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Synthesis strategies for highly condensed {Fe;;} and {Fe;¢} pivalate
clusters have been developed based on archetypal geometrically
frustrated triangular {Fe;(13-O)} motifs that are interlinked via oxo,
hydroxo, ethoxo, and carboxylate groups.

High-nuclearity transition metal coordination clusters receive
considerable attention due to their magnetic properties and
their possible technological application in high-density mag-
netic storage devices, quantum computing and spintronics.' In
most cases the synthetic methods towards such high-nuclearity
clusters are not straightforward and final products cannot be
predicted. Following up on our work on the design of high-
nuclearity iron oxo-carboxylates’> we have been interested in
developing different synthetic approaches to this type of ferric
clusters, including their similarities to concepts of molecular
metal oxide cluster chemistry, and report here the synthesis,
structure and magnetic properties of a series of undeca- and
hexadecametallic Fe'" pivalate clusters, namely the undecanuc-
lear clusters [Fe;;06(OH)(0,CCMes)i5] (1) and [Fe;;04(EtO)o-
(0,CCMe3);,] (2) [2:1.5CH,Cl,-MeCN], and hexadecanuclear
clusters [Fe;60;3(EtO)s(0,CCMes);6] (3) [3:0.25thf and 3-3thf].
Over the past two decades several successful attempts have been
made to prepare {Fe;}- and {Fe;¢i-type carboxylate clusters:
Lippard et al.**? reported the first oxo-hydroxo benzoate-based
{Fey1}, [Fe;106(0OH)s(O,CPh);s], in 1986 starting from simple
iron salt, sodium benzoate and a defined amount of water
present in the reaction mixture. Using other carboxylate brid-
ging groups, 3-(4-methylbenzoyl)-propionic or tert-butylacetic
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acids, Winpenny et al.**° designed undecanuclear cages with a
similar {Fe;;04(OH)c}'>" core: here again the synthetic pro-
cedure involved the employment of a simple hydrated iron
nitrate salt or heating a trinuclear iron carboxylate starting
material under an inert atmosphere at 300 °C. Moreover, the
solid-state decomposition of pre-formed polynuclear species,
in particular hexanuclear iron carboxylates, into [Fe;;O¢
(OH)s(0O,CR);5] (R = Ph, 2-MePh, 3-MePh) complexes has been
further developed.” Another successful approach for the syn-
thesis of undecametallic ferric complexes that was used by
several groups® employs different chelating and bridging poly-
alcohol ligands together with carboxylates. This led to the for-
mation of clusters with new metallic core topologies, some of
which exhibit single-molecule magnet characteristics.**” The
same strategy was used for preparation of {Fe;¢}-type com-
pounds; previously reported examples feature: a wheel-shaped
structure¥* and a cluster with a {Fe;6019(OH),}**" metallic
core.” All these {Fe,¢} compounds were prepared by the reaction
of Fe'" precursors with polyalcohol ligands under ambient con-
ditions. Herein, we demonstrate easy and convenient routes
(Scheme 1) starting from ps-oxo trinuclear species to yield a
series of high-nuclearity, charge-neutral ferric clusters.

=\
(

diffusion
CH,Cl,/MeCN

k)

N b@c Fe602(0H)2 )
I V@ [ ! [Fe;;04(OH)q| 1
L = EtOH '
solvothermal synthesis CH,Cl,/MeCN
L { i
Fe30} 4’0, &‘\

[ Fe 1 06(EtO), }

fo&
.P,,
e,
[Feg0p3)

Scheme 1 Synthesis routes to {Fe;1}- and {Fe;c}-type clusters.
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The oxo-hydroxo {Fe;;} complex 1 was prepared in good
yield (80%) by slow diffusion of MeCN in a CH,Cl, solution of
[FesO,(OH),(0,CCMe3);,]. Direct solvothermal heating of a
ps-oxo trinuclear pivalate cluster compound, [Fe;O(O,CCMejs)e-
(EtOH);]NO;-EtOH (4) in a 1:1 mixture of CH,Cl,-MeCN
at 120 °C for 4 hours yields the oxo-ethoxo {Fej;} cluster
2-1.5CH,Cl,-MeCN.

Single-crystal X-ray diffraction analysis showed that 1 crys-
tallizes in the monoclinic space group P2,/c and the unit cell
contains two crystallographically independent neutral
[Fe;106(OH)s(0,CCMejy);5] clusters [structural units A and B]
with a metallic {Fe;;04(OH)s}'*" core similar to mentioned-
above {Fe,;} clusters.>** Complex 2-1.5CH,Cl,-MeCN contains
a neutral [Fe;;04(EtO)o(0,CCMe3);,] cluster and crystallizes
with 1.5 molecules of CH,Cl, and one molecule of MeCN per
formula unit in the triclinic space group P1. The geometry of
the Fe;, substructure in the metallic core of 1 can be best
described as a distorted pentacapped trigonal prism (Fig. 1).
The two triangular faces of the prism, which are equilateral
Fe; triangles [A: Fe2, Fe6, Fe8 and Fe3, Fe5, Fe9; B: Fel9, Fel6,
Fe22 and Fel8, Fel5, Fel3, Fig. 2], are twisted by an angle of
17.99(8), 19.16(8) and 18.22(8)° (average 18.46°, A), and
18.57(10), 17.93(9) and 18.77(9)° (average 18.42°, B). Two Fe

Fig. 1 The distorted pentacapped trigonal prismatic arrangement of Fe
atoms in the metallic core {Fe;;06(OH)g}*>* of 1 (left — unit A, right —
unit B).
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Fig. 2 (a) The propeller-like structure and a polyhedral representation
(top left) of the Fe;; metallic core with five-coordinated (pink) and six-
coordinated (light blue) Fe atoms in 2:1.5CH,Cl,:MeCN. H atoms, Me
groups and solvent molecules are omitted for clarity. Color scheme: Fe,
green spheres; C, grey; O, red sticks; O atoms of the coordinated EtOH
molecules are shown as yellow sticks. (b) The assembly of the giant
truncated tetrahedron of 12 atoms of Fe with the incorporated smaller
Fe4 tetrahedron (pink) showing the arrangement of the 16 Fe sites in 3.
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centers [Fe1l and Fe10 (A), and Fe20 and Fe21 (B)] cap the tri-
angular faces, whereas three other Fe atoms [Fel, Fe4 and Fe7
(A); Fe12, Fe14 and Fel7 (B)] each cap one of the rectangular
faces of the prism. Each Fe atom is in +3 oxidation state (BVS,
2.89-3.24, Table S31), and has a distorted octahedral environ-
ment. The Fe atoms at the corners of the triangular faces of
the prism [such as Fe2, Fe6 and Fe8 and Fe3, Fe5 and Fe9, etc.]
are coordinated to one p;-O, two p;-OH and three O atoms
from three pivalates. The Fe atoms which cap the rectangular
faces [labelled as Fe1, Fe4, Fe7, etc.] each bind to two pi3-O, two
ps3-OH and two O atoms from two carboxylates, whereas the
central Fe atoms [Fe10 and Fell (A), and Fe20 and Fe21 (B)]
are coordinated to three p;-O atoms and three carboxylate O
atoms (Fe-Oparp, 1.922(1) to 2.126(1) A). The Fe-p;-O distances
are in the 1.876(1)-1.944(1) A range, which are significantly
shorter then Fe-ps-OH distances of 2.017(1)-2.168(1) A
(Table S27).

In contrast to 1, the Fe,; substructure in 2-1.5CH,Cl,-
MeCN, more resembles a three-blade propeller (Fig. 2a). Each
blade consists of 5 Fe atoms: four of them form a Fe, tetra-
hedron and a p;-O atom further bridges the fifth peripheral Fe
ion to the edge of the polyhedron with the formation of an
almost planar {Fes(j5-O)} unit. The central p;-O atoms in each
Fe; unit deviate only slightly out-of-plane: O4 and O5 by
0.034 A, and 06 by 0.076 A. The pairs of Fe atoms that form
the external edges of this triangle unit are additionally bridged
by carboxylate or by carboxylate and ethanolate ligands. As a
result, the Fe---Fe distance (ca. 3.36 A) between the Fe atoms
bridged by only carboxylate is longer than the bond distance
of ca. 2.96 A between Fe atoms connected by pivalate and etha-
nolate ligands. Thus, the metallic core of 2-1.5CH,Cl,-MeCN
includes three flattened polyhedra sharing the central Fe1—Fe8
axis of the core with a shortest Fe---Fe distance of 2.801(1) A.
The three p,-O atoms (01, 02, and 0O3) and three bridging
pivalates link the blades of the propeller. BVS calculations
revealed mean oxidation states of +III for all Fe atoms in
2-1.5CH,Cl,-MeCN [2.99-3.22, Table S3t]. Eight Fe centers
from them adopt distorted octahedral coordination environ-
ment with an Og donor set: the central Fel and Fe8 atoms are
coordinated by three p,-O atoms and three O atoms from three
bridging ethanol ligands; Fe3, Fe5 and Fe7 centres are co-
ordinated by one p,-O and one p3-O atoms, two carboxylate O
atoms and two ethoxy O atoms, and finally, the coordination
geometry of the peripheral Fe9, Fe10 and Fell atoms is com-
pleted by one p;-O atom, one ethoxy O atom, two O atoms
from bridging pivalates and two O atoms from the chelated
carboxylate ligand (Fe-O, 1.881(6)-2.107(6) A, Table S21). The
remaining three Fe atoms [Fe2, Fe4 and Fe6] are five-
coordinated and all adopt a square pyramidal coordination
environment with an O; donor set and tau (r) parameter?
being in the range of 0.04-0.09 (Fig. 2a). The equatorial posi-
tions are occupied by a p,-O atom, an ethoxy O atom and two
carboxylate O atoms (Fe-O, 1.943(6)-2.009(6) A), while the
axial position is ligated by a p3-O atom [Fe-O, 1.812(6)-1.821(6)
A]. The deviation of the Fe atoms from the equatorial plane is
0.349 (Fe2), 0.367 (Fe4), and 0.380 A (Fe6).

This journal is © The Royal Society of Chemistry 2015
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Solvothermal heating of p-oxo trinuclear species in thf or
thf-MeCN solution afforded the largest oxo-ethoxo Fe™ pi-
valate cluster [Fe;5043(EtO)s(O,CCMes)s6] (3) in ca. 50% yield.
In thf-MeCN solution, 3 crystallizes in the monoclinic space
group P2,/c with 0.25 molecules of thf per formula unit, while
crystallization out of a MeCN solution leads to a product with
three thf crystal solvent molecules per formula unit, crystalliz-
ing in the monoclinic space group C2/n. Single-crystal X-ray
diffraction analysis revealed a similar arrangement of 16 Fe
atoms in both complexes, so here we will discuss the structure
of 3:3thf in detail. The metallic core in 3 consists of 16 Fe™
atoms, whose oxidation states were confirmed by BVS
(2.87-3.12, Table S37), bridged by five j1,-O°~ ions, eight p;-0>~
ions, six ethoxy EtO™ groups and additionally linked by 16
bridging pivalate ligands. All Fe™ atoms are six-coordinated
with a distorted octahedral geometry except for Fe5, Fe6, Fe10,
and Fe13 atoms which are five-coordinated with a distorted
square pyramidal geometry (z = 0.14-0.16).* The coordination
sphere of six-coordinated Fe atoms is completed by a p;-O
atom, a p,-O atom, three carboxylate O atoms from three
different pivalates and one O atom from ethanol ligand (Fe-O,
1.897(4)-2.180(4) A, Table S2t). The Fe atoms with a square
pyramidal environment are coordinated by three p,-O atoms
and one p;-O atom of ethanol ligand, that form an equatorial
plane [Fe-1,-O, 1.962(3)-2.039(4) A; Fe—15-O 2.053(4)-2.067(3) A]
and a p;-O atom occupying the axial position (Fe-p;-O,
1.796(4)-1.803(4) A). Thus, the arrangement of Fe atoms in 3
can be approximated as assembly of a smaller inverted Fe,
tetrahedron defined by the square pyramidal Fe5, Fe6, Fel0
and Fel3 sites within a giant truncated tetrahedron forming
by other 12 octahedral Fe sites with four triangular and four
hexagonal faces (Fig. 2b). Note the structural similarity of the
Fe,, substructure to the metal skeleton of the classical poly-
oxometalate {M;,(XO,)} Keggin structure, also of Ty symmetry.
The internal inverted tetrahedron houses a central p,-O atom
(013) and represents an irregular polyhedron with all triangu-
lar faces being isosceles [two shorter Fe---Fe separations of
3.017(1)-3.029(1) A and one long separation of 3.567(1)-3.572
(1) A]. Moreover, the Fe-p,-O-Fe angles within this tetrahedron
range from 100.25(1)° to 130.19(1)°, deviating significantly
from the ideal values of a tetrahedron (109.5°). The giant
truncated tetrahedron also deviates from regular truncated
tetrahedra: all its triangular faces are isosceles with two longer
Fe---Fe distances (3.388(1)-3.423(1) A) and one short Fe---Fe
distance (3.081(1)-3.093(1) A) [Fe3---Fe4, Fe7---Fe8, Fe9---Fe12,
and Fell---Fel2 edges]. The Fe---Fe separations around the
hexagonal faces range from 2.713(1) to 3.543(1) A.

The magnetic susceptibilities of 1-3 were measured on
microcrystalline samples in a 0.1 T field in the 2.0-290 K
range. In addition, the field dependence of the molar magneti-
zation B was determined for fields up to 5.0 T at T'= 2 K.
The ym vs. T plot and the M, vs. B plot (as inset) for 1
and 2-1.5CH,Cl,MeCN are shown in Fig. 3. The molar
susceptibility curve reveals a broad maximum at 30.0 K
(0.51 em® mol™* (1) and 0.53 cm® mol™" (2:1.5CH,Cl,-MeCN)).
In addition, y,T (not shown) exhibits a continuous decrease
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Fig. 3 (a) The y, vs. T plot of 1 (orange dots) and 2:1.5CH,Cl,-MeCN

(blue dots) at 0.1 T; inset: M, vs. B plot for both compounds at 2 K. (b)
The ymT plot of 3-0.25thf (red dots) and 3-3thf (green dots) at 0.1 T.

upon cooling starting at y,7 = 27.1 cm® mol™* K (1) and
29.4 cm® mol™" K (2:1.5CH,Cl,-MeCN) at room temperature.
These values are well below the spin-only (g = 2) value of
48.1 cm® mol™" K expected for eleven non-interacting high-
spin (S = 5/2) Fe'™ ions. Such behavior is characteristic of
{Fe;(p5-O)-type compounds that often display strong antiferro-
magnetic exchange interactions.

Upon cooling, a second characteristic point appears in the
xm Vs. T plot for 1 and 2-1.5CH,Cl,-MeCN: a sharp minimum
at 7 K, most likely due to a paramagnetic impurity, a change of
the ground state under the influence of applied magnetic field
or a mixture of both. In frustrated molecular rings Kozlowski
et al. investigated the ground state of a {Cro}-ring by analyzing
their My, vs. H and y, vs. T behavior.” The investigated {Cro}-
ring shows a similar behavior as the M,, vs. B and y, vs. T
plots for 1 and 2-1.5CH,Cl,-MeCN presented in Fig. 3a. If the
ground state changes within the measured range of the mag-
netic field, an inflection (or intersection®) point appears in the
M., vs. B plot. Such a point is indeed revealed in the powder
magnetization curve close to 3 Nup (see inset Fig. 3a). Thus,
the upper limit of ground state is S = 3/2. In Fig. 3a, the dotted
line corresponds to the theoretical magnetization plot (for 7 —
0) for a S = 3/2 ground state which intersects the M, vs. B

Dalton Trans., 2015, 44, 7777-7780 | 7779
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curve at B = 3.2 T. The intersection point is equal to the inflec-
tion point of the M, vs. B plots of 1 and 2-1.5CH,Cl,-MeCN.
On the basis of the My, vs. B and y,, vs. T behavior and adopt-
ing the work of Koztowski et al.,> we propose S = 3/2 ground
states for 1 and 2-1.5CH,Cl,-MeCN.

In the case of 3-0.25thf and 3-3thf the situation is quite
different because of the even number of magnetic centers. The
obtained data are plotted as y,7 vs. T in Fig. 3b. The y,T
value for 3-0.25thf and 3-3thf decreases steadily with decreas-
ing temperature from 16.5 cm® mol™" K at 290 K to 0.2 cm®
mol ™! K at 2.0 K, consistent with an S = 0 ground state. The y,,, T
value at 290 K is well below the spin-only (g = 2) value of
70.0 em® mol ™" K expected for sixteen non-interacting high-spin
(S = 5/2) Fe™ ions. This behavior clearly indicates strong anti-
ferromagnetic interactions between the Fe™ centers supporting
the assumption of an overall S = 0 ground state. This result is
fully in agreement with those previously reported compounds
for comparable even-nuclearity Fe, compounds, which also
have spin singlet ground state as a result of antiferromagnetic
exchange interactions between adjacent Fe™ ions and resulting
antiparallel arrangement of spins in the cluster.’®

Conclusions

The presented syntheses of {Fe;;}- and {Fe;¢}-type coordination
clusters highlight the role of co-ligands, solvent and reaction
temperature in the described synthesis route that exploits the
possibilities of {Fe™;(ju;-O)}-based condensation reactions. The
facile syntheses produce starkly different high-nuclearity
coordination cluster structures that are highly condensed yet
still retain the archetypal triangular motif. Strong antiferro-
magnetic coupling and spin frustration effects dominate the
magnetic properties, and both singlet (3) and S = 3/2 (1 and
2-1.5CH,Cl,-MeCN) ground states were predicted based on
polycrystalline susceptibility measurements.
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