamiltonian with zero-field
splitting parameter

The experimental data & could be fitted via an effective spin Hamiltonahich in-
cludes a zero field splitting parameter D and atrapic g-factor (Formula S4). The
resultant values of D = -64 chand g = 2.66 did not change significantly wheraddi-
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tional rhombicity E was introduced into the modBl £ -68 cmt, |E| = 4.3cril, g =
2.67) and match the expectations based on magtretdtsal correlations (Fig. 16).
While Co(ll) ions with an octahedral coordinatigrhere are restricted to a positive sign
of the D values, trigonal prismatic divalent cob@mplexes can feature large negative
zero field splitting parametef$! Corresponding attempts to fit the experimentah adt

4 and5 yielded even higher negative zero field splittirggmeters which most likely
indicate an inappropriate description of the lowlgsig energy levels by the applied
model and therefore no relevance is ascribed tohowitfurther validation by the ongo-
ing complementary investigations. In summary, aifigant amount of magnetic ani-
sotropy has been observed for all three clustersduld only be quantified for complex
8.

Considering the current findings of mononuclear atblcompounds with single-
molecule magnetic behaviour for both signs of teeodield splitting parameter, this
general observation implies the presence of a plessburce for a slow relaxation of
magnetization. A detailed model for the order & thifferent energy levels demands for
further elaborate theoretical calculations becabe@l) high-spin ions feature a high
sensitivity in their magneto-structural correlasoand the corresponding shapes of the
coordination spheres in the present cobalt metaNats strongly and asymmetrically
deviate from simple reference polyhedra which candbscript via less differentiated
models. However, these first examples of versablealt coronates represent the prom-
ising foundation for a framework which provides ymthetic access for a systematic
investigation of the complex dynamic and static neigm of Co(ll) high spin ions.
From a static point of view, the detailed underdiag of the interplay between static
and dynamic phenomena might develope the ac sulsitigptneasurements as a valua-
ble complementary method to acquire informationceoning the lowest lying energy
states.

Dynamic magnetism

When a dynamic magnetic field was applied to tha@a of4 no out-of-phase reso-
nance signal could be detected in the absence afiditional static field. By contrast, a
corresponding response was obtainedfand8 under zero static field (Fig. S30, S31).
However, the height of the causal effective endogyrier to magnetization reversal
could not be determined as the measured rangea@iiéncies yielded no maximum for
the imaginary component of the susceptibility. hralagy to similar cases of mononu-
clear single-molecule magnets of cols&It?424446lother transition metdf€3134 and
lanthanide$**133an additional static field of 1500 Oe was apptieall three samples
in order to diminish the contributions of quantwmrelling processes to the relaxation
of the magnetization. Indeed, 5 and8 reveal frequency-dependent out-of-phase sus-
ceptibility signals as characteristic behaviousigle-molecule magnets with peaks at
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4.5, 7 and 8.5 K at 1000 Hz (Fig. S34, S35, 17). &bthree samples the relaxation
times at various temperatures have been analyzed generalized Debye model ac-
cording to the Cole-Cole formalisi#*—13"1Here, the isothermajd) and adiabaticyg)
susceptibility as well as the parametewere obtained by fitting of the experimental
data in a Cole-Cole-plot (Fig. S39-S44) of the oliphase versus the in-phase-
susceptibility ¢ vs. x') utilizing formula S5. The corresponding values & of 0.02-
0.15 at 6.1-2.0 K fod, 0.02-0.28 at 7.0-2.0 K fd¥ and 0.05-0.28 at 9.0-2.0 K f8rare

in good agreement with other cobalt SMMs and siamdbus differentiates the ob-
served phenomena from spin glass behaW64¢:%8 Moreover, their proceeding marks
the development from an almost exclusive dominaridbe thermal relaxation at high
temperatures towards an increasing influence ohigua tunnelling processes for the
relaxation of the magnetization at low temperatuii@king the obtained parameters of
the Cole-Cole-plot, the temperature dependent agilaxx timest were extracted by fit-
ting the plot of the in-phase susceptibility datasus the frequency (Fig. S47-S49) via
formula S6136:138l
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Figure 17 plot of the out-of-phase susceptibility versus temapure under an applied
static field of 15000e fo8; solid lines represent guidelines for the eyes

A similar procedure using the out-of-phase susbéjyi was checked to yield corre-
sponding results (Fig. 18, S45, S46). The heighthefrespective energy barriers«U
and the attempt relaxation time were than determined via a linear regression of an
Arrhenius plot which correlates the natural lodantof the relaxation time la( with

the reciprocal temperature'THowever, the gradual decline of the signals eplot of

the out-of-phase susceptibility versus the tempeeatt lower temperatures already
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indicates that the corresponding Orbach process thermal activated overcoming of
the reversal barrier does not represent the oniyeacelaxation mechanism. Hence,
only the high temperature range was taken into wtcfor the fitting according to the
Arrhenius equation S7 as the corresponding assampfia dominant relaxation of the
magnetization via the Orbach pathway is most likel§illed in this region*3? The
procedure yielded values of 14, 35 and 79 K fordtiective energy barrier to magneti-
zation reversal, b, and 1.48.0° 1.2110° and 1.75.08 s for the attempt relaxation
time, 1o, of 4, 5 and8 (Fig. 20, S50-S52). Nevertheless, the curvaturthefArrhenius
plots already suggests that more types of relaxgifocesses are involved as the expo-
nential increase of the Orbach relaxation rate wiglsreasing reciprocal temperature
would cause a more sudden angular drop from th@desture independent quantum
tunnelling regime.
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Figure 18 plot of out-of-phase susceptibility versus frequenader an applied static
field of 15000e fomB; solid lines represent the best fit results acogrdo a generalized
Debye model; color code: red - 2 K, violet - 9 K

In order to obtain more information about the nataf these additional processes, the
field dependence of the relaxation time was ingestid. For all three complexes an
increase of the relaxation time is observed atfleld strength which is attributed to the
partial suppression of the quantum tunnelling by lifting of the degeneracy of the
coupled states. Moreover, a coexistence and trnaon$fa fast field suppressed and a
slower field induced relaxation can be recognizethe plot of the out-of-phase suscep-
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tibility versus the wave frequency bfand8 for low static magnetic fields. Reaching a
maximum relaxation time of 0.0014 (1250 Oe), 0.0(Z&00 Oe) and 0.0636 (1500 Oe)
at 2 K, the plots ot versus Hc decline again more slowly at higher fields (Fi§, 1
S63, S64). The latter curve shape is assignedetodiaxation via the so-called direct
procesd?” This type of spin-lattice relaxation process mearfipping of a magnetic
ion by absorption or emission of a phonon whichanes the energy difference of the
two involved state8#% The field dependence of its relaxation rate is mwomly de-
scribed with a power factor of 2 for even spins las the present Kramer’s ions in
general feature a HdependencE*! However, the attempts to fit the field dependent
relaxation time at 2 K via combined formula for tpgantum tunnelling mechanism and
the direct process did not give suitable resulisc@ntrast, a fitting with a power factor
of 2 revealed to be suitable to reproduce the cahape fo8. Although this abnormal
behaviour of Kramer’s ions has been reported oooadly in literaturé'*?! a compre-
hensive fitting of the temperature dependence efr¢taxation time for the whole tem-
perature range on this basis seemed to be toodhu=ively.
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Figure 19 plot of the relaxation time versus the applied netignfield at a temperature
of 2K for8

Nevertheless, a significant contribution of theedtrprocess to the curvature8ét high
temperatures can be excluded by a simple estimdtwen if the full amount of the
relaxation rate at 2 K is exclusively attributedtb@ direct process, its contribution to
the experimental relaxation time above 7 K is lmss 10% due to the linear depend-
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ence from temperature. As the quantum tunnellinghaeism between the ground
states is not affected by the temperature, itsifsignce can also be neglected in first
approximation for this region. Therefore, the ocence of another spin-lattice relaxa-
tion process to which a high significance is astilbo in the recent discussion about
mononuclear transition metal single-molecule magyreesuggested. The Raman process
involves the promotion of the magnetic ion intoidual excited state by the absorption
of a phonon and an immediate decay via the emissi@mother phonol*®! Because
the abovementioned estimation yields a sufficiepasation of the dominant scope of
the direct process and quantum tunnelling mechaatslow temperature from the Ra-
man and Arrhenius relaxation regime at high tentpeea for8, the latter region was
fitted between 7 and 9 K by a corresponding twazpss model (Formula S11). The
results of the fit should be taken carefully asgbever factor of the Raman term is only
slightly restricted by the present theory and hasang influence on the final optimized
parameters. However, a convincing set of values atained for the common®Te-
pendence of the Raman relaxation Fté>*8141The corresponding constant C of the
Raman term accounts for 0.1008sK whereas the attempt relaxation time and the en-
ergy barrier of the Orbach process amount to-IB8s and 179 K.
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Figure 20 Arrhenius plot of the natural logarithm of the pedion time versus the re-
ciprocal temperature under an applied static fefld5000e foi8; solid blue line repre-
sents the fit result of the high temperature raageording to the Arrhenius equation;
solid green line represents the fit result of thghhitemperature range according to a
model regarding Orbach and Raman relaxation process
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The new value for the energy barrier is signifiahigher than the obtained parameter
for the simple Arrhenius plot. However, it shoule tmentioned that the arrangement of
the captured data points for the latter processtiligindicated curvature and therefore
would have yielded even higher energy barriersafturther constrain of the regression
range. Moreover, the obtained energy barrier ferttho-process model resembles the
estimated value for a Kramer’s ion based on therdehed zero-field splitting parame-
ter 184 K. The fit result furthermore implies a rig&xclusive relaxation via the Raman
effect in the temperature range around 7 K. At @skcontribution to the sum of relaxa-
tion rates still amounts to 21% (Fig. S53, S54rofresponding implementation of this
effect into the aforementioned model for the fidependence at 2 K was applied but
did not significantly improve the goodness of titerésult. The Orbach process takes
over as dominant relaxation process above 9.4 KWrdow to the parameters of the
two-process model of the high temperature regimeak desisted from a correspond-
ing procedure for the samples4and5 as the separation of both regimes could not be
ensured.
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Figure 21 plot of out-of-phase susceptibility versus frequeat a temperature of 2K
under different applied magnetic fields fér solid lines represent the best fit results
according to a generalized Debye model

A measurement series for the investigation of iblel dependence at 5 K for compl&x
however reflects the general presence of the diftediscussed relaxation processes
(Fig. S65-S68). So, the relative influence of thettis field on the relaxation rate de-
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creases with increasing temperature as quantunellimgndoes not change its rate and
the gain of the direct process is overcompensaggdrbach and Raman relaxation. The
difference in the temperature dependence of quatdamelling and direct process can
be recognized from a shift of the magnetic fieldwnaximum relaxation time towards
lower values.

The field dependence of the out-of-phase suscéptibi 4 moreover reveals a second
peak above 4000 Oe which is already indicated bgftset for lower fields (Fig. 21).
Therefore, the frequency dependent in- and outhalsp susceptibility data were ana-
lysed via a concerted fit according to the sumwal generalized Debye functions (For-
mula S12)*3l The resultant relaxation times for the field enfat second process are
more than two magnitudes higher than the correspgnalues of the field suppressed
case. Similar transfers have been reported preyidos mononuclear cobdtt! and
lanthanide complexd¥*¥ Detailed investigations on the field and tempemtepend-
ence of this dualism are in progress and might limvere information concerning the
nature of the respectively involved relaxation nagbms.

The host of the novel class of cobalt metallacronimgously holds a great potential to
equip the encapsulated Co(ll) guest ion with theguee of single-molecule magnetism.
In accordance with similar findings in literatutee shielding effect of the diamagnetic
scaffold against magnetic exchange interactionsefitenthe slow relaxation of the
magnetizatiof*48l However, a more unique characteristic of the dobatonates is
based on their versatility concerning the creatibdifferent coordination spheres of the
central divalent cobalt ion. The most singular dunalof preorganization and flexibility
creates them a powerful frame to systematicallyiaepthe interesting current issue of
the static and dynamic magnetism of single Co(ighhspin ions. Here, bridging and
secondary ligands as well as attached cationsgid¢hphery represent suitable synthet-
ic tools to tune the magnetic properties via thdification of the overall molecular
configuration of the metallacrown. As a first yiadfl this systematic interface, a series
of three novel single-molecule magnets have betsiradd which span a large range of
the distortion pathway from an octahedral to aotm@ prismatic coordination polyhe-
dron. In the same direction the compleXe$ and8 rank with 14, 35 and 79 K in the
lower, middle and upper class concerning their litea§ the energy barrier to magneti-
zation reversal in the context of the present exesnpf SMMs based on a single Co(ll)
ion in literature®>-*81%IHence, they simultaneously reinforce the promigiotential of
the trigonal prismatic coordination sphere to yiettharkable energy barriers in a very
vivid way (Fig. S69, S70). Moreover, the importarftuence of the Raman process for
the magnetic relaxation could be extracted fromathalysis of the dynamic magnetism
of 8. The field induced transfer between different xataon pathways i furthermore
reveals the versatility of the dynamic single-ioagnetism of divalent cobalt which can
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be faced with the help of the versatile novel cbbadtallacrowns as systematic molecu-
lar interface to the SMM features.

3.6 Conclusions

We here report the synthetic realization and charaation of the first examples of the
long-awaited cobalt metallacrowns based on salcyibxamic acid. Besides the gen-
eral rareness of cobalt metallacrowns and the cetmplbsence of cobalt complexes of
this ligand, the scope of metallacrown chemistgnsicantly enlarged as the novel cor-
onates add scarce and completely unprecedentedustiufeatures like central vacancy,
reverse of the succession of the repetition usém(-) perpendicular out-of-plane tilting
of salicylhydroximate and peripheral complexatidradditional cations to the repertory
of the 12-MC-4 clusters of the mother of all metaetbwn ligands. The observed flexi-
bility of the configuration of the cyclic host rd&uin the possibility to create various
shapes of coordination polyhedra for the centralllCguest ion. This latter feature
gains even more functional relevance as the coesnatveal single-molecule magnetic
behaviour based on single Co(ll) ion at the coreéhef complexes. Hence, the estab-
lishment of three novel magnetic-mononuclear Cd&N)Ms along the distortion path-
way from the octahedron to the trigonal prism vatv to high energy barriers of 14, 35
and 79 K reinforces the capability of the latteometry for the achievement of a re-
markable extent of this effect and displays thenpsing potential of the novel cobalt
metallacrowns concerning this hot topic of curnegearch. The dualism of preorgani-
zation and flexibility of the molecular configurati distinguishes the
Co(IN[12MCcoamnshi-4] compounds as a molecular interface for theesyatic inves-
tigation and targeted modification of the magngtioperties of single Co(ll) ions via
the versatile adjustment of their coordination sphélere, the bridging and secondary
ligands as well as peripherally attached cation® lieeen developed as suitable tools to
perform a purposeful shaping of the metallacorandgaining precision in the handling
of these tools, the cobalt metallacrowns of safiggtoxamic acid provide a perfect
synthetic access to decode the still challengisgds of the static and dynamic mag-
netism of Co(ll) high-spin ions in cooperation wahalytical methods and theoretical
calculations.
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3.9 Supplementary Information

3.9.1 Synthesis
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Figure S1 Representation of the numerical correlations betwi#e amounts of added
salicylhydroxamic acid to the reaction mixture ahé incorporation of pivalate and
salicylhydroximate and its rearrangement prodube@zoxazolinone for the complexe

1, 4 and3
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3.9.2 X-Ray Crystallography

Compound

1 2 3 4
Formula Cr2H118C0N10021 oy H196C01N360s2  CasH111C0sN10016  CrsaH226C010Li 2N22030
Formula 1749 40
weight : 4679.23 1961.59 3590.77
TIK 173 193 173 173
Wavelength/A  0.71073 0.71073 0.71073 0.71073
Crystal system triclinic orthorhombic monoclinic monoclinic
Space group  P-1 Pna2s P2i/c P24c
a/A 13.5360 (14) 33.3846(6) 12.4556(8) 16.4058(13)
b/A 14.4649 (15) 20.5408(4) 14.1543(10) 13.8683(12)
c/A 22.118 (2) 44.7938(11) 27.0878(18) 37.422(3)
al° 90.036 (4) 90 90 90
B/° 91.929 (4) 90 95.660(2) 93.758(3)
l° 89.563 (4) 90 90 90
VIA3 4328.2 (8) 30717.2(11) 4752.3(6) 8495.9(12)
z 2 4 2 2
fi(:alcd/gCITT3 1.342 1.012 1.371 1.404
p/mm-t 1.01 0.688 0.926 1.029
Crystal 068 x 021 x 0.67 x 032 x
size/mm 0.03 0.55 x 0.36 x 0.15 0.17 0.58 x 0.37 x 0.02
Omas/® 28.251 28.090 28.182 28.084
Reflns. collect-
od 74478 144482 55742 87482
Indep. Reflns
(Rint) 20956 (0.1213) 63935 (0.0901) 11526 (0.0574) 20523 (0.1180)
Data/restrains/
20956/1029/1330 3935/1542/2945  11526/65/625 20523/693/1270
parameters
Goof on P 1.004 0.899 1.019 1.037
Ri, WR2
0.0692
(1>26(0) 0.0747 0.0414 0.0579
0.1601 0.1896 0.1237 0.1087
R1, wR2 (all
' 2 @4 1672 0.1399 0.0629 0.1341
data)
0.2104 0.2414 0.1320 0.1306
Largest  diff.
peak 0.857/-0.749 0.424/-0.662 0.858/-0.385 0.654/-0.442

and hole/e A3

Table 1 Crystallographic data and refinement parametet f@r 3 and4
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Compound 5 6 7 )
Formula Cée4.5H94C0sN10026.50 Cr0.74H75C0sN10018.75  Co0.50H106C07N13020.50 Cr4.74H90C0sN11021.75
Formula
weight 1728.16 1660.08 2260.42 1785.25
TIK 173 173 173 173
Wavelength/A g 71073 0.71073 0.71073 0.71073
Crystal system  monoclinic monoclinic monoclinic Triclinic
Space group ¢ P2i/n P2i/c P-1
alA 23.7782(15) 11.9059(3) 14.6249(7) 13.0028(5)
b/A 14.1935(10) 15.7265(3) 45.079(2) 14.3466(5)
c/A 24.8771(16) 39.7489(9) 16.3199(8) 22.4090(8)
/® 90 90 90 85.7340(11)
pr° 118.027(2) 93.1140(10) 95.577(2) 81.0565(11)
v/° 90 90 90 89.7543(11)
VIA3 7411.3(9) 7431.5(3) 10708.3(9) 4118.0(4)
z 4 4 4 2
BealcdgenT® 1.549 1.484 1.402 1.440
w/mm 1.182 1.169 1.135 1.063
Crystal
size/mm 055%x042%x020  025x025x021  0.74x0.6064  0.57 x 0.37 x 0.09
Omax/® 28.002 26.427 27.922 28.100
Reflns. collect-
od 63989 64992 154596 74525
Indep. Refins
(Rint) 16286(0.0540) 15223(0.0873) 25610(0.0607) 1990882p
Data/restrains/

16286/303/1049 15223/549/1177 25610/792/1661 199601325
parameters
Goof on F# 1.021 0.933 1.068 1.042
R WR2 ) 0320 0.0513 0.0507 0.0437
(I>26(1)) ' ' ' '

0.0784 0.1145 0.1406 0.1182
Ri, wRz (all

0.0361 0.1184 0.0743 0.0764
data)

0.0796 0.1280 0.1509 0.1367
Largest  diff.
peak 0.741/-0.488 0.839/-0.523 0.906/-0.559 0.827/-0.364

and hole/e A3

Table 2 Crystallographic data and refinement parameteb,fér 7 and8
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secondary ligand bridging ligand

guest _
metal ring
ion metal
ion
basic
main ligand metallacrown
pattern

Figure S2Definition of the functional components of a mitatown using the example
of the molecular structure &; color code: green - Co(lll), light blue - Co(lbed - O,
dark blue - N, black -C
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Figure S3Molecular structure of with numbering scheme and thermal ellipsoids &b 50
probability level; color scheme: green - Co(llBdr- O, dark blue - N, grey - C
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Selected Interatomic Distances (A) in the CrystaltBucture of 1

Col-01
Col-02

Col1-07

Col-012

Col-014

Col-N4

Co2-03

Co2-04

Co2-05

Co2-011

Co2-N1

Co2-N5

Co3-06

Co3-016

Co03-020

Co3-021

Co3-N2

Co3-N6

1.904 (4)
1.898 (5)

1.934 (4)
1.927 (4)
1.913 (4)

2.010 (5)

1.881 (5)
1.911 (4)
1.885 (4)
1.893 (4)
1.883 (5)

1.979 (5)

1.887 (4)
1.915 (4)
1.9283 (12)
1.943 (4)
1.883 (5)

2.005 (6)

Co4-01
Co4-04
Co4-09
Co4-010
Co04-020

Co4-N3

Co5-07
Co5-08
Co5-013
Co5-015
Co5-018

Co5-N7

1.908 (4)
1.961 (4)
1.902 (4)
1.938 (5)
1.907 (3)

1.883 (5)

1.895 (4)
1.876 (5)
1.911 (5)
1.958 (5)
1.905 (5)

1.943 (7)

Col--

Col--

Col--

Col--

Co2--

Co2--

Co2--

Co3--

Co3--

Co4--

-Co2

-Co3

-Co4

-Cob

-Co3

-Co4

-Cob

-Co4

-Cob

-Cob5

4.5285(12)
5.3437(11)
3.2773(12)

3.2706(12)

4.5069(13)

3.1555(13)

6.8881(14)

3.2494(10)

6.9603(13)

4.4958(13)

Table S3Selected interatomic distances in the crystal sirecofl
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Selected Angles (°) in the Crystal Structure of 1

01-C01-02 84.09 (18) 06-C03-016  88.58 (17) 0O7C05-08 85.48 (19)
01-Co1-07 87.85 (17) 06-C03-020  89.75 (12) OT05-013  97.52 (19)
01-Co01-012 170.71 (19) 06-Co3-021 175.76 (19) OL05-015 89.50 (18)
01-Co1-014  92.88(13) 06-Co3- N2 91.50 (19) O7C05-018  173.3(2)
01-Col-N4 91.69 (19) 06-C03-N6 84.1 (2) 07Co5-N7 92.4 (2)
02-Co1-07 91.54 (19) 016-C03-020 176.81 (17) O&05-013 176.84 (19)
02-Co1-012  89.8(2) 016-Co3-021  90.36 (17) 08-Co5015  87.1(2)
02-Co1-014  176.96 (14) 016-Co3-N2  92.37 (19) 08-Co5-018  89.0 (2)
02-Col-N4 93.1 (2) 016-Co3-N6  92.2(2) 08-Co5-N7 94.2 (2)
O7-Co01-012 99.33 (17) 020-C03-021 91.50 (12) 013-C05-015 93.9 (2)
07-Co1-014  88.48 (17) 020-Co3-N2  84.95 (18) 013-Co5-018  88.1(2)
O7-Co1-N4 175.3 (2) 020-Co3-N6  90.35 (19) 013-Co5-N7  84.7(2)
012-Co1-014  93.19 (15) 021-Co3-N2  92.6 (2) 015-Co5-018  86.4 (2)
012-Col-N4  81.63(19) 021-Co3-N6  91.9(2) 015-Co5-N7  177.8(2)
014-Col-N4  86.82 (19) N2-Co3-N6 173.6 (2) 018-Co5-N7  91.8(2)
03-C02-04 178.29 (17) 01-Co4-04 84.96 (16) C01-01-Co4 118.6 (2)
03-C02-05 92.25 (19) 01-Co4-09 177.45 (17) Co1-07-Co5 117.4 (2)
03-Co2-011  89.1(2) 01-Co4-010  96.59 (19)
03-Co2-N1 90.4 (2) 01-Co4-020  90.36 (14) C02-04-Co4 109.2 (2)
03-Co2-N5 86.2 (2) 01-Co4- N3 89.40 (19)
04-C02-05 86.09 (18) 04-C04-09 92.53 (17) C03-020-Co4  115.82 (15)
04-Co2-011 92.49 (19) 04-Co4-010 93.04 (18)
04-Co2- N1 90.0 (2) 04-Co4-020  91.15 (15)
04-Co2-N5 93.5 (2) 04-Co4- N3 173.7 (2)
05-C02-011 176.06 (19) 09-Co4-010  84.02 (19)
05-Co2-N1 90.07 (19) 09-Co4-020  89.20 (15)
05-C02-N5 92.4 (2) 09-Co4- N3 93.1 (2)
011-Co2-N1  93.6 (2) 010-Co4-020  172.18 (16)
011-Co2N5  84.0(2) 010-Co4- N3 84.7 (2)
N1-Co2-N5 175.9 (2) 020-Co4- N3 91.80 (19)

Table S4Selected angles in the crystal structuré of
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7010 Co4
7

n( N4 012
] L
C01 ‘\\ ¥ -y

4
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-

Figure S4 Molecular structure of the first molecule in th&mmetric unit of2 with
numbering scheme and thermal ellipsoids at 50%afnitity level; color scheme: green -
Co(lll), red - O, dark blue - N, grey - C
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%
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N

¥

Figure S5 Molecular structure of the second molecule indegmmetric unit oR with
numbering scheme and thermal ellipsoids at 50%qtitity level; color scheme: green -
Co(lll), red - O, dark blue - N, grey - C
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Figure S6 Molecular structure of the third molecule in thgymmetric unit of2 with
numbering scheme and thermal ellipsoids at 50%atnitity level; color scheme: green -
Co(lll), red - O, dark blue - N, grey - C
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Selected Interatomic Distances (A) of the first meicule in the Crystal Structure of 2

Col-O1  1.915(8) Co3-04  1.935(7) Col---Co2  4.600(4)
Col-02  1.866 (8) Co3-05  1.896 (8) Col.--Co4  4.442(4)
Col-010  1.858 (8) Co3-07  1.805 (8) Co2---Co3  4.595(4)
Col-Ol1  1.864(9) Co3-08  1.869 (8) Co3---Cod  4.441(4)
Col-N13  1.914 (10) Co3-N17  1.916 (11)

Col-N14  1.960 (11) Co3-N18  1.930 (11) Col.--Co3  5.314(6)

Co2---Co4  7.3109(17)

Co2-03  1.892 (6) Co4-09  1.885(8)
Co2:06  1.887 (6) Co4-012  1.889 (8)
Co2N1  1.918(9) Co4N3  1.913 (10)
Co2N2  1.920(9) Co4N4  1.878(9)
Co2N15  1.977 (10) Co4-N19  1.992 (10)
Co2N16  1.955 (11) Co4-N20  1.993 (10)

Table S5Selected interatomic distances of the first mokeduithe crystal structure af

Selected Interatomic Distances (A) of the second teaule in the Crystal Structure of 2

Co5-013  1.938 (8) Co7-016  1.932(8) Co5.--Co6  4.609(2)
Co5-014  1.857 (8) Co7-017  1.865 (8) Co5.--Co8  4.451(5)
Co5-022  1.868 (8) Co7-019  1.844 (9) Co6---Co7  4.581(5)
Co5-023  1.839 (9) Co7-020  1.875(9) Co7---Co8  4.446(3)
Co5-N21  1.912(11) Co7-N25  1.931(10)

Co5-N22  1.942 (10) Co7-N26  1.936 (11) Co5.--Co7  5.404(4)

Co6---Co8  7.250(4)

C06-015  1.856 (6) Co8-021  1.852 (10)
Co6-018  1.869 (6) C08-024  1.889 (10)
Co6-N5  1.919 (9) Co8-N7  1.863(10)
Co6-N6  1.922(9) Co8-N8  1.905 (10)
Co6-N23  1.960 (10) Co8-N27  1.998 (11)
Co6-N24  1.948 (10) Co8-N28  2.022 (10)

Table S6Selected interatomic distances of the second miglesuhe crystal structure
of 2
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Selected Interatomic Distances (A) of the third m@cule in the Crystal Structure of 2

C09-025  1.950(7) Col1-028  1.919 (8) C09---Col0  4.593(5)
Co9-026  1.883(8) Coll029  1.879(8) Co9--Col2  4.454(3)
Co9-034  1.836(8) Col1-031  1.830(8) Col0--Coll  4.605(3)
Co9-035  1.848(8) Col1-032  1.861(9) Coll--Col2  4.459(6)
Co9-N29  1.893(10) Col1N33  1.916 (10)

Co9-N30  1.946 (10) CollN34  1.955(11) Co9---Coll  5.419(4)

Co010---Co12  7.253(4)

C010-027  1.902 (7) Co12.033  1.862(9)
C010-030  1.882(8) Co12-036  1.868 (9)
Col0-N9  1.903 (10) Col2N11  1.925 (10)
Col0-N10  1.900 (9) Col2N12  1.915 (10)
Col0-N31  1.970 (10) Col2N35  1.960 (11)
Col0-N32  1.972 (10) Col2N36  2.008 (10)

Table S7 Selected interatomic distances of the third mokeaulthe crystal structure of
2
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Selected Angles (°) of the first molecule

in the Crystal Structure of 2

01-Co1-02
01-Co1-010
01-Co1-011
0O1-Col1-N13
01-Col-N14
02-Co1-010
02-Co1-011
02-Co1-N13
02-Col-N14
010-Co1-011
010-Co1-N13
010-Col-N14
011-Co1-N13
011-Col-N14

N13-Col-N14

03-Co2-06
03-Co2-N1
03-Co2-N2
03-Co2-N15
03-Co2-N16
06-Co2-N1
06-Co2-N2
06-Co2-N15
06-Co2-N16
N1-Co2-N2
N1-Co2-N15
N1-Co2-N16
N2-Co2-N15
N2-Co2-N16

N15-Co2-N16

83.9(3)
93.2(3)
88.1(3)
175.2(4)
91.1(4)
177.1(4)
93.3(3)
93.0(4)
89.8(4)
86.7(3)
89.9(4)
90.1(4)
88.5(4)
176.7(4)

92.5(4)

82.20(12)
91.1(3)
172.6(3)
89.7(4)
89.8(4)
173.3(3)
90.4(3)
89.3(4)
89.1(4)
96.3(3)
90.7(4)
90.9(4)
90.4(4)
89.8(4)

178.3(4)

04-C03-05
04-Co3-07
04-Co03-08
04-Co3-N17
04-Co3-N18
05-Co3-07
05-Co3-08
0O5-Co3-N17
05-Co3-N18
0O7-Co3-08
O7-Co3-N17
O7-Co3-N18
08-Co3-N17
08-Co03-N18

N17-Co3-N18

09-Co4-012
09-Co4-N3
09-Co4- N4
09-Co4-N19
09-Co4-N20
012-Co4-N3
012-Co4- N4
012-Co4-N19
012-Co4-N20
N3-Co4-N4
N3-Co4-N19
N3-Co4-N20
N4-Co4-N19
N4-Co4-N20

N19-Co4-N20

84.6(3)
93.3(3)
89.0(3)
175.3(4)
90.1(4)
177.9(4)
92.7(3)
91.3(3)
88.9(4)
87.1(3)
90.7(4)
91.3(4)
88.9(3)
178.1(4)

92.1(4)

170.5(3)
93.5(4)
94.2(4)
88.4(3)
85.0(4)
93.5(4)
92.7(4)
85.1(3)
88.3(4)
85.4(3)
91.5(4)
176.5(4)
176.1(4)
91.5(4)

91.6(3)

Table S8 Selected angles of the first molecule in the chatacture o2
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Selected Angles (°) of the second molecule

in the Crystal Structure of 2

013-Co5-014
013-Co05-022
013-C05-023
013-Co5-N21
013-Co5-N22
014-Co05-022
014-Co05-023
014-Co5-N21
014-Co5-N22
022-Co5-023
022-Co5-N21
022-Co5-N22
023-Co5-N21
023-Co5-N22

N21-Co5-N22

015-Co6-018
015-Co6-N5
015-Co6-N6
015-Co6-N23
015-Co6-N24
018-Co6-N5
018-Co6-N6
018-Co6-N23
018-Co6-N24
N5-Co6-N6
N5-Co6-N23
N5-Co6-N24
N6-Co6-N23
N6-Co6-N24

N23-Co6-N24

83.2(3)
93.3(3)
89.3(4)
176.2(3)
88.5(4)
176.3(4)
92.6(4)
93.0(3)
89.6(4)
86.2(4)
90.5(3)
91.5(4)
90.4(4)
176.7(4)

92.0(4)

82.22(19)
90.8(3)
171.3(3)
90.9(4)
87.9(3)
172.6(3)
89.8(3)
87.3(3)
90.5(3)
97.3(4)
90.3(4)
91.7(4)
92.1(4)
88.9(4)

177.6(4)

016-Co7017
016-Co7-019
016-Co7-020
016-Co7-N25
016-Co7-N26
017-Co7-019
017-Co7-020
O17-Co7-N25
0O17-Co7-N26
019-Co7-020
019-Co7-N25
019-Co7-N26
020-Co7-N25
020-Co7-N26

N25-Co7~N26

021-Co8-024
021-Co8-N7
021-Co8-N8
021-Co8-N27
021-Co8-N28
024-Co8-N7
024-Co8-N8
024-Co8-N27
024-Co8-N28
N7-Co8-N8
N7-Co8-N27
N7-Co8-N28
N8-Co8-N27
N8-Co8-N28

N27-Co8-N28

83.9(3)
92.4(3)
89.0(4)
175.3(4)
91.0(4)
176.2(4)
92.5(4)
91.6(4)
89.0(4)
86.8(4)
92.1(4)
91.8(4)
90.1(4)
178.6(4)

90.1(4)

170.3(4)
93.4(4)
93.9(4)
88.4(4)
84.9(4)
94.0(4)
93.0(4)
85.2(4)
88.1(4)
86.2(4)
90.3(4)
176.8(4)
175.9(4)
91.3(4)

92.3(4)

Table S9 Selected angles of the second molecule in thealrgstcture o2
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Selected Angles (°) of the third molecule

in the Crystal Structure of 2

025-C09-026
025-Co09-034
025-Co09-035
025-Co9-N29
025-Co9-N30
026-Co09-034
026-Co09-035
026-C09-N29
026-C09-N30
034-Co9-035
034-Co9-N29
034-Co9-N30
035-Co9-N29
035-C09-N30

N29-Co9-N30

027-Co106-030
027-Co106-N9
027-Co10G-N10
027-Co106-N31
027-Co106-N32
030-Co106-N9
030-Co1G-N10
030-Co106-N31
030-Co10-N32
N9-Co10-N10
N9-Co10-N31
N9-Co10-N32
N10-Co10-N31
N10-Co10-N32

N31-Co10-N32

84.0(3)
92.4(3)
88.8(4)
175.0(4)
88.5(4)
176.4(4)
91.9(4)
91.0(4)
88.9(4)
87.2(4)
92.5(4)
91.8(4)
90.5(4)
177.1(4)

92.3(4)

83.2(3)
91.7(3)
171.4(3)
90.2(3)
88.0(4)
173.9(3)
89.1(4)
87.0(3)
90.5(4)
96.2(4)
89.7(4)
92.7(4)
93.2(4)
88.2(4)

177.0(4)

028-Co011+029
028-Co011+031
028-Co011+032
028-Col11N33
028-Col1N34
029-Co11+031
029-Co1+032
029-Co11N33
029-Col1-N34
031-C011032
031-Col11N33
031-Col1N34
032-Col11N33
032-Col1N34

N33-Col11-N34

033-C012-036
033-Col2-N11
033-Col2-N12
033-Co12-N35
033-Co12-N36
036-Col2-N11
036-Col2-N12
036-Co12-N35
036-C012-N36
N11-Col2-N12
N11-Co12-N35
N12-Co12-N35
N11-Co12-N36
N12-Co12-N36

N35-Co012-N36

83.2(3)
94.0(3)
89.8(3)
175.9(4)
88.9(3)
176.3(4)
91.6(4)
92.8(4)
90.0(4)
85.9(4)
90.0(4)
92.4(4)
91.3(4)
177.8(4)

90.1(4)

170.9(4)
92.1(4)
94.5(4)
87.7(4)
85.7(4)
94.6(4)
92.1(4)
86.1(4)
87.9(4)
85.2(4)
91.5(4)
176.1(4)
176.3(4)
92.0(4)

91.4(4)

Table S10Selected angles of the third molecule in the chydtacture of2
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Figure S7Molecular structure 08 with numbering scheme and thermal ellipsoids &b 50
probability level; color scheme: green - Co(llight blue - Co(ll), red - O, dark blue - N,
grey - C
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Figure 8 Coordination polyhedron (left) and coordinatiornege (right) of the central
Co(Il) guest ion irB; color code: green - Co(lll), light blue - Co(ligd - O, dark blue - N,
black - C

N6
N1
Co2 04
03 05
N5

Figure 9 Coordination polyhedron (left) and coordination egh(right) of the Co(lll)
ion Co2 in3; color code: green - Co(lll), red - O, dark blud,-black - C
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Selected Interatomic Distances (A) in the CrystaltBucture of 3

Col-01  1.8901 (17) Co3-01 1.9609 (17)

Col-02  1.9618 (18) Co3-01* 1.9609 (17)

Col-06*  1.8763 (18) C03-04 1.9409 (17)

CoL-N2*  1.930 (2) C03-04* 1.9410 (17)

Co1-N3 1.945 (2) Co3-07 2.1771 (18)

ColN4  1.998 (2) Co3-07* 2.1771 (18)

Co2-03  1.8839 (18) Col---Co2  4.5521(6)

Co204  1.8979 (17) Col---Co2*  4.5978(7)

Co205  1.9523(17)

Co2N1  1.920(2) Col---Co3  3.1956(4)

Co2N5  2.014(2) Co2---Co3  3.2739(6)

Co2N6  2.064 (2)
Table S11Selected interatomic distances in the crystal sirecf3

Selected Angles (°) in the Crystal Structure of 3

01-Co1-02 79.85 (7) 03-C0204  172.72 (8) 01C03-01*  180.0
01-Col-06*  174.06 (8) 03-Co205  100.29 (8) 01C03-04*  90.01 (7)
01-Col-N2*  93.81(8) 03-Co2N1  90.33(8) 01C03-04  89.99 (7)
01-Co1-N3 92.91 (8) 03-Co2N5  89.03 (9) 01C03-07  91.64(7)
01-Col-N4 91.35 (8) 03-Co2N6  89.27 (9) 01C03-07*  88.36 (7)
02-Col- O6* 95.82 (7) 04-Co2-05 80.19 (7) 0O4C03-04* 180.0
02-Col-N2*  172.78 (8) 04-Co2N1  89.71(8) 04-Co3-07  92.28(7)
02-Col- N3 85.64 (8) 04-Co2N5  83.76 (9) 07-C03-O7*  180.00 (14)
02-Col-N4 94.46 (8) 04-Co2N6  98.00 (8)
06*-Col1-N2*  90.74 (8) 05-Co2-N1  168.83 (8) Co0101-Co3  112.15 (9)
06*-Col-N3  90.80 (8) 05-Co2-N5  85.48 (9) C02-04-Co3  117.05 (9)
06*-Col-N4  84.91(9) 05-Co2-N6  90.20 (8)
N2*-Co1-N3  91.27 (9) N1-Co2-N5  98.25 (9)
N2*-Co1-N4  89.12 (9) N1-Co2-N6  86.46 (9)
N3-Col-N4 175.69 (9) N5-Co2-N6  175.00 (9)

Table S12Selected angles in the crystal structur@ of
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Figure S10Molecular structure of; color code: green - Co(lll), light blue - Co(lhed -
O, dark blue - N, black — C, violet - Li



3 Heterovalent Cobalt Metallacrowns 143
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Figure S11Metallacrown subunit in the molecular structurel@fith numbering scheme
and thermal ellipsoids at 50% probability levellacoscheme: green - Co(lll), light blue -
Co(ll), red - O, dark blue - N, grey - C
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Selected Interatomic Distances (A) in the Crystalt8ucture of 4

Col-01

Col-02

Co1-012

Co1-013

Col-N4

Col1-N5

Co2-03

Co2-04

Co2-05

Co2-015

Co2-N1

Co2-N6

Co3-06

Co3-07

Co3-08

Co3-017

Co3-N2

Co3-N7

1.899 (2)
1.898 (2)
1.893 (2)
1.922 (2)
1.916 (3)

2.000 (3)

1.893 (3)
1.902 (2)
1.895 (2)
1.941 (3)
1.908 (3)

1.996 (3)

1.894 (2)
1.910 (2)
1.918 (2)
1.950 (3)
1.931 (3)

2.004 (3)

Co4-09
Co4-010
Co4-011
Co4-N3
Co4-N8

Co4-N9

Co5-01
Co5-04
Co5-07
Co5-010
Co5-014

Co5-016

Li1-O6
Li1-O8
Li1-018

Li1-019

1.914(3) Col---Co2  4.5372(8)
1.869 (2) Col---Co4  4.5566(11)
1.919 (3) Co2---Co3  4.5824(11)
1.887 (3) Co3---Co4  4.5228(8)
2.039 (4)

2.017 (3) Col---Co3  6.6367(10)

Co2.--Co4  5.6862(10)

2.065 (2)
2.040 (2) Col---Co5  3.2776(9)
2.185 (2) Co2---Co5  3.2535(9)
2.024 (2) Co3---Co5  3.4401(9)
2.085 (3) Co4---Co5  3.4481(9)
2.113 (3)

Co3---Lil  2.819(7)
2.000 (8)
1.981 (7) Lil---Lil*  5.822(10)
1.865 (8)
1.818 (13)

Table S13Selected interatomic distances in the crystal sirecf4
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Selected Angles (°) in the Crystal Structure of 4

01-Co1-02 84.69 (10) 06-C03-07 171.45 (11) 04C05-04 89.80 (9)
01-Co1-012 173.63 (11) 06-Co3-08 86.33 (11) 04Co5-07 159.92 (9)
01-Co01-013 93.80 (10) 06-Co3-017 90.50 (11) 04Co05-010 84.83 (9)
01-Col-N4 94.01 (11) 06-C03-N2 91.28 (12) 01C05-014  92.62 (9)
01-Co1-N5 90.14 (12) 06-C03-N7 96.12 (12) 01C05-016  88.64 (9)
02-Col- 012 93.44 (11) 0O7-Co3-08 85.11 (10) 04Co05-07 77.73 (9)
02-Co01-013 177.07 (11) O7-Co3-017 89.25 (10) 04-Co5-010 98.65 (10)
02-Col-N4 91.65 (12) O7-Co3-N2 89.33 (11) 04-Co5-014 173.47 (10)
02-Co1-N5 93.85(12) O7-Co3-N7 92.37 (11) 04-Co5-016 87.18 (10)
012-Co1-013  87.79 (11) 08-Co3-017 88.39 (11) 0O7-Co5-010 81.63 (9)
012-Col-N4 92.13 (12) 0O8-Co3-N2 94.01 (11) O7-Co5-014 101.51 (9)
012-Co1-N5 83.90 (12) 0O8-Co3-N7 172.74 (12) O7-Co5-016 106.16 (9)
013-Col-N4  90.96 (12) 017-Co3-N2  177.10 (11) 010-Co5-014  87.61 (11)
013-Co1-N5 83.63 (12) O17-Co3-N7 84.77 (12) 010-Co05-016 171.21 (9)
N4-Co1-N5 173.39 (13) N2-Co3-N7 92.77 (13) 014-Co05-016 86.81 (10)
03-Co2-04 91.23 (11) 09-Co4-010 175.43 (12) C01-01-Co5 111.50 (12)
03-Co2-05 89.70 (11) 09-Co4-011 99.30 (12) C02-04-Co5 111.21 (11)
03-C02-015 173.37 (12) 09-Co4- N3 89.26 (12) Co03-07-Co5 114.13 (12)
03-Co2-N1 90.48 (12) 09-Co4-N8 89.96 (14) Co4-010-Co5  124.64 (12)
03-Co2-N6 92.56 (13) 09-Co4-N9 85.95 (13)
04-C02-05 83.91 (10) 010-Co4-011  83.92 (11) 06-Li1-08 81.9 (3)
04-C02-015 95.14 (10) 010-Co4-N3 87.59 (11) 06-Li1-018 96.2 (3)
04-Co2-N1 87.65 (11) 010-Co4-N8 93.19 (13) 06-Li1-019 136.2 (7)
04-Co2-N6 170.45 (12) 010-Co4-N9  90.97 (12) 08-Li1-018 99.4 (4)
05-Co2-015  89.14 (11) 011-Co4-N3  171.39 (12) 08-Li1-019 116.1 (7)
05-Co2-N1 171.55 (12) 011-Co4-N8  91.65 (13) 018-Li1-019  117.5(6)
05-Co2-N6 87.35 (13) 011-Co4N9  87.69 (13)
015-Co2-N1  91.63(12) N3-Co4-N8 87.37 (13) C03-08-Lil 92.6 (2)
015-Co2-N6 80.87 (13) N3-Co4-N9 93.91 (13) Co03-06-Lil 92.7 (2)
N1-Co2-N6 101.07 (13) N8-C0o4-N9 175.70 (14)

Table S14Selected angles in the crystal structurd of
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014 010 013/ 022

Co3 06 \\/ \
CO5016 N2 ,

Figure S12Molecular structure ob with numbering scheme and thermal ellipsoids at
50% probability level; color scheme: green - Co(llight blue - Co(ll), red - O, dark blue -
N, grey - C
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Selected Interatomic Distances (A) in the CrystaltBucture of 5

Col-01

Col-02

Co1-012

Col-N4

Co1-N5

Col-N6

Co2-03

Co2-04

Co2-05

Co2-015

Co2-N1

Co2-N7

Co3-06

Co3-07

Co3-08

Co3-022

Co3-N2

Co3-N8

1.919 (2)
1.886 (2)
1.875 (2)
1.924 (3)
1.947 (3)

2.012 (3)

1.885 (2)
1.869 (2)
1.910 (2)
1.925 (2)
1.935 (3)

1.986 (3)

1.879 (3)
1.864 (2)
1.927 (3)
1.996 (3)
1.872 (3)

1.982 (3)

Co4-09

Co4-010

Co4-011

Co04-N3

Co04-N9

Co4-N10

Co5-01

Co5-04

Co5-07

Co5-010

Co5-013

Co05-016

1.881 (3)
1.894 (2)
1.911 (3)
1.890 (3)
2.013 (4)

2.007 (4)

2.062 (2)
2.094 (2)
2.056 (2)
2.008 (3)
2.112 (3)

2.066 (3)

Col--
Col--

Co2--

Co3--

Col--

Co2--

Col--

Co2--

Co3--

Co4--

-Co2

-Co4

-Co3

-Co4

-Co3

-Co4

-Co5

-Co5

-Co5

-Co5

4.5806(7)
4.5804(8)

4.4552(8)

4.3647(7)

6.5371(7)

6.0274(9)

3.3124(6)
3.2632(8)

3.4276(6)

3.4513(8)

Table S15Selected interatomic distances in the crystal sirecf5



3 Heterovalent Cobalt Metallacrowns 148
Selected Angles (°) in the Crystal Structure of 5

01-Col-02  83.41(10) 06-C03- 07 176.98 (11) 01C05-04 88.04 (9)
01-Col-012  171.20 (10) 06-C03-08 94.16 (11) 04C05- 07 155.51 (10)
01-Col-N4 95.20 (11) 06-C03-022  89.48 (12) 0ICo5- 010  87.32(9)
01-Co1-N5 93.49 (11) 06-Co3- N2 93.25 (12) 01C05-013  86.10 (9)
01-Co1-N6 88.53 (12) 06-C03-N8 93.50 (13) 01C05-016  98.40 (10)
02-Col-012  91.21 (10) 07-C03-08 82.84 (10) 04C05- 07 76.11 (9)
02-Col-N4 89.78 (12) O7-Co3-022 90.62 (11) 04-Co5- 010 106.11 (10)
02-Co1-N5 176.75 (11) 07-C03-N2 89.78 (11) 04-Co5-013  166.08 (10)
02-Co1-N6 89.52 (11) O7-Co3-N8 86.39 (12) 04-Co5-016  84.14 (10)
012-Col-N4 91.73 (11) 08-Co03-022 85.57 (12) O7-Co5-010 79.49 (10)
012-Col-N5  91.98 (11) 08-Co3- N2 169.82 (12) 07-Co5-013  113.23(10)
012-Col-N6  84.44 (12) 08-C03-N8 93.88 (12) 07-C05-016  98.41 (10)
N4-Co1-N5 89.55 (13) 022-Co3- N2 87.53 (12) 010-C05-013 86.24 (11)
N4-Co1-N6 176.10 (12) 022-Co3-N8  177.00 (12) 010-Co5-016  168.52 (11)
N5-Co1-N6 91.36 (12) N2-Co3-N8 92.63 (13) 013-Co5-016  84.24 (11)
03-Co2- 04 91.01 (11) 09-Co4-010 177.12 (13) C01-01-Co5 112.59 (11)
03-C02-05 86.31 (11) 09-Co4-011  95.02 (11) C02-04-Co5 110.76 (11)
03-C02-015  172.92 (10) 09-Co4-N3 91.44 (12) C03-07-Co5 121.89 (12)
03-Co2-N1 91.29 (11) 09-Co4-N9 90.09 (14) Co04-010-Co5 124.39 (12)
03-C02-N7 92.86 (11) 09-Co4-N10  88.05 (14)
04-C02-05 85.11 (10) 010-Co4-011  82.62 (11)
04-Co2-015 94.49 (10) 010-Co4 N3 90.97 (11)
04-Co2-N1 84.68 (10) 010-Co4-N9  91.37 (13)
04-C02-N7 172.38 (11) 010-Co4-N10  90.32 (13)
05-C02-015  89.72 (11) 011-Co4- N3  173.39 (12)
O5-Co2-N1 169.46 (11) 011-Co4-N9 85.65 (13)
05-C02-N7 88.60 (11) 011-Co4-N10  90.57 (13)
015-Co2-N1  93.66 (11) N3-Co4-N9 92.94 (13)
015-Co2-N7 81.17 (11) N3-Co04-N10 91.06 (14)
N1-Co2-N7 101.78 (12) N9-Co4- N10 175.63 (14)

Table S16Selected angles in the crystal structur® of
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Figure S13 Molecular structure o6 with numbering scheme and thermal ellipsoids at
50% probability level; color scheme: green - Co(llight blue - Co(ll), red - O, dark blue -
N, grey - C
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Selected Interatomic Distances (A) in the CrystaltBucture of 6

Col-01

Co1-02

Co1-012

Co1-013

Col-N4

Col-N5

Co2-03

Co2-04

Co2-05

Co2-N1

Co2-N6

Co2-N7

Co3-06

Co3-07

Co3-08

Co3-015

Co3-N2

Co3-N8

1.880 (3)
1.902 (3)
1.890 (3)
1.901 (3)
1.870 (4)

1.970 (4)

1.885 (3)
1.916 (3)
1.882 (3)
1.911 (3)
1.953 (4)

1.973 (4)

1.875 (3)
1.831 (3)
1.930 (3)
1.924 (3)
1.921 (4)

1.942 (4)

Co4-09

Co4-010

Co4-011

Co4-N3

Co4-N9

Co4-N10

Co5-01

Co5-04

Co5-07

Co5-010

Co5-014

Co5-016

1.886 (3)
1.848 (3)
1.952 (3)
1.872 (4)
1.988 (4)

1.946 (4)

2.059 (3)
2.174 (3)
2.051 (3)
2.096 (3)
2.058 (3)

2.035 (3)

Col--
Col--

Co2--

Co3--

Col--

Co2--

Col--

Co2--

Co3--

Co4--

-Co2

-Co4

-Co3

-Co4

-Co3

-Co4

-Cob

-Co5

-Co5

-Co5

4.5381(9)
4.4420(9)

4.5576(10)

4.4230(9)

6.0121(9)

6.6048(9)

3.3412(9)
3.4892(9)
3.317(1)

3.3919(10)

Table S17Selected interatomic distances in the crystal sirecf6
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Selected Angles (°) in the Crystal Structure of 6

01-Co01-02 83.81 (12) 06-C03-07 90.58 (13) 01C05-04 80.12 (10)
01-Co01-012 176.30 (13) 06-C03-08 85.12 (13) 04Co5-07  108.35 (11)
01-Co01-013 93.84 (12) 06-Co03-015 172.75 (13) 0OL05-010 75.70 (11)
01-Col- N4 92.64 (14) 06-C03-N2 93.51 (14) 01Co5- 014  87.26 (12)
01-Co1-N5 89.00 (14) 06-C03-N8 88.50 (14) 01C05-016  158.26 (12)
02-Col-012  92.76 (13) 07-C03-08 84.31 (13) 04C05-07 85.68 (11)
02-Co1- 013 86.75 (12) O7-Co3-015 93.26 (13) 04-Co5-010 137.19 (11)
02-Col- N4 175.63 (14) 0O7-Co3-N2 84.71 (14) 04-Co5-014  118.62 (12)
02-Co1-N5 92.57 (14) O7-Co3-N8 178.64 (15) 04-Co5-016 85.27 (11)
012-Co01-013 87.32 (13) 08-Co3-015 89.15 (13) O7-Co5-010 69.55 (11)
012-Col-N4  90.85 (15) 08-C03-N2 168.92 (14) 07-C05-014  153.61 (13)
012-Col-N5  89.77 (14) 08-C03-N8 94.61 (15) 07-C05-016  86.34 (12)
013-Col-N4 90.97 (14) 015-Co3-N2 92.96 (14) 010-Co5-014 95.08 (12)
013-Co1-N5 176.98 (14) 015-Co3-N8 87.54 (14) 010-Co5-016  125.40 (12)
N4-Co1-N5 89.90 (15) N2-Co3-N8 96.35 (16) 014-Co5-016  85.71 (13)
03-Co2-04 173.11 (13) 09-Co4-010 179.15 (14) C01-01-Co5 116.00 (14)
03-Co2- 05 89.32 (13) 09-Co4-011  97.30 (13) C02-04-Co5  116.97 (13)
03-Co2-N1 91.75 (14) 09-Co4-N3 92.75 (15) C03-O7-Co5  117.30 (14)
O3-Co2-N6 90.54 (14) 09-Co4-N9 86.99 (14) Co4-010-Co5 118.51 (14)
03-C02-N7 88.23 (14) 09-Co4-N10  89.54 (15)
04-Co2- 05 84.52 (12) 010-Co4-011  83.36 (12)
04-Co2- N1 91.35 (13) 010-Co4-N3  86.61 (14)
04-Co2-N6 95.45 (13) 010-Co4-N9  92.47 (13)
04-Co2-N7 88.50 (14) 010-Co4-N10  91.01 (14)
05-Co2-N1 90.21 (13) 011-Co4-N3 169.74 (15)
O5-Co2-N6 176.91 (13) 011-Co4-N9 90.31 (14)
05-Co2-N7 88.15 (15) 011-Co4-N10  89.55 (14)
N1-Co2-N6 92.88 (14) N3-Co4-N9 92.28 (15)
N1-Co2-N7 178.36 (16) N3-C04-N10 88.46 (15)
N6-Co2-N7 88.76 (15) N9-Co04-N10 176.48 (15)

Table S18Selected angles in the crystal structuré of
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Figure S14 Molecular structure o¥ with numbering scheme and thermal ellipsoids at
50% probability level; color scheme: green - Co(llight blue - Co(ll), red - O, dark blue -
N, grey - C
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Selected Interatomic Distances (A) in the CrystaltBucture of 7

Col-01

Co1-02

Co1-012

Col-N4

Col1-N6

Co1-N7

Co2-03

Co2-04

Co2-05

Co2-N1

Co2-N9

Co2-N8

Co3-06

Co3-07

Co3-08

Co3-018

Co3-N2

Co3-N10

Co4-09

Co4-010

Co4-011

Co4-015

Co4-N3

Co4-N5

1.881 (2)
1.926 (2)
1.8706 (7)
1.912 (3)
1.901 (3)

1.982 (3)

1.903 (2)
1.862 (2)
1.898 (2)
1.873 (3)
1.953 (3)

1.979 (3)

1.880 (2)
1.881 (2)
1.892 (2)
1.919 (2)
1.897 (3)

1.975 (3)

1.931 (2)
1.887 (2)
1.918 (2)
1.880 (2)
1.886 (3)

1.894 (3)

Co5-01

Co5-04

Co5-07

Co5-010

Co5-016

Co5-019

Co5--:-015

Co6-09

Co6-011

Co6-013

Co6-020

Co6-022

Co6-N11

Co7-013

Co7-014

Co7-021

Co7-023

Co7-N12

Co7-N13

2.168 (2)
2.074 (2)
2.055 (2)
2.104 (2)
2.183 (3)
2.092 (2)

2.642(2)

2.181 (2)
2.248 (3)
2.019 (2)
2.003 (3)
2.128 (3)

2.066 (3)

1.855 (2)
1.891 (3)
1.923 (3)
1.906 (3)
1.943 (3)

1.955 (3)

Col---

Col.:--

Co2...

Co3--

Col--

Co2--

Col--

Co2--

Co3--

Co4--

Co4--

Co6- -

Col--

Co2--

Co3--

Co5--

Col--

Co2--

Co3--

Co4--

Co5--

Co2

Co4

Co3

-Co4

-Co3

-Co4d

-Co5

-Cob5

-Cob

-Cob

-Cob

-Co7

-Cob

-Cob

-Cob

-Cob

-Co7

-Co7

-Co7

-Co7

-Co7

4.4596(10)
4.4782(8)
4.4774(10)

4.4761(8)

6.5426(7)

5.6555(12)

3.3057(6)
3.5292(13)
3.3733(7)

3.1526(8)

2.9901(6)

3.4252(10)

6.0473(8)
7.8318(10)
7.1736(8)

5.9701(8)

8.5956(10)
9.9343(11)
7.6305(10)
4.4601(10)

7.4568(10)

Table S19Selected interatomic distances in the crystal sirecf7
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Selected Angles (°) in the Crystal Structure of 7

01-Co1-02 85.60 (7) 06-C03-07 173.75 (10) 01C05-04 76.48 (8)
01-Col-012 175.62 (8) 06-C03-08 91.01 (10) 04C05-07 150.82 (8)
01-Col-N4 91.71 (10) 06-C03-018  91.67 (10) 04C05-010 76.37 (8)
01-Co1-N6 87.56 (12) 06-C03-N2 91.58 (10) 01C05-016 74.11 (9)
01-Col-N7 88.84 (11) 06-Co3-N10  86.76 (11) 01C05-019 116.39 (9)
02-Co1-012  91.33 (4) 07-C03-08 85.14 (9) 04C05-07 81.41 (8)
02-Col-N4  93.72(10) 07-C03-018  91.84 (9) 04-C05-010 100.13 (8)
02-Col-N6  172.79 (11) 07-C03-N2 93.50 (10) 04-C05-016 141.03 (10)
02-Co1-N7 87.22 (11) 0O7-Co3-N10  88.17 (11) 04-C05-019 89.09 (9)
012-Col-N4 91.61 (9) 08-Co3-018 175.19 (10) O7-Co5-010 89.20 (8)
012-Col-N6  95.38 (10) 08-C03-N2 92.51 (10) 07-C05-016 133.63 (9)
012-Col-N7  87.88 (9) 08-Co3-N10  87.75 (11) 07-C05-019 81.68 (9)
N4-Co1-N6 88.74 (13) 018-Co3- N2 91.41 (11) 010-Co05-016 97.19 (9)
N4-Co1-N7 178.94 (12) 018-Co3-N10  88.41 (11) 010-Co5-019  165.96 (9)
N6-Co1-N7 90.38 (14) N2-Co3-N10  178.32 (11) 016-Co5-019  81.73(10)
03-Co2-04 175.61 (10) 09-Co4- 010 92.95 (9) C01-01-Co5 109.29 (10)
03-C02-05 96.76 (9) 09-Co4-011  84.38(9) C02-04-Co5 127.35 (11)
03-Co2-N1  89.49 (10) 09-Co4-015  174.80 (10) C03-07-Co5 117.88 (10)
03-Co2-N8 91.48 (10) 09-Co4- N3 92.04 (10) C04-010-Co5  104.21 (9)
03-C02-N9 86.32 (10) 09-Co4- N5 90.26 (10) Co4-015---Co5  86.675
04-C02-05 84.98 (9) 010-Co4-011  84.03 (10)
0O4-Co2-N1 88.93 (10) 010-C04-015 84.24 (10)
04-Co2-N8 92.65 (10) 010-Co4- N3 88.22 (10)
04-Co2-N9 89.69 (10) 010-Co4-N5  173.09 (11)
05-Co2-N1 173.44 (10) 011-Co04-015  90.97 (10)
O5-Co2-N8 86.75 (10) 011-Co4- N3 171.27 (10)
05-Co2-N9 88.77 (10) 011-Co4-N5  90.21 (11)
N1-Co2-N8 91.11 (11) 015-Co4-N3 92.24 (10)
N1-Co2-N9 93.63 (11) 015-Co4-N5  92.08 (11)
N8-C0o2-N9 174.75 (11) N3-Co4-N5 97.78 (11)

Table S20Selected angles in the crystal structur@ of
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N10

B~ 011 N\

u/ A

014 N501§!N4o1o/-\ N3
\ ’ N1 '

\
Co\ S

Figure S15 Molecular structure o8 with numbering scheme and thermal ellipsoids at
50% probability level; color scheme: green - Co(llight blue - Co(ll), red - O, dark blue -
N, grey - C
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Selected Interatomic Distances (A) in the CrystaltBucture of 8

Col-01

Col-02

Co1-012

Col-N4

Co1-N5

Col-N6

Co2-03

Co2-04

Co2-05

Co2-N1

Co2-N7

Co2-N8

Co3-06

Co3-07

Co3-08

Co3-015

Co3-N2

Co3-N9

1.889 (2)
1.914 (2)
1.883 (2)
1.888 (2)
1.933 (3)

1.963 (3)

1.881 (2)
1.904 (2)
1.892 (2)
1.908 (2)
1.956 (3)

1.970 (3)

1.885 (2)
1.8326 (19)
1.928 (2)
1.932 (2)
1.914 (2)

1.952 (2)

Co4-09

Co4-010

Co4-011

Co04-N3

Co4-N10

Co4-N11

Co5-01

Co5-04

Co5-07

Co5-010

Co5-013

Co05-016

1.890 (2)
1.862 (2)
1.942 (2)
1.880 (2)
1.992 (3)

1.948 (3)

2.068 (2)
2.137 (2)
2.073 (2)
2.028 (2)
2.175 (2)

2.008 (2)

Col--

Col--

Co2--

Co3--

Col--

Co2--

Col--

Co2--

Co3--

Co4--

-Co2

-Co4

-Co3

-Co4

-Co3

-Co4

-Co5

-Co5

-Co5

-Co5

4.5355(6)
4.4881(6)
4.5257(6)

4.4380(6)

6.1305(6)

6.5649(6)

3.2559(6)
3.4412(6)
3.2900(6)

3.3795(6)

Table S21Selected interatomic distances in the crystal sirecf8
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Selected Angles (°) in the Crystal Structure of 8

01-Co1-02  84.07(9) 06-C03-07 92.24 (9) 01C05-04 81.83 (8)
01-Co1-012  177.82 (10) 06-C03-08 84.44 (10) 01C05-07 110.84 (8)
01-Col-N4  91.20 (9) 06-C03-015  170.15 (9) 0IC05-010  77.93(8)
01-Col-N5  88.17 (10) 06-C03-N2 92.84 (10) 01C05-013  79.96 (8)
01-Col-N6  91.15 (10) 06-C03-N9 89.25 (10) 01C05-016  155.81 (9)
02-Co1-012 9453 (9) 07-C03-08 84.68 (8) 04C05-07 85.21 (7)
02-Col- N4 175.07 (10) O7-Co3-015 93.73 (9) 04-Co5- 010 141.09 (8)
02-Col-N5  88.12 (10) 07-C03-N2 82.43 (9) 04-Co5-013  120.08 (8)
02-Col-N6  89.52 (10) 07-C03-N9 178.35 (10) 04-Co5-016  88.06 (8)
012-Co1-N4  90.16 (9) 08-C03-015  88.30 (9) 07-Co5-010  71.75(8)
012-Co1-N5  90.12 (10) 08-Co3- N2 166.71 (10) 07-C05-013  154.24 (8)
012-Co1-N6  90.51 (10) 08-C03-N9 94.76 (10) 07-Co5-016  90.00 (9)
N4-Co1-N5 90.37 (11) 015-Co3-N9 84.70 (10) 010-Co05-013 88.65 (8)
N4-Co1-N6 91.95 (11) 015-Co3- N2 95.72 (10) 010-Co05-016 121.84 (9)
N5-Co1-N6  177.60 (11) N2-Co3-N9 98.22 (11) 013-Co5-016  86.32 (9)
03-Co2-04 176.43 (10) 09-Co4-010 178.43 (10) C01-01-Co5 110.65 (9)
03-Co205  93.61(11) 09-Co4-011  97.79 (9) C02-04-Co5 116.63 (10)
03-Co2N1  90.18 (10) 09-Co4- N3 92.55 (10) C03-07-Co5 114.65 (10)
0O3-Co2-N7 90.43 (12) 09-Co4-N10 88.57 (10) Co04-010-Co5 120.59 (10)
03-Co2N8  89.45 (11) 09-Co4-N11  89.02 (10)
04-Co2-05  83.55(9) 010-Co4-011  82.76 (8)
04-Co2N1  91.93(9) 010-Co4-N3  86.98 (9)
04-Co2-N7 92.28 (10) 010-Co4-N10 89.97 (10)
04-Co2N8  88.20 (10) 010-Co4-N11  92.48 (10)
05-Co2N1  89.02 (10) 011-Co4-N3  169.26 (10)
O5-Co2-N7 174.83 (10) 011-Co4-N10 90.23 (9)
O5-Co2-N8 86.29 (11) 011-Co4-N11 86.54 (10)
N1-Co2-N7 94.18 (11) N3-Co4-N10  92.97 (10)
N1-Co2-N8 175.27 (12) N3-Co4-N11 90.72 (10)
N7-Co2-N8 90.54 (12) N10-Co4-N11 175.68 (10)

Table S22Selected angles in the crystal structur® of
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Bond Valence Sum Analysis

The Bond Valence Sum (BVS) Analysis is a widespread in coordination chemistry
to assign the oxidation states of metal ions arih&ed on the bond valence mod4él.

It utilizes the correlation between the bond lenBtland bond valence v between two
atoms or ions i and j, which can be expressedhaabbnd valence parametersdid b
and the empirical formula@#

v;; = exp((Ro — Ryj)/b) (SD)

The valence V of an atom or ion is calculated bysung up the bond valences accord-
ing to formula 2 and is than equated to its ox@astate 2°l

N
zi=V; = Z Vij ()
J

Moreover the BVS analysis has been frequently edpio determine the protonation
state of oxygen ligands. Here, the ligands aregassi as hydroxid or oxo-group when
the bond valence sum is close to 1 or 2, respdgtiFer BVS values significantly be-

low 1 the presence of a water ligand is confirddéd.

In the present work, the following BVS parameteasérbeen applied to the program
Bond Valence Calculator 2/$!%

Bond Type b R

Co(I)-0 0.37 1.692
Co(ll)-O  0.37 1.637
Co(l)-N  0.37 1.650
Co(ll)-N  0.37 1.750
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Assumption Co(ll) Assumption Co(lll)
Metal lon Bond Length (A) Assignment
Bond Valence Bond Valence

Col Co1-01 1.904 0.564 Sum 0.486 Sum Co(ll)
Co1-02 1.898 0.573 3.118 0.494 2.857
Col1-07 1.933 0.521 Difference 0.449 Difference
Col-012 1.927 0.530 1.118 0.457 0.143
Col-014 1.912 0.552 0.476
Col-N4 2.010 0.378 0.495

Co2 Co02-03 1.882 0.598 Sum 0.516 Sum Co(ll1)
Co02-04 1.911 0.553 3.271 0.477 3.243
Co2-05 1.885 0.594 Difference 0.512 Difference
Co2-011 1.893 0.581 1.271 0.501 0.243
Co2-N1 1.883 0.533 0.698
Co2-N5 1.978 0.412 0.540

Co3 Co03-06 1.888 0.589 Sum 0.507 Sum Co(ll1)
Co03-016 1.915 0.547 3.089 0.472 3.073
Co3-020 1.928 0.528 Difference 0.455 Difference
Co3-021 1.943 0.507 1.089 0.437 0.073
Co3-N2 1.883 0.533 0.698
Co3-N6 2.004 0.384 0.503

Co4 Co4-01 1.907 0.559 Sum 0.482 Sum Co(llI)
Co4-04 1.961 0.483 3.214 0.417 3.009
Co4-09 1.903 0.565 Difference 0.487 Difference
Co4-010 1.938 0.514 1.214 0.443 0.009
Co4-020 1.907 0.559 0.482
Co4-N3 1.883 0.533 0.698

Co5 Co5-07 1.895 0.578 Sum 0.498 Sum Co(ll)
Co5-08 1.877 0.607 3.240 0.523 2.996
Co05-013 1.911 0.553 Difference 0.477 Difference
Co5-015 1.957 0.489 1.240 0.421 0.004
Co05-018 1.906 0.561 0.483
Co05-N7 1.943 0.453 0.594

Table S23Results of the Bond Valence Sum Analysis for te@gnment of oxidation
states of cobalt ions ih



3 Heterovalent Cobalt Metallacrowns 160

Oxygen Atom Bond Length (A) Bond Valence Sum Assignemt
020 020-Co3 1.928 0.455 0.937 OH
020-Co4 1.907 0.482
021 021-Co3 1.943 0.437 0.437 HO

Table S24Results of the Bond Valence Sum Analysis for tf@gnment of protonation
states of oxygen-sites in
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Assumption Co(ll) Assumption Co(lll)
Metal lon Bond Length (A) Assignment
Bond Valence Bond Valence

Col Col-01 1.916 0.546 Sum 0.470 Sum Co(llI)
Co1-02 1.866 0.625 3.367 0.539 3.317
Col-010 1.857 0.640 Difference 0.552 Difference
Co1-011 1.863 0.630 1.367 0.543 0.317
Co1-N13 1.913 0.491 0.644
Col-N14 1.958 0.435 0.570

Co2 Co02-03 1.893 0.581 Sum 0.501 Sum Co(lll)
Co02-06 1.886 0.592 2.989 0.510 3.391
Co2-N1 1.918 0.485 Difference 0.635 Difference
Co2-N2 1.920 0.482 0.989 0.632 0.391
Co2-N15 1.978 0.412 0.540
Co2-N16 1.956 0.437 0.573

Co3 Co3-04 1.935 0.519 Sum 0.447 Sum Co(lll)
Co3-05 1.897 0.575 3.405 0.495 3.363
Co3-07 1.806 0.735 Difference 0.633 Difference
Co03-08 1.868 0.621 1.405 0.536 0.363
Co3-N17 1.916 0.487 0.638
Co3-N18 1.931 0.468 0.613

Co4 Co4-09 1.884 0.595 Sum 0.513 Sum Co(ll1)
Co4-012 1.890 0.586 3.007 0.505 3.410
Co4-N3 1.912 0.493 Difference 0.645 Difference
Co4-N4 1.879 0.539 1.007 0.706 0.410
Co4-N19 1.990 0.399 0.523
Co04-N20 1.993 0.396 0.519

Table S25Results of the Bond Valence Sum Analysis for te@ignment of oxidation
states of cobalt ions of the first molecul&in



3 Heterovalent Cobalt Metallacrowns 162

Assumption Co(ll) Assumption Co(lll)
Metal lon Bond Length (A) Assignment
Bond Valence Bond Valence

Co5 Co5-013 1.936 0.517 Sum 0.446 Sum Co(lll)
Co5-014 1.855 0.644 3.395 0.555 3.350
Co05-022 1.870 0.618 Difference 0.533 Difference
Co05-023 1.839 0.672 1.395 0.579 0.350
Co5-N21 1.913 0.491 0.644
Co05-N22 1.943 0.453 0.594

Cob Co6-015 1.856 0.642 Sum 0.553 Sum Co(lll)
Co06-018 1.870 0.618 3.103 0.533 3.501
Co6-N5 1.920 0.482 Difference 0.632 Difference
Co06-N6 1.923 0.478 1.103 0.627 0.501
C06-N23 1.958 0.435 0.570
Co6-N24 1.947 0.448 0.587

Co7 Co7-016 1.932 0.523 Sum 0.451 Sum Co(lln)
Co7-017 1.865 0.627 3.354 0.540 3.309
Co7-019 1.844 0.663 Difference 0.572 Difference
Co7-020 1.875 0.610 0.526 0.309
Co7-N25 1.929 0.470 0.616
Co7-N26 1.936 0.462 0.605

Co8 Co08-021 1.851 0.651 Sum 0.561 Sum Co(lln)
Co08-024 1.890 0.586 3.054 0.505 3.447
Co8-N7 1.865 0.559 Difference 0.733 Difference
Co8-N8 1.904 0.503 1.054 0.660 0.447
Co8-N27 2.000 0.388 0.509
Co08-N28 2.021 0.367 0.481

Table S26Results of the Bond Valence Sum Analysis for te&ignment of oxidation
states of cobalt ions of the second molecul2 in
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Assumption Co(ll) Assumption Co(lll)
Metal lon Bond Length (A) Assignment
Bond Valence Bond Valence

Co9 C09-025 1.950 0.498 Sum 0.429 Sum Co(lln
C09-026 1.884 0.595 3.393 0.513 3.358
C09-034 1.836 0.678 Difference 0.584 Difference
C09-035 1.849 0.654 1.393 0.564 0.358
C09-N29 1.893 0.519 0.679
C09-N30 1.946 0.449 0.589

Co10 | Co10-027 1.904 0.564 Sum 0.486 Sum Co(lll)
C010-030 1.883 0.597 3.012 0.514 3.426
Co10-N9 1.902 0.506 Difference 0.663 Difference
Co010-N10 1.901 0.507 1.012 0.665 0.426
Co10-N31 1.971 0.420 0.550
Co010-N32 1.973 0.418 0.547

Coll Col11-028 1.921 0.539 Sum 0.464 Sum Co(lll)
Col1-029 1.878 0.605 3.395 0.521 3.341
Co11-031 1.829 0.691 Difference 0.595 Difference
Col11-032 1.860 0.635 1.395 0.547 0.341
Co11-N33 1.916 0.487 0.638
Co11-N34 1.955 0.439 0.575

Col2 Co012-033 1.862 0.632 Sum 0.544 Sum Co(lll)
Co012-036 1.869 0.620 3.030 0.534 3.409
Col2-N11 1.924 0.477 Difference 0.625 Difference
Co12-N12 1.914 0.490 1.030 0.642 0.409
Co012-N35 1.961 0.431 0.565
C012-N36 2.008 0.380 0.498

Table S27Results of the Bond Valence Sum Analysis for te&ignment of oxidation
states of cobalt ions of the third molecul&in
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Metal lon Bond Length (A) Assumption Co(l) Assumption Co(lll Assignment
Bond Valence Bond Valence

Col Col-01 1.890 0.586 Sum 0.505 Sum Co(ll1)
Co1-02 1.962 0.482 2.986 0.415 3.161
Col-06 1.876 0.608 Difference 0.524 Difference
Co1-N2 1.930 0.469 0.986 0.615 0.161
Co1-N3 1.945 0.451 0.590
Col-N4 1.998 0.390 0.512

Co2 Co02-03 1.884 0.595 Sum 0.513 Sum Co(lll)
Co02-04 1.898 0.573 2.846 0.494 2.983
Co2-05 1.952 0.495 Difference 0.427 Difference
Co2-N1 1.920 0.482 0.846 0.632 0.017
Co2-N5 2.014 0.374 0.490
Co2-N6 2.064 0.327 0.428

Co3 Co3-01 1.961 0.483 Sum 0.417 Sum Co(ll)
Co3-01 1.961 0.483 2.526 0.417 2.177
Co3-04 1.941 0.510 Difference 0.440 Difference
Co03-04 1.941 0.510 0.526 0.440 0.823
Co3-07 2.177 0.270 0.232
Co03-07 2.177 0.270 0.232

Table S28Results of the Bond Valence Sum Analysis for te@gnment of oxidation
states of cobalt ions idh
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Metal lon Bond Length (A) Assumtion Co(l) Assumption Co(lll Assignment
Bond Valence Bond Valence

Col Col-01 1.899 0.572 Sum 0.493 Sum Co(llI)
Co1-02 1.898 0.573 3.139 0.494 3.099
Col-012 1.893 0.581 Difference 0.501 Difference
Co1-013 1.922 0.537 1.139 0.463 0.099
Col-N4 1.915 0.489 0.640
Co1-N5 2.000 0.388 0.509

Co2 Co02-03 1.893 0.581 Sum 0.501 Sum Co(lll)
Co02-04 1.902 0.567 3.125 0.489 3.092
Co2-05 1.895 0.578 Difference 0.498 Difference
Co2-015 1.941 0.510 1.125 0.440 0.092
Co2-N1 1.908 0.498 0.652
Co2-N6 1.997 0.391 0.513

Co3 Co3-06 1.895 0.578 Sum 0.498 Sum Co(lll)
Co3-07 1.910 0.555 3.028 0.478 2.992
Co3-08 1.917 0.544 Difference 0.469 Difference
Co3-017 1.950 0.498 1.028 0.429 0.008
Co3-N2 1.931 0.468 0.613
Co3-N7 2.003 0.385 0.505

Co4 Co4-09 1.914 0.549 Sum 0.473 Sum Co(ll1)
Co4-010 1.869 0.620 2.956 0.534 3.107
Co4-011 1.919 0.541 Difference 0.467 Difference
Co4-N3 1.887 0.527 0.956 0.691 0.107
Co4-N8 2.040 0.349 0.457
Co4-N9 2.017 0.371 0.486

Co5 Co5-01 2.065 0.365 Sum 0.315 Sum Co(ll)
Co5-04 2.040 0.390 2.093 0.336 1.804
Co5-07 2.185 0.264 Difference 0.227 Difference
Co5-010 2.024 0.408 0.093 0.351 1.196
Co5-014 2.085 0.346 0.298
C05-016 2.113 0.321 0.276

Table S29Results of the Bond Valence Sum Analysis of fa #ssignment of oxida-
tion states of cobalt ions &
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Assumption Co(ll) Assumption Co(lll)
Metal lon Bond Length (A) Assignment
Bond Valence Bond Valence

Col Col-01 1.919 0.541 Sum 0.467 Sum Co(llI)
Co1-02 1.886 0.592 3.044 0.510 3.207
Col-012 1.875 0.610 Difference 0.526 Difference
Col-N4 1.924 0.477 1.044 0.625 0.207
Col1-N5 1.947 0.448 0.587
Col-N6 2.012 0.376 0.493

Co2 Co02-03 1.885 0.594 Sum 0.512 Sum Co(lll)
Co02-04 1.868 0.621 3.169 0.536 3.119
Co2-05 1.910 0.555 Difference 0.478 Difference
Co2-015 1.925 0.533 1.169 0.459 0.119
Co2-N1 1.935 0.463 0.607
Co2-N7 1.986 0.403 0.528

Co3 Co3-06 1.879 0.603 Sum 0.520 Sum Co(lll)
Co3-07 1.864 0.628 3.158 0.541 3.150
Co3-08 1.927 0.530 Difference 0.457 Difference
Co03-022 1.996 0.440 1.158 0.379 0.150
Co3-N2 1.872 0.549 0.719
Co3-N8 1.982 0.408 0.534

Co4 Co4-09 1.881 0.600 Sum 0.517 Sum Co(ll1)
Co4-010 1.893 0.581 3.013 0.501 3.171
Co4-011 1.911 0.553 Difference 0.477 Difference
Co4-N3 1.889 0.524 1.013 0.687 0.171
Co4-N9 2.014 0.374 0.490
Co4-N10 2.007 0.381 0.499

Co5 Co5-01 2.062 0.368 Sum 0.317 Sum Co(ll)
Co5-04 2.094 0.337 2.190 0.291 1.888
Co5-07 2.056 0.374 Difference 0.322 Difference
Co5-010 2.008 0.426 0.190 0.367 1.112
Co5-013 2.112 0.321 0.277
C05-016 2.066 0.364 0.314

Table S30Results of the Bond Valence Sum Analysis for te&ignment of oxidation
states of cobalt ions i
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Metal lon Bond Length (A) Assumtion Co(l) Assumption Co(lll Assignment
Bond Valence Bond Valence

Col Col-01 1.880 0.602 Sum 0.519 Sum Co(llI)
Co1-02 1.901 0.568 3.297 0.490 3.278
Col-012 1.890 0.586 Difference 0.505 Difference
Co1-013 1.900 0.570 1.297 0.491 0.278
Col-N4 1.870 0.552 0.723
Col-N5 1.971 0.420 0.550

Co2 Co02-03 1.885 0.594 Sum 0.512 Sum Co(lll)
Co02-04 1.916 0.546 3.090 0.470 3.270
Co2-05 1.882 0.598 Difference 0.516 Difference
Co2-N1 1.911 0.494 1.090 0.647 0.270
Co2-N6 1.953 0.441 0.578
Co2-N7 1.973 0.418 0.547

Co3 Co3-06 1.874 0.611 Sum 0.527 Sum Co(lll)
Co3-07 1.831 0.687 3.293 0.592 3.257
Co3-08 1.930 0.526 Difference 0.453 Difference
Co3-015 1.924 0.534 1.293 0.460 0.257
Co3-N2 1.921 0.481 0.630
Co3-N8 1.942 0.454 0.595

Co4 Co4-09 1.885 0.594 Sum 0.512 Sum Co(ll1)
Co4-010 1.849 0.654 3.144 0.564 3.338
Co4-011 1.952 0.495 Difference 0.427 Difference
Co4-N3 1.871 0.550 1.144 0.721 0.338
Co4-N9 1.988 0.401 0.526
Co4-N10 1.946 0.449 0.589

Co5 Co5-01 2.059 0.371 Sum 0.320 Sum Co(ll)
Co5-04 2.174 0.272 2.125 0.234 1.831
Co5-07 2.051 0.379 Difference 0.327 Difference
Co5-010 2.096 0.336 0.125 0.289 1.169
Co5-014 2.058 0.372 0.321
C05-016 2.035 0.396 0.341

Table S31Results of the Bond Valence Sum Analysis for th&gmsnent of oxidation
states of cobalt ions



3 Heterovalent Cobalt Metallacrowns 168
Metal lon Bond Length (A) Assumtion Co(l) Assumption Co(lll Assignment
Bond Valence Bond Valence
Col Col-01 1.881 0.600 Sum 0.517 Sum Co(lll)
Co1-02 1.926 0.531 3.154 0.458 3.349
Col-012 1.871 0.616 Difference 0.531 Difference
Col-N4 1.912 0.493 1.154 0.645 0.349
Co1-N6 1.902 0.506 0.663
Col-N7 1.982 0.408 0.534
Co2 Co02-03 1.903 0.565 Sum 0.487 Sum Co(llry
Co02-04 1.862 0.632 3.169 0.544 3.359
Co2-05 1.898 0.573 Difference 0.494 Difference
Co2-N1 1.873 0.547 1.169 0.717 0.359
Co2-N8 1.979 0.411 0.539
Co2-N9 1.953 0.441 0.578
Co3 Co03-06 1.880 0.602 Sum 0.519 Sum Co(llry
Co3-07 1.881 0.600 3.254 0.517 3.221
Co3-08 1.892 0.582 Difference 0.502 Difference
Co3-018 1.919 0.541 1.254 0.467 0.221
Co3-N2 1.897 0.513 0.672
Co3-N10 1.975 0.415 0.544
Co4 Co4-09 1.931 0.524 Sum 0.452 Sum Co(lll)
Co4-010 1.887 0.590 3.305 0.509 3.317
Co4-011 1.918 0.543 Difference 0.468 Difference
Co4-015 1.880 0.602 1.305 0.519 0.317
Co4-N3 1.886 0.528 0.692
Co4-N5 1.894 0.517 0.678
Co5 Co5-01 2.168 0.276 Sum 0.238 Sum Co(ll)
Co05-04 2.074 0.356 1.939 (2.016) 0.307 1.671 (1.737)
Co5-07 2.056 0.374 Difference 0.322 Difference
Co05-010 2.104 0.328 0.061 (0.016) 0.283 1.329 (1.263)
Co05-016 2.183 0.265 0.229
Co05-019 2.092 0.339 0.292
Co5 015 2.642 0.077 0.066

Table S32Results of the Bond Valence Sum Analysis for te&ignment of oxidation

states of cobalt ions of the metallacrown subumtt i
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Assumption Co(ll) Assumption Co(lll)
Metal lon Bond Length (A) Assignment
Bond Valence Bond Valence

Co6 Co06-09 2.181 0.267 Sum 0.230 Sum Co(ll)
Co6-011 2.248 0.223 1.967 0.192 1.841
Co06-013 2.019 0.413 Difference 0.356 Difference
Co6-020 2.003 0.431 0.033 0.372 1.159
Co6-022 2.128 0.308 0.265
Co6-N11 2.066 0.325 0.426

Co7 Co7-013 1.855 0.644 Sum 0.555 Sum Co(ll)
Co7-014 1.891 0.584 3.216 0.503 3.171
Co7-021 1.922 0.537 Difference 0.463 Difference
Co7-023 1.906 0.561 1.216 0.483 0.171
Co7-N12 1.943 0.453 0.594
Co7-N13 1.956 0.437 0.573

Table S33Results of the Bond Valence Sum Analysis for te@gnment of oxidation
states of cobalt ions of the dimer attached topérgphery of the metallacrown subunit
in7
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Assumption Co(ll) Assumption Co(lll)
Metal lon Bond Length (A) Assignment
Bond Valence Bond Valence

Col Col-01 1.889 0.587 Sum 0.506 Sum Co(llI)
Co1-02 1.914 0.549 3.153 0.473 3.354
Col-012 1.883 0.597 Difference 0.514 Difference
Col-N4 1.888 0.526 1.153 0.689 0.354
Co1-N5 1.933 0.465 0.610
Col-N6 1.963 0.429 0.562

Co2 Co02-03 1.881 0.600 Sum 0.517 Sum Co(lll)
Co02-04 1.904 0.564 3.104 0.486 3.284
Co2-05 1.892 0.582 Difference 0.502 Difference
Co2-N1 1.908 0.498 1.104 0.652 0.284
Co2-N7 1.955 0.439 0.575
Co2-N8 1.970 0.421 0.552

Co3 Co3-06 1.885 0.594 Sum 0.512 Sum Co(lll)
Co3-07 1.833 0.683 3.260 0.589 3.228
Co3-08 1.928 0.528 Difference 0.455 Difference
Co3-015 1.932 0.523 1.260 0.451 0.228
Co3-N2 1.914 0.490 0.642
Co3-N9 1.952 0.442 0.579

Co4 Co4-09 1.890 0.586 Sum 0.505 Sum Co(ll1)
Co4-010 1.862 0.632 3.106 0.544 3.295
Co4-011 1.942 0.509 Difference 0.439 Difference
Co4-N3 1.880 0.537 1.106 0.704 0.295
Co4-N10 1.993 0.396 0.519
Co4-N11 1.948 0.447 0.586

Co5 Co5-01 2.069 0.361 Sum 0.311 Sum Co(ll)
Co5-04 2.137 0.300 2.119 0.259 1.826
Co5-07 2.073 0.357 Difference 0.308 Difference
Co5-010 2.028 0.403 0.119 0.348 1.174
Co5-013 2.175 0.271 0.234
C05-016 2.008 0.426 0.367

Table S34Results of the Bond Valence Sum Analysis for th&gmsnent of oxidation
states of cobalt ions @&
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Continuous Shape Measures Calculation

Continuous Shape Measures Calculations were pegfbmuith the help of the program
Shape 2.1 as they provide an established way totifjushe deviation of the shape of
the coordination sphere surrounding a metal iomfam ideal polyhedroi**® There-

fore, the Continuous Shape Measure (S) of a streigtudefined as its minimized dis-
tance to a perfect reference shape of approprizgeasid orientation. A corresponding

mathematical description is given in formula 2 \/\@1(3—0) andﬁ representing the posi-
tion vectors of the vertices and the center masseofnalyzed structure Q and the posi-
tion vectors of the vertices of the compared idetdrence shape P.

v G -FF

—————-100 (S3)
?’:1|Qt _Q0|2

So(P) = min

The shapes of the coordination spheres of all tobas have been compared with the
following polyhedrons with six vertices.

Code Point Group  Polyhedron

HP-6 Den Hexagon

PPY-6 Csy Pentagonal pyramid

0cC-6 On Octahedron

TPR-6 Dsn Trigonal prism

JPPY-6 Csy Johnson pentagonal pyramid J2

Moreover, the Shape 2.1 program offers measuresvéduate intermediate shaped
structures concerning their proceeding along thaimmal interconversion distortion
pathway between two reference shdfe$! Here, the generalized coordinates along the
minimal distortion path from the perfect octaheditdR-6 (0%) to the ideal trigonal
prism TPR-6 (100%) were calculated as long as éweation from the pathwax(path)
remained below the threshold of 1094,
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Metal lon Continuous Shape Measures Mir;)i;ﬁlfri]ztlgrstii:n
S(HP-6) S(PPY-6) S(OC-6) S(TPR-6) S (JPPY-d) A(Path) Gen.Coord.
Col 31.295 26.280  0.425 14.013 29.631 6.5 15.5
Co2 32.115 28.513 0.180 15.444 32.031 5.9 10.1
Co3 32.282 27.970 0.201 15.092 31.875 5.3 10.6
Co4 31.961 26.172 0.357 13.909 29.816 4.9 14.2
Co5 30.346 27.820 0.279 15.155 30.893 7.4 12.5

Table S36Results of the Continuous Shape Measures Calcnsata the cobalt ions in

1
Metal lon Continuous Shape Measures Mir;)i;ﬁlfri]ztlgrstii:n
S(HP-6) S(PPY-6) S(OC-6) S(TPR-6) S (JPPY-d)A(Path) Gen.Coord.

Col 31.673 27.733 0.197 15.145 31.526 54 10.5
Co2 33.106 28.550 0.215 15.277 32.459 6.3 11.0
Co3 31.950 28.486  0.152 15.309 32.194 4.6 9.3
Co4 32.452 26.972 0.311 14.003 30.506 4.2 13.2
Co5 31.669 28.455 0.185 15.578 32.306 6.5 10.2
Co6 33.312 27.596 0.299 14.520 31.488 5.7 13.0
Co7 31.608 28.517 0.158 15.355 31.868 5.0 9.4
Co8 32.776 26.729  0.345 13.897 30.280 4.6 13.9
Co9 32.203 28.732  0.139 15.590 32.611 5.1 8.8
Col0 33.114 27.848 0.236 14.854 31.421 54 11.5
Coll 31.271 28.526 0.192 15.622 31.941 6.8 10.4
Col2 32.811 26.935 0.325 13.848 30.426 4.0 13.5

Table S37Results of the Continuous Shape Measures Calcotatar the cobalt ions in
2

Metal lon Continuous Shape Measures Minimalﬂz};;tiiscm Path
S(HP-6) S(PPY-6) S(OC-6) S(TPR-6) S (JPPY-6) A(Path) Gen.Coord.
Col 31.076 25.990 0.445 14.301 29.643 7.9 15.8
Co2 31.683 25.561 0.804 11.845 29.227 4.7 21.3
Co3 31.930 29.269  0.319 16.530 32.367 12.7 -

Table S38Results of the Continuous Shape Measures Calcotatar the cobalt ions in
3
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Metal lon Continuous Shape Measures Minimalﬂz};;tii;)n Path
S(HP-6) S(PPY-6) S(OC-6) S(TPR-6) S (JPPY-§)A(Path)  Gen.Coord.
Col 31.539 27.480 0.272 14.933 30.816 6.5 12.4
Co2 31.299 25.829 0.582 13.669 29.377 8.0 18.1
Co3 32.954 27.142 0.307 14.368 30.622 54 131
Co4 31.049 27.166 0.483 13.409 30.565 5.5 16.5
Co5 29.051 20.969 1.671 10.721 24.315 9.9 30.8

Table S39Results of the Continuous Shape Measures Calcatatar the cobalt ions in
4

. Minimal Distortion Path
Continuous Shape Measures X
Metal lon Analysis

S(HP-6) S(PPY-6) S(OC-6) S(TPR-6) S (JPPY-d)A(Path)  Gen.Coord.

Col 32.330 27.322 0.274 14.600 31.014 5.4 12.4
Co2 30.746 26.441 0.650 13.709 29.804 9.1 19.2
Co3 31.580 27.046 0.302 14.886 30.548 7.0 13.0
Co4 31.733 27.139 0.273 14.980 30.690 6.7 12.4
Co5 28.606 17.627 2.935 7.750 21.125 7.8 40.9

Table S40Results of the Continuous Shape Measures Calcotatar the cobalt ions in
5

Continuous Shape Measures Minimal DIStOI’t.IOI‘] Path
Metal lon Analysis

S(HP-6) S(PPY-6) S(OC-6) S(TPR-6) S (JPPY-d)A(Path)  Gen.Coord.

Col 30.986 27.156 0.185 14.962 30.671 4.5 10.2
Co2 32.314 28.708 0.142 15.833 32.144 6.0 8.9
Co3 32.709 26.982 0.454 14.150 30.878 7.5 16.0
Co4 32.069 27.380 0.372 14.331 30.905 6.6 14.5
Co5 33.131 15.496 7.823 2.941 19.804 8.1 67.3

Table S41Results of the Continuous Shape Measures Calcatatar the cobalt ions in
6
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Metal lon Continuous Shape Measures Minimalﬂz};;tii;)n Path
S(HP-6) S(PPY-6) S(OC-6) S(TPR-6) S (JPPY-§)A(Path) Gen.Coord.
Col 32.532 28.426  0.161 15.056 32.058 4.1 9.5
Co2 32.156 27.146 0.302 13.667 30.701 2.9 131
Co3 32.692 28.874  0.109 15.689 32.405 4.5 7.8
Co4 32.162 27.336  0.271 14.381 31.276 4.6 124
Co5 27.306 14.140 7.431 4.077 16.976 13.7 -
Cob 29.325 19.625 2.519 10.167 23.696 14.8 -
Co7 31.287 27.884 0.215 14.833 31.451 4.8 11.0

Table S42Results of the Continuous Shape Measures Calcnsata the cobalt ions in
7

Metal lon Continuous Shape Measures Minimalg:tlsgtiison Path
S(HP-6) S(PPY-6) S(OC-6) S(TPR-6) S (JPPY-d)A(Path)  Gen.Coord.
Col 32.000 28.869  0.116 15.666 32.404 4.6 8.1
Co2 31.898 28.594  0.160 15.528 32.269 5.6 9.5
Co3 32.559 26.269 0.699 13.258 29.857 8.3 19.9
Co4 32.281 26.455 0.384 13.685 30.049 4.6 14.7
Co5 33.409 16.719 7.359 2.902 21.083 5.8 65.2

Table S43Results of the Continuous Shape Measures Calcnsata the cobalt ions in
8
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Figure S16Shape map of the coordination spheres of all tatvas of the present work
for the interconversion from ideal octahedron angonal prism; color code: red —
Co(ll), blue — Co(lll), black dashed line — minimudistortion path between ideal octa-

hedron and trigonal prism
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Figure S17 Shape map of the coordination spheres of all gflest ions of the pre-
sent work for the interconversion from ideal octédo® and trigonal prism; colors -
compound code, black dashed line - minimum disiorpath between ideal octahedron

and trigonal prism
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average MC edge length

average MC Co(ll)-O distance

ideal trigonal prism

3,0

heigth of central ion (A)

! I
1,0 1,5

T
20

edge length of square (A)

Figure S18Representation of the calculations concerninggdrwmetric matching of the
estimated size of the square formed by the hydratenoxygen donor atoms and aver-
age Co(I)-O bond length for the construction gieafect trigonal prism with the theo-
retical elevation height of the central ion aboke ground square as reference ; arcs
represent the height of the Co(ll) ion as the up@etex of a tetragonal pyramid with
different edge lengths (grey - 1, 1.5, 2, 2.5, 3rdd — average experimental Co(ll)-O
distance) in dependence of the edge length of #se Isquare; green line marks the
height of the central Co(ll) ion in a perfect tngd prism in dependence of the edge
length; red line illustrates the average interatochstance between adjacent, non-tilted
hydroximate oxygen donor atoms; dashed lines ntekrtinimum and maximum devi-
ation within the selected data compilation
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Figure S19 Structure formulae of an inverse metallacrown #mel vacant reverse

metallacrowr2

3.9.3 UV-Vis Spectroscopy
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Figure S20UV-Vis spectra ofl1,2,4,5 and8; spectrum o#4 has been renormalized on

one metallacrown subunit
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Complex | Niogi(nm)  Air2(nM)  Aingz(NM)  Ain/maxa (NM)
1 325 484 649
2 337 423 594
4 261 331 470 635
5 261 333 486 648
8 331 471 646

Table S440bserved infliction point and maxima in the UV-\éigectra ofL,2,4,5 and8

3.9.4 ESI Mass Spectrometry

1: m/z (methanol)

1608
1563
1545
1524
1506
1439
1421

1336

{Ca(Shik(Piv)s(OH)(Pip) + H}*
{Ca(Shi)(Piv)s(OH)(Pip)(H20) + Na}*
{Ca(Shik(Piv)s(OH)(Pip) + Na}*
{Ca(Shik(Piv)s(OH)(Pip)(H20)}*
{Ca(Shik(Piv)a(OH)(Pip)} *
{Ca(Shik(Piv)s(OH)(Pip)s(H20)}*
{Ca(Shik(Piv)a(OH)(Pip)}*

{Ca(Shik(Piv)s(OH)(Pip)}*

2: m/z (acetonitrile)

1469

1390

1311

1232

1152

1074

{ [12-MCeoqmn(shi-4](Py)e + H}*
{ [12-MCeoqneshi-4](Py)r + H}*
{ [12-MCeoqnshi-4](Py)e + H}*
{ [12-MCeoqnshi-4](Py)s + H}*
{ [12-MCeoqnshi-4](Py) + H}*

{ [12-MCcogmnshi-4](Py)s + H}*

995 { [12-MCcoqmnshiy-4](Py) + H}*
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2: m/z (methanol)

1491
1469
1412
1390
1333
1311
1232
1152

1074

{ [12-MCcogmn(shi-4](Py)s + Na}*
{ [12-MGeopmn(shi-41(Py)s + H}*
{ [12-MCcogmn(shi-4](Py) + Na}*
{ [12-MCcoamn(shi-41(Py) + H}*
{ [12-MCcoqneshi-4](Py) + Na}*
{ [12-MCeoqnshi-4](Py)e + H}*
{ [12-MCeoqneshi-4](Py)s + H}*
{ [12-MCeoqnshi-4](Py) + H}*

{ [12-MCcogmnshi-4](Py)s + H}*

995 {[12-MCcoqmnshiy-41(Py) + H}*
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4: m/z (methanol)

1552 {Co(Il)(Piv[12-MCco(mn(shy-4](Pip) + 2Li}*
1523 {Co(Il)(Piv)[12-MCco(mnishy-4](Pip)s + H}*
1467 {Co(Il)(PivE[12-MCco(mn(sh-4](Pip)s + 2Li}
1461 {Co(Il)(PivH[12-MCcoqmn(sny-41(Pip)s + H + Li}*
1444 {Co(Il)(PivR[12-MCacoqmn(sh-4](Pip) + Li}*
1438 {Co(l)(Piv[12-MCcoqn(sh-4](Pip) + H}*
1398 {Co(ll)(PivE[12-MCeoqnish-4](Pip) + Na + Li}*
1382 {Co(ll)(PivE[12-MCcofmn(sh-4](Pip) + 2Li}*
1376 {Co(Il)(Pivh[12-MCeofmnishi-4](Pip) + H + Li}*
1375 {Co(l)(PivR[12-MCoofmn(sh-4](Pip) + Na}*
1368 {Co(ll)(Piv)[12-MGeoipn(shy-4](Pip)s + MeOH}*
1359 {Co(Il)(PivR[12-MCacoqmn(sh-4](Pip)s + Li}*
1353 {Co(ll)(Piv)[12-MCeofnish-4](Pip)s + H}*
1336 {Co(Il)(Piv)[12-MCoofnishy-4](Pip)} *

1297 {Co(Il)(PivE[12-MCco(mn(shy-4](Pip) + 2Li}*
1290 {Co(ll)(Pive[12-MCcoqmn(sh-4](Pip) + Na}*
1283 {Co(II)(Piv)[12-MCeomnshi-4](Pip) + MeOH}*
1274 {Co(Il)(PivR[12-MCcoqmn(sn-4](Pip) + Li} *
1268 {Co(ll)(Piv[12-MCco(mnishy-4](Pip) + H}*
1251 {Co(I)(Piv)[12-MCeofmnishy-4](Pip)s} *

1204 {Co(ll)(Pive[12-MCco(mn(sh-4](Pip) + Na}*
1189 {Co(Il)(PivR[12-MCcoqmn(sn-4](Pip) + Li}*
1166  {Co(Il)(Piv)[12-MGooqnsny-4](Pip)} *

1081 {Co(II)(Piv)[12-MGooqunsny-4] (Pip)} *

996 {Co(ll)(Piv)[12-MCeofinshy-4]}
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5: m/z (acetonitrile)

1479 {Co(I)(Boa)(Piv)[12-MGoqmnshiy-4](Morph)s + H}*
1392 {Co(IN)(Boa)(Piv)[12-M&ogmn(shi-4](Morph) + H}*
1377 {Co(I1)(Boa)[12-MCogmn(shi-4](Morph)}

1344 {Co(l)(Piv)[12-MGeogmnshi-4](Morph)} *

1322 {Co(I1)(Boa)[12-MCo(mn(shi-4](MorphMeOH}*
1305  {Co(l)(Boa)(Piv)[12-MGo(neshi-4](Morph) + H}*
1290  {Co(Il)(Boa)[12-MGon(shi-4](Morphs} *

1257 {Co(I)(Piv)[12-MCeo(in(shi-4](Morph)s} *

1235  {Co(I)(Boa)[12-MGo(in(shi-4](MorphyMeOH}*
1218 {Co(l)(Boa)(Piv)[12-MGoqn(shi-4](Morph) + H}*
1203 {Co(Il)(Boa)[12-MGon(shi-4](Morph)} *

1170 {Co(I)(Piv)[12-MCeo(inshi-4](Morph)} *

1148 {Co(l)(Boa)[12-MGoinesh)-4](Morph)MeOH}*
1116  {Co(I)(Boa)[12-MGoqmn(shi-4](Morph)}*

1083 {Co(Il)(Piv)[12-MCeoqmnshi-4](Morph)}*

1029 {Co(I)(Boa)[12-MCoqmn(shi-41} *

996 {Co(I)(Piv)[12-MCcoqiyneshi-4]} *

5: m/z (methanol)

1392 {Co(I1)(Boa)(Piv)[12-MG&ogmn(shi-4](Morph) + H}*

1359 {Co(Il)(Boa)(Piv)[12-MCogmn(shiy-4](Morph). (MeOH)+ Na}

1327 {Co(I)(Boa)(Piv)[12-MGogmyn(shi-4](Morph) + Na}*
1322 {Co(Il)(Boa)[12-MGoqnshi-4](MorphsMeOH}*

1290 {Co(I1)(Boa)[12-MCo(mn(shi-4](Morph)} *

1272 {Co(I)(Boa)(Piv)[12-MCogmn(shi-4](Morph) (MeOH)+ Na}

1257 {Co(Il)(Piv)[12-MCeoqmnshi-4](Morph)s}

1240 {Co(I)(Boa)(Piv)[12-M&oqmn(shi-4](Morph) + Na}
1203 {Co(Il)(Boa)[12-MGon(shi-4](Morph)} *

1170 {Co(I)(Piv)[12-MCeoinshi-4](Morph)} *

1153 {Co(ll)(Boa)(Piv)[12-MGogmn(shi-4] + Na}*

1116  {Co(I)(Boa)[12-MGoqmn(shi-4](Morph)}*

1083 {Co(l)(Piv)[12-MCeognshi-4](Morph)}*

1029 {Co(Il)(Boa)[12-MCoqmn(shi-4]} *

996 {Co(IN)(Piv)[12-MCcoqmn(shi-4]} *
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8: m/z (acetonitrile)

1530
1508
1461
1437
1415
1406
1368
1344
1322
1313
1275
1251
1229
1220
1182
1158
1136
1127
1089
996

{Co(I1)(NQ2)(Piv)[12-MCooqmnishi-4](Pick + Na*
{Co(I)(NQ)(Piv)[12-MCconishy-4](Pick + H}*
{Co(I1)(Piv)[12-MCeoneshi-4](Pic)} *
{Co(I1)(NQ2)(Piv)[12-MCooqmnishi-4](Pic) + Na*
{Co(IN(NO)(Piv)[12-MCeonisni-4](Pick + H}*
{Co(I)( NOY)[12-MCconshy-4](Pick} *
{Co(IN(PiV)[12-MCoo(mnishi-4] (Pick} *
{Co(IN(NO)(Piv)[12-MCeounsny-4](Pick + Na}*
{Co(IN(NO)(Piv)[12-MCcon(shi-4](Pick + H}*
{Co(I)( NOY)[12-MCcopnshy-4](Pick} *
{Co(IN(PiV)[12-MCeoqmnishi-4] (Pick} *
{Co(IN(NO)(Piv)[12-MCcoansny-4](Pick + Na}*
{Co(IN(NO)(Piv)[12-MCconishiy-4](Pick + H}*
{Co(I)( NOY)[12-MCcoipnshy-4](Pick} *
{Co(I1)(Piv)[12-MGeogynisni-4](Pic)k }*
{Co(IN(NOY)(Piv)[12-MCeopmnsni-4](Pic) + Na}
{Co(IN(NO)(Piv)[12-MCeogmnisny-4](Pic) + H}*
{Co(I)( NO)[L2-MCcopnsn-4](Pick} *
{Co(I1)(Piv)[12-MCeomneshi-4](Pic)}*

{Co(I)(Piv)[12-MCcoqiyneshi-4]} *

8: m/z (methanol)

1275

1251

1229

1220

1182

1089

996

{Co(IN(PiV)[12-MCooqmnishi-4] (Pick} *
{Co(IN(NO)(Piv)[12-MCeoansny-4](Pick + Na}*
{Co(IN(NO)(Piv)[12-MCcon(shiy-4](Pick + H}*
{Co(I)( NOY)[12-MCcoipnshy-4](Pick} *
{Co(I1)(Piv)[12-MCeognisni-4](Pic)k }*
{Co(IN(PiV)[12-MCeo(mn(shi-4] (Pic)}*

{Co(I)(Piv)[12-MCcoqiyneshi-4]} *
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3.9.5 H-Nuclear Resonance Spectroscopy
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Figure 21 'H-NMR spectrum ofl in chloroform; colored numbers represents assign-

ment of the signal; different colors encode digtisbable ligands, different numbers

encode different H-positions
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Figure 22 H-'H Cosy NMR spectrum aof in chloroform; colored numbers represents
assignment of the signal; different colors encodérdyuishable ligands, different num-
bers encode different H-positions
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6 (ppm)  Multiplicity  Assignment Equivalent Protons
0.48 S Piv 9
0.64 S Piv 9
0.99 S Piv 9
1.16 S Piv 9
1.29 S Piv 9

0.75-4.00 m Pip

6.46-6.49 t Shi-H3 1

Shi-H3 1

6.63-6.68 m

Shi-H3 1
6.75-6.77 d Shi-H1 1

Shi-H2 1
6.91-6.96 m

Shi-H1 1

Shi-H2 1
7.00-7.08 m

Shi-H2 1

7.11-7.13 d Shi-H1 1

7.45-7.47 d Shi-H4 1

7.85-7.87 d Shi-H4 1

8.27-8.29 m Shi-H4 1

Table 45Assignment of the signals in thid-NMR spectrum ofl in chloroform



3 Heterovalent Cobalt Metallacrowns 185

o . Equivalent Pro-
6 (ppm)  Multiplicity  Assignment

tons

6.44-6.48 t Shi-3 2
Shi-3 2

6.75-6.80 m
4
6.85-6.89 t Py-B 4
6.94-6.98 t Shi-2 2
7.05-7.08 t Py-B 4
7.10-7.12 d Shi-1 2
Shi-1 2
7.26-7.30 m Shi-2 2
Py-C 2
7.31-7.35 t Py-B 4
7.37-7.41 t 2
7.53-7.57 t Py-C 2
7.75-7.78 t Py-C 2
7.90-7.91 d 4
8.02-8.04 d Shi-4 2
8.36-8.38 d Shi-4 2
8.52-8.53 d Py-A 4
8.62-8.63 d Py-A 4
8.66-8.68 d Py-A 4

Table S46Assignment of the signals in thd-NMR spectrum of in dichlormethan
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Figure 23 'H-NMR spectrum of in dichlormethane; colored numbers represents as-

signment of the signal; different colors encoddimggiishable ligands, different num-
bers encode different H-positions
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6 (ppm) Multiplicity Assignment  Equivalent Protons

6.43-6.47 t Shi-3 2
Shi-3 2

6.77-6.83 m
4
6.90-6.93 t Py-B 4
6.94-6.97 d Shi-2 2
7.02-7.04 d Shi-1 2
7.11-7.14 t Py-B 4
Shi-1 2
7.26-7.30 m Shi-2 2
Py-C 2
7.32-7.36 m Py-B 4
7.40-7.44 t 2
7.63-7.66 t Py-C 2
7.75-7.78 t Py-C 2
7.92-7.93 d 4
8.06-8.07 d Shi-4 2
8.34-8.36 d Shi-4 2
Py-A 4

8.58-8.61 m
Py-A 4
8.76-8.77 d Py-A 4

Table S47Assignment of the signals in thd-NMR spectrum of in dichlormethane
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3.9.6 Static Magnetism
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Figure S24 plot of the reduced magnetization versus the agplield for4; dashed
lines represent guidelines for the eyes
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H (T)

Figure S25plot of the reduced magnetization versus the m@ttiapplied field and tem-
perature fod; dashed lines represent guidelines for the eyes
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Figure S26 plot of the reduced magnetization versus the agplield for 5; dashed
lines represent guidelines for the eyes
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Figure S27plot of the reduced magnetization versus the w@tiapplied field and tem-
perature fob; dashed lines represent guidelines for the eyes
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Figure S28plot of the reduced magnetization versus the egdield for8; solid lines
represent the best fit results according to anceife spin Hamiltonian with zero-field
splitting parameter
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Figure S29plot of the reduced magnetization versus the w@tiapplied field and tem-
perature for8; solid lines represent the best fit results adogrdo an effective spin
Hamiltonian with zero-field splitting parameter

A =DS? + E(S2 — $2) + gisousSH (S4)
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3.9.7 Dynamic Magnetism
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Figure S30plot of the out-of-phase susceptibility versus temagure under zero applied
static field for5; solid lines represent guidelines for the eyes
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Figure S31plot of the out-of-phase susceptibility versus temagure under zero applied
static field for8; solid lines represent guidelines for the eyes
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Figure S32plot of the in-phase susceptibility versus tempestunder zero applied
static field for5; solid lines represent guidelines for the eyes
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Figure S33plot of the in-phase susceptibility versus tempestunder zero applied
static field for8; solid lines represent guidelines for the eyes
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Figure S34plot of the out-of-phase susceptibility versus temapure under an applied
static field of 15000e fof; solid lines represent guidelines for the eyes
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Figure S35plot of the out-of-phase susceptibility versus temapure under an applied
static field of 15000e fadb; solid lines represent guidelines for the eyes
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Figure S36plot of the in susceptibility versus temperaturel@man applied static field
of 15000e fo#; solid lines represent guidelines for the eyes
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Figure S37plot of the in susceptibility versus temperaturel@man applied static field
of 15000e fol5; solid lines represent guidelines for the eyes
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Figure S38plot of the in susceptibility versus temperaturel@man applied static field
of 15000e fo8; solid lines represent guidelines for the eyes
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Figure S39Cole-Cole plot of in- and out-of-phase susceptipilinder an applied static
field of 15000e fo#; solid lines represent the best fit results adogrdo a generalized
Debye model
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Figure S40Cole-Cole plot of in- and out-of-phase susceptipilinder an applied static
field of 15000e fo#; solid lines represent the best fit results acogrdo a generalized
Debye model
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Figure S41Cole-Cole plot of in- and out-of-phase susceptipilinder an applied static
field of 15000e fo5; solid lines represent the best fit results adogrdo a generalized
Debye model
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Figure S42Cole-Cole plot of in- and out-of-phase susceptipilinder an applied static
field of 15000e fo5; solid lines represent the best fit results adogrdo a generalized
Debye model
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Figure S43Cole-Cole plot of in- and out-of-phase susceptipilinder an applied static
field of 15000e fo; solid lines represent the best fit results adogrdo a generalized
Debye model
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Figure S44Cole-Cole plot of in- and out-of-phase susceptipilinder an applied static
field of 15000e fo; solid lines represent the best fit results adogrdo a generalized
Debye model
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Figure S45plot of out-of-phase susceptibility versus frequenoder an applied static
field of 15000e fo#; solid lines represent the best fit results adogrdo a generalized
Debye model
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Figure S46plot of out-of-phase susceptibility versus frequenader an applied static
field of 15000e fo5; solid lines represent the best fit results adogrdo a generalized
Debye model
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Figure S47plot of in-phase susceptibility versus frequencgeman applied static field
of 15000e fo#; solid lines represent the best fit results adogydo a generalized De-
bye model
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Figure S48plot of in-phase susceptibility versus frequencgeman applied static field

of 15000e for5; solid lines represent the best fit results adogydo a generalized De-
bye model
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Figure S49plot of in-phase susceptibility versus frequencgeman applied static field

of 15000e forB; solid lines represent the best fit results adogydo a generalized De-
bye model
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Figure S50 Arrhenius plot of the natural logarithm of the sedtion time versus the
reciprocal temperature under an applied static fa#l 15000e for; solid line repre-
sents the fit result of the high temperature raagording to the Arrhenius equation
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Figure S51 Arrhenius plot of the natural logarithm of the seddion time versus the
reciprocal temperature under an applied static fa#l 15000e foi5; solid line repre-
sents the fit result of the high temperature raagmrding to the Arrhenius equation
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Figure S52 Arrhenius plot of the natural logarithm of the sedtion time versus the
reciprocal temperature under an applied statid 1€/15000e foB; solid blue line rep-
resents the fit result of the high temperature eaaccording to the Arrhenius equation;
solid green line represents the fit result of thghhttemperature range according to a
model regarding Orbach and Raman relaxation process
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Figure S53plot of relaxation rate versus the temperature fexperimental data under
an applied static field of 15000e f8rand for the corresponding calculated contribu-
tions of Orbach and Raman relaxation accordingpédfit result of the high temperature

data of the relaxation times
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Figure S54plot of the relative contributions of Orbach, Ransaard remaining relaxa-
tion process to the overall relaxation rate basethe fit of the high temperature data of
the relaxation time according to a model regardmigach and Raman relaxation of the
experimental data under an applied static field®300e for8; relative values above
9.1K were calculated using the optimized fit partereeof Orbach and Raman relaxa-
tion and setting their sum equal to the overalixation rate
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Figure S56Cole-Cole plot of in- and out-of-phase susceptipidit a temperature of 2K
under different applied magnetic fields for solid lines represent the best fit results
according to a generalized Debye model
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Figure S57Cole-Cole plot of in- and out-of-phase susceptipidit a temperature of 2K
under different applied magnetic fields 8y solid lines represent the best fit results
according to a generalized Debye model
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Figure S58plot of out-of-phase susceptibility versus frequeat a temperature of 2K
under different applied magnetic fields for solid lines represent the best fit results
according to a generalized Debye model
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Figure S60plot of in-phase susceptibility versus frequency aémperature of 2K un-
der different applied magnetic fields fdy solid lines represent the best fit results ac-
cording to a generalized Debye model
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Figure S61plot of in-phase susceptibility versus frequency aémperature of 2K un-
der different applied magnetic fields 6y solid lines represent the best fit results ac-
cording to a generalized Debye model



3 Heterovalent Cobalt Metallacrowns 207

1.1 5
1.0 ....'...°'."'Ooo. ° 0Ce
0.9 1 e 1000e
1 e 2000e
0.8 1 e 3000e
b e 4000e
0.7 e 5000e
= 1 e 6000e
g 0.6+ 7000e
= I 8000e
OEJ 0'5'_ 9000e
= 10000e
= 0.4 | 12500e
0.3 15000e
| e 20000e
0.2 1 e 25000e
1 e 30000e
0.14 e 35000e
1 e 40000e
00 I ' ' UL | ! ' AL | ' v LI |
1 10 100 1000
v (Hz2)

Figure S62plot of in-phase susceptibility versus frequency aémperature of 2K un-
der different applied magnetic fields 8y solid lines represent the best fit results ac-
cording to a generalized Debye model
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Figure S64plot of the relaxation time versus the applied n#ig field at a temperature
of 2K for5
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Figure S65Cole-Cole plot of in- and out-of-phase susceptipiit a temperature of 5K
under different applied magnetic fields for solid lines represent the best fit results
according to a generalized Debye model
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Figure S66plot of out-of-phase susceptibility versus frequeat a temperature of 5K
under different applied magnetic fields for solid lines represent the best fit results
according to a generalized Debye model
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Figure S67plot of in-phase susceptibility versus frequency aémperature of 5K un-
der different applied magnetic fields 6y solid lines represent the best fit results ac-
cording to a generalized Debye model
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Figure S68plot of the relaxation time versus the applied nedigrfield at a temperature
of 5K for5
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Figure S69comprehensive plot of the height of the effeceévergy barrier versus the
octahedral shape measure for current examples obmulear sixfold coordinated
Co(ll) SMMs; color code: red - literature, bluerepent work
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Figure S70 comprehensive plot of the height of the effectereergy barrier on the
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examples of mononuclear sixfold coordinated C&NMs; radii of the data points are
proportional to the effective energy barrier; cobmde: red - literature, blue - present
work, black dashed line - minimum distortion pa#tvieen ideal octahedron and trigo-
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4 Conclusion and Outlook

The achieved results of the two here describedpsojects of heterometallic and het-
erovalent cobalt metallacoronates provide significntributions to the areas of metal-
lacrown chemistry as well as single-molecule magnebased on virtually magnetical-
ly isolated transition metal ions and have simwdtarsly proven the high capability of
both new developed strategies to exploit the disished features of 12-MC-4 transi-
tion metal complexes for the research on singleegwdé magnets.

The first 3d heterometallic 12-MC-4 metallacoronat€u(ll)(DMF)Cly[12-
MCreannshir4](DMF)4 has been designed according to a novel magne®ctdr ap-
proach and synthetically realized. Causing a high-ground state of approximately S
= 11/2, the new developed concept accomplishestéasion to overcome the common
mutual cancelation of the spins in 12-MC-4 compteaead therefore achieves the ful-
fillment of an essential requirement for SMM belwaviHere, the central Cu(ll) ion as
the magnetic director enforces a more parallehalignt of the high single-ion spins of
Fe(lll) ions in the cyclic host via strong antifemagnetic interactions. The still missing
signs of slowed relaxation might be triggered fog toncrete example via a additional
synthetic manipulation of the molecular configuratand the coordination environment
of the Fe(lll) ions. For that purpose, these messyrovide the potential to fine-tune
the energetic order and separation of the spiestatd especially achieve a negative
magnetic anisotropy as second necessary conditttmexchange of the ring metal ions
by species which are more capable for strong siloglecontributions to the magnetic
anisotropy like Mn(lll) ions remains a promisingskafor future work. However, the
novel developed magnetic director approach haslgleavealed its general potential to
overcome the intrinsic handicap of the connectipidgtern of the coupling pathways in
the 12-MC-4 clusters and to attain a high-spin gebstate in spite of antiferromagnetic
coupling. Therefore, it represents a uniquely terggrocedure to turn 12-MC-4 metal-
lacoronates and other pseudo-star-shaped compiete@siovel multinuclear single-
molecule magnets with valuable features for cungntes in SMM research.

On the other side, the first cobalt complexes effitoneering ligand salicylhydroxamic
acid have been established and the richness athémistry of this compounds class
has been explored with the help of eight variedvgdas. In that respect, rare or com-
pletely unknown structural features have been eksklike central vacancy, reverse of
the sequence of the characteristic repetition upispendicular and partial tilting of
salicylhydroximate ligands out of the least-squalene of the metal ions, variable ar-
rangement of the bridging ligands relative to eanld the complexation of additional
cations via peripheral donor atoms of the metafiacate as supramolecular ligand.
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These singularities can be ascribed to combinaifoa non-degeneracy of thé bw
spin ground state in an octahedral environmenttferCo(lll) ions in the ring and the
flexibility of the central Co(ll) guest ion conceng the shape of its coordination
sphere. Due to the simultaneous discovery of thglesimolecule magnetic behavior of
some examples of the Co[12-M&inshi-4] compounds based on the virtually mag-
netically isolated Co(ll) ion at the core, the rgoized structural versatility is assigned
to an even greater functional relevance. As thiécstsad dynamic magnetic properties
of divalent high-spin cobalt ions are strongly etated with their coordinative envi-
ronment, the opportunity of a precise synthetictcdrover the shape of the coordina-
tion spheres in the novel cobalt coronates provalesique foundation for their sys-
tematic investigation and optimization. For thatgmse, the bridging and secondary
ligand as well as the peripheral attached additioagons have been identified and ap-
plied as synthetic tools for the engineering of tegnetism of the central guest ion via
its coordination sphere. The cyclic scaffold of tleav cobalt metallacrowns has hence
established as a versatile interface to SMM featb@sed on a virtually magnetically
isolated Co(ll) ion by the realization of three mbsgingle-molecule magnets with ener-
gy barriers of 14, 35 and 79 K. While the effectgjoantum tunneling and the direct
process are evident from the field dependence efr¢taxation times at low tempera-
tures, a significant importance of the Raman relargrocess was determined at mod-
erate to high temperatures for a sample of Co(DYPiv)[12-MCcoynshi-4](PicC)e.
Not until the highest relevant temperatures abdvdd® the applied measurement set-
up, the Orbach process takes over as dominantateaxmechanism for this compound
of the series with the highest energy barrier. kammore, a field induced transfer from
a faster to a by magnitudes slower relaxation payhean be observed for the SMM
with the smallest barrier and its investigationresents an interesting task for future
work. Magneto-structural correlations reveal anréase of the height of the energy
barrier along the interconversion pathway from ataeloedral to a trigonal prismatic
coordination sphere and therefore confirm the gatkof the latter shape for the crea-
tion of high-performance single-molecule magnetsese findings indicate the high
capability of the here developed platform for tretablishment and refinement of a
comprehensive model of the single-molecule magmets virtually magnetically iso-
lated Co(ll) ions as a current hot topic in magrgtemical.

Giving a final outlook beyond the above outline@ajrscopes of the two basic strate-
gies, the first steps towards the exploration ofillarof next generation metallacrown

ligands are depicted in the following. These prevatiditional donor atoms which are
linked to the actual main ligand fragment via fldgi spacer groups like alkyl chains.
Due to its less preorganization, the upgrade doepmevent the formation of the basic
metallacrown motif but hold the potential to cohtitee selectivity for different guest

ions as well as their number and position, thecsiele of secondary ligands, the molec-
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ular configuration of the cyclic host, the attacminef additional cations and the inter-
molecular linkage. In that respect, the changehefamount of anionic charges, steric
effects and the degree of spatial flexibility inpdadence of the spacer represent the
envisioned effective forces of the interferencem8 of these aspects can be recognized
from a first example of an early stage result. &o,anthranilhydroxamic acid armed
with an ethyl-spacered carboxylic acid moiety hasrbprepared and applied for the
evolution of a heterometallic metallacrown. Whihe tregular cyclic host is formed by
the rigid donor sets and Cu(ll) ions, the flexiblysociated carboxylate groups in coop-
eration with the charge balance give rise to a dexgbion of two Mn(ll) guest ions
above and below the least-square plane of the nogtslbecause the spacer admits two
of these moieties to function as monodentate bmgl¢jgands. Simultaneously, the pe-
ripheral scaffold significantly deviates from plaitya and the guest ions are only coor-
dinated by three of the central hydroximate oxydenor atoms each. The remaining
spacered moieties additionally link the coronatthweidjacent clusters. Hence, this ex-
emple demonstrates the enhanced control of therghaj@ next generation ligands and
distinguishes the latter as powerful upgrade ofdaeability of metallacrowns for the
targeted generation of advanced magnetic materials.

Figure 1 anthranilhydroxamic acid armed with an additioetyl-spacered carboxylic
acid as example of a next generation metallacrogand (left) and molecular structure
of a first corresponding heterometallic metallac@ate (right); color code: light blue -
Cu(ll), orange - Mn(ll), red - O, dark blue - Nabk - C






