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A one-pot open-air reaction of manganese powder with iron(i) chloride in DMF solution of the Schiff
base (H,L) formed in situ from salicylaldehyde and hydroxylamine hydrochloride yields the heterometallic
complex [Fe4(us-0O)4Mny(L)g(DMF)4]-2DMF (1). Single crystal X-ray analysis shows that its molecular struc-
ture is based on the octanuclear core {FesMn4(p4s-0)4(u-0O)4} with a quite rare molecular structure type
{Mg(p4-X)4(p-X)4}, where the central cube-like iron motif is modified with four terminal manganese frag-
ments, the whole core being presented as the {Fe4(ps-O)4} + HMn(u-O)} combination. Using the data
from the Cambridge Structural Database (CSD), an analysis of the octanuclear structures with similar
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central {M4(u4-X)4} fragments was performed. The hierarchical order of molecular structure types with
the general formula MgX,, for such compounds was proposed and the topological features as well as the
factors that influence the molecular type formation are discussed. Variable-temperature (1.8—-300 K) mag-

www.rsc.org/dalton netic susceptibility measurements reveal an antiferromagnetic coupling among the magnetic centres in 1.

Introduction

Sophisticated topologies and intriguing physico-chemical pro-
perties are the relevant factors which determine a continued
interest in high nuclear coordination compounds. High sym-
metry complexes possessing close-packed metal cores are
within the most interesting objects in this field." Moreover, by
introducing few different metals into one molecule, it is poss-
ible not only to affect the complexity and structural diversity of
the resulting heterometallic assembly but also to influence its
spin ground states, magnetic anisotropy, exchange interactions
and other magnetic properties.'®> Besides, a combination of
different metal centres within one complex can lead to un-
common physico-chemical properties.> This provides a back-
ground for building novel structure-property correlations.
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The majority of high nuclear complexes with close-packed
cores have been prepared via the spontaneous self-assembly of
metal ions and relatively simple ligands.™* This approach can
lead to sophisticated coordination assemblies using non-labor-
ious one-step protocol. However, in spite of the synthetic sim-
plicity of such a method, it shows quite a low efficiency (yield
of successful syntheses within the range of screened con-
ditions) on account of considerable unpredictability. Although
a huge number of high nuclear complexes has already been
obtained, the exact structure and composition of the final
product are hardly or, most commonly, completely not predict-
able before their isolation. Furthermore, the synthesis of
heterometallic high nuclear complexes by spontaneous self-
assembly is an even more complicated task, because the
increasing number of initial reagents leads to a greater variety
of their possible combinations. Therefore, there is a need for
the study of synthesis-structure correlations in the self-assem-
bly of poly- and high-nuclear species, as well as for the estab-
lishment of clear and definite classifications of their
coordination cores.

In pursuit of our interest on the synthesis and investigation
of high nuclear coordination compounds, we have expanded
the classical spontaneous self-assembly approach and success-
fully applied the “direct synthesis of coordination compounds”
method for the preparation of novel complexes.” The relevant
features of this strategy are simplicity and “straightforward”
formation of a complex high nuclear structure “directly” (upon
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one experimental stage) from metal powder(s). Using such con-
ditions we have already obtained a series of uncommon
heterometallic high nuclear CujFe}",> Coy'Fey",® Coj Fef",°
and Coj"Fe)'” compounds with Schiff base aminoalcohol
ligands®”’ and determined the main factors responsible for
the molecular structure type formation. Furthermore, we have
shown that the synthesized complexes reveal an exceptionally
high catalytic activity in the oxidation of cyclohexane with
hydrogen peroxide under mild conditions, as well as an inter-
esting magnetic behaviour.>” In the current work, we have
investigated the interaction of manganese powder and iron(i)
chloride with an in situ formed Schiff base 0,0,N-ligand that
afforded the novel octanuclear [Fe,(p4-0),Mny(L)g(DMF),]-
2DMF (1) coordination compound with an extremely rare type
of molecular core, now observed for the first time for a hetero-
metallic transition metal complex. The synthesis and magnetic
investigation of 1, as well as a discussion concerning its mole-
cular structure type formation and analysis of octanuclear
crystal structures having MgX,, cores with the general {M,(j,-
X),} fragment are also reported.

Results and discussion
Synthesis and spectroscopic analysis

The condensation of salicylaldehyde and hydroxylamine
hydrochloride in a basic (triethylamine) medium in DMF
afforded the in situ formation of the Schiff base H,L
(Scheme 1). The manganese powder and iron(u) chloride were
added to the solution of H,L in the same reaction vessel and
the reaction was brought to completion by heating and stirring
until the total dissolution of manganese was observed
(approximately 1 h). Dark-red microcrystals of 1 that showed
analytical data consistent with the Fe(m) : Mn(ur) = 1: 1 stoichi-
ometry were formed within six months after the addition of
'PrOH and Et,O into the resulting solution. Complex 1 was the
unique product obtained from the reaction mixture. Reactions
performed in DMSO or CH;CN (typical solvents for the direct
synthesis conditions®) did not afford any isolated product.
When CH;OH was employed as a solvent, a homometallic
compound of manganese was the only product. Single crystal
X-ray analysis disclosed its trinuclear structure with the
formula [Mn;OCl,(L;)(CH;0H),(H,0),]-H,0.® The general reac-
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tion of formation of 1 can be written as follows:

4Mn° + 4Fe"'Cl, - 4H,0 + 8H,L - HCI 4 16Et;N + 40, + 6DMF
— [Fe"(j1,-0),Mn}' (L) (DMF),] - 2DMF + 16Et;N - HCI
+ 20H,0

Single crystal X-ray analysis (see below) shows that the mole-
cular core of 1 {Fe,Mn,(p,4-0)4(p-O)4} can be viewed as a central
cube-like iron motif {Fe,(n,;-0)sf supplemented with four
manganese fragments {Mn(p-O)}. According to the Cambridge
Structural Database (CSD),’ cube-like {M,(ju;-X),} (M = metal
atom, X = bridging atom) is the most widespread molecular
structure type for tetranuclear coordination compounds. Among
them there are a lot of complexes of iron with Schiff base
ligands."® Therefore, one could assume that the formation of the
core of 1 starts from the assembling of the iron cube-like struc-
ture formed prior to the dissolution of the manganese powder:

4FeCl, + 4H,L + 4DMF — [Fe4(L),(DMF),] + 8HCI

Such reactions are known to proceed with high yield under
mild conditions with the Schiff bases formed from salicylalde-
hyde and simple aliphatic aminoalcohols, such as ethanol-
amine.'® However, the behaviour of H,L is known to be
considerably different due to the absence of the -CH,CH,OH
arm, which allows the formation of stable chelates. The known
products of the interaction of iron salts with H,L are tetra-
nuclear cores with a distorted geometry, where the oxime
group serves as a bridge (M-N-O-M):"*

4Fe"'Cl, + 8H,L + O, — [Fel'(L),(HL),] + 8HCI + 2H,0

The tetranuclear compound with such a structure is a pre-
sumable intermediate in the formation of 1. It should be
noted that further growth of the nuclearity towards the octa-
nuclear iron core [Feg(L)g], similar to that in 1, can be sup-
posed as an unfavourable process, which requires harsh
(solvothermal) or specific (microwave synthesis) conditions."
Due to gradual oxidation of Mn® powder, the equilibrium con-
centration of “free” manganese ions in the reaction mixture
should be quite low: Mn" and Mn" ions are very labile and
easily participate in substitution coordination reactions. Thus,
all the manganese ions should readily react with excess of the
ligand and iron intermediate to form complex 1:

Mn° + H,L + [Fel™(L),(HL),] + O, — 1

The IR spectrum of 1 in the 4000-400 cm™" range shows a
very strong band at 1598 cm™" which is assigned to 1(C=N) of
the Schiff base ligand. The strong peak at 1647 cm™" and the
shoulder at 1668 cm™" are attributed to ©(C=0) the vibrations
of coordinated and solvate molecules of DMF, respectively.

Crystal structures

The single crystal X-ray analysis reveals that 1 (Fig. 1) features
the octanuclear core {Fe,Mn,(j14-0),(p-O)4}, belonging to the
{Ms(psX)a(p-X)s} (M = metal atom, X = bridging atom) mole-
cular structure type (MST). This MST is obtained excluding all

This journal is © The Royal Society of Chemistry 2015
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(@) (b)

Fig. 1 Molecular structure of 1 in the ball-and-stick representation (a)
and the central part of 1 with atom numbering (b) where non-hydrogen
atoms are shown as 40% ellipsoids. The hydrogen atoms and carbon
atoms in (b) are omitted for clarity. Colour scheme: Fe, olive; Mn, violet;
O, red; N, blue; C, light grey.

non-bridging non-metal atoms of the coordination core of the
complex. The whole core {Fe,Mn,(,-O)y(p-0),} can be
described as a cube-like iron structure modified with four
terminal manganese fragments {Fe,(j,-O)s} + 4{Mn(u-O)}
(Fig. 2).

All Schiff bases H,L in the structure are doubly deproto-
nated and show tridentate coordination (N,0,0) in two
different modes (Scheme 2), thus being responsible both for
the molecular structure type formation and for the metal ion
charge compensation. Compound 1 contains two crystallo-
graphically independent iron(u) metal ions, Fe(1) and Fe(2),
and two independent manganese(m) atoms, Mn(3) and Mn(4),

(@) (b)

Fig. 2 The ball-and-stick (a) and polyhedral (b) representations of the
octanuclear {FesMny(p4-O)4(p-0)4} core in 1. Color scheme: Fe, olive;
Mn, violet; O, red.
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each having a distorted octahedral environment with an OsN
donor set. In contrast to the iron(u) atoms, the coordination
spheres of the manganese(m) ones also involve the oxygen
atoms from coordinated DMF molecules. The Fe-O(N) bond
lengths range from 1.921(5) to 2.265(5) A, while the Mn-O(N)
distances vary from 1.865(4) to 2.279(5) A (Table S11). The O
(N)-M-O(N)qns angles lie in the range of 149.15(18) to 162.1
(2)° for iron(mr) and 165.4(2) to 176.4(2)° for manganese(i).

A huge variety of high nuclear coordination compounds
has been reported and their number continues to grow."* In
this broad field of coordination chemistry, the comparison
and classification of the newly prepared compounds can be a
complicated task. Often, identical compounds from the topo-
logical point of view are drastically different from the chemical
one. An even more difficult task is to predetermine and predict
the final structure of the high nuclear assembly. The idea that
the majority of the crystal structures of high nuclear complexes
can be covered by the limited number of molecular structure
types, where the MST is seen as a set of topologically identical
M.X; combination (M = metal atom, X = bridging atom),"*
can be not only helpful in the classification of such com-
pounds but also can result in an impressive progress in their
targeted synthesis. Bearing these ideas in mind, we continued
to investigate the properties of molecular structure types of
newly obtained high nuclear complexes and compared our
data with the statistical ones obtained from the CSD.

The MST {Mg(ps-X)a(p-X)s} observed in 1 is found to be
rather rare, according to the CSD. The CSD contains ca. 600
records of the octanuclear complexes and, among them, only 4
structures with the same MST as in 1 are found.'® Moreover,
compound 1 represents the first example of a heterometallic
transition metal complex possessing such a MST.

Trying to find a topological place of 1 in the group of octa-
nuclear compounds, we chose complexes similar to 1 with a
cube-like central fragment {M,(,-X),} modified with terminal
metal-containing groups. Analysis of CSD data shows that only
57 hits of such a type are found. The carbonyl (M-C-O) and
the organometallic (M-C-C) compounds, as well as coordi-
nation polymers and polyoxometalates, were excluded accord-
ing to the search conditions. We succeeded in building a
hierarchical order of these complexes, which includes 4
different MSTs, distinguished from each other by the number
of p-X bridging atoms (Fig. 3).

The first and simplest member of this row is the MST
{Mg(1s-X)s} (a), where four terminal metal atoms are co-
ordinated by each bridging atom of the cube fragment (Fig. 3).
This type of compound is the most abundant and includes
complexes of two categories - unsupported, where terminal
metal atoms do not have any additional coordination (20 hits
in CSD), and supported, where terminal metal atoms are con-
nected with metal atoms from the cube through the bridges
M-X-X----M (22 hits, the search includes hits with 2, 3 and 4
bridging X atoms in the terminal fragments) (Fig. 4). In the
majority of the second type crystal structures, the supporting
bridges are carboxylate and pyrazole-containing ligands. The
presence of such additional bridges is essential for the com-
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+4X +4X +4X
{Mg(4-X)} == {Mg(h14-X) 5(H-X) g} {Mg(14-X)4(-X)gh=> {Mg(Hs~X)a(b3-X)2(H-X)10}

(Y

(a) (b)
44 hits 4 hits

—

(c2)
4 hits

Fig. 3 Hierarchical order of MSTs MgX,, for octanuclear complexes with
the similar cube-like central fragment {M4(p4-X)4}, modified with term-
inal metal-containing groups and distribution of known complexes
according to CSD.

An unsupported core
{Mg(H4-X)4} (a)

(@) {Mg(Hs-X)a}

A supported core
{Ms(s-X)4} (@)

Fig. 4 Examples of complexes belonging to unsupported (exemplified
by [MesSnOZnMel,)*® and supported (exemplified by [Co4Col'(js-
0)4(p-02CPh);5(CoHsOH)4]-3C3sHO-C,HgO)Y  types of the of MST

{Mg(p4-X)4} (a).

pounds of transition metals which allow a wide range of geo-
metries and coordination numbers, while the unsupported
{Mjg(ps-X)4} type is common for complexes of p-metals.

The addition of four bridging atoms to MST {Mg(s-X),} ()
(Fig. 3) affords the MST {Mg(jLs-X)a(p-X)4} (b), found in complex
1 and in some reported O-bridged Mng,"**¢ Feg'*” and Se-
bridged Mn,Li, **? clusters. It should be noted that all known
octanuclear compounds with this MST show the same geo-
metrical configuration (b1) (Fig. 5), although one of them
could reveal the existence of the other topology (b2), which has
no examples in the CSD yet. Obviously, the formation of com-
plexes with the same MST but with a different geometrical con-
figuration, at the least (b2), is also possible. One can suggest
that for the construction of such compounds, rigid and bulky
ligands could be used simultaneously, which are successfully
employed in the synthesis of complexes with MST (c) with a
similar type (c2) of structural configuration.

The next MST {Mg(js-X)4(1-X)s} (¢) (Fig. 3) can be formed by
the addition of four more bridging atoms to the MST (b).
According to CSD, this MST includes examples of two pre-
dicted geometrical configuration (c1 and c2). The first type (c1)
contains two pairs of terminal groups fasted to the two oppo-
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((2))] (b2)

Fig. 5 The polygonal representation of known (bl) and the suggested
(b2) structure configurations of the MST {Mg(us-X)4(u-X)4} (b) (see the
text).

site faces of a cube-like central fragment. Such configurations
are observed in two bismuth complexes, in which crystal struc-
tures display dimeric units formed by two tetrametalated calix-
arenes.'® In the second type (c2), four terminal groups
sequentially coordinate to four neighbouring faces. This type
of geometrical configuration is reported for [(CaO),
4(THF);Cal,],"’ [MgTaO(OBu-1)s(n-BuOH)]4,*° [{FeCl-
(H,L)}4Fey(1s-0),Cly] (H,L = N[(CH,CH,NH,)(CH,CH,OH)-
(CH,CH,CH,OH)]*' and [VgO,(4,4-"Bubpy),]*> octanuclear
complexes.

The MST {Mg(1s-X)s(3-X)2(1-X)10} (d) (Fig. 3) is observed
only in three Ti,Ba, crystal structures> > and it is the most
complex one since it is formed using 16 bridging atoms. A
determining role in the formation of such structures conceiva-
bly is the ability of Ti and Ba to show high coordination
numbers, supported by the small size of coordinated iso-
propanol ligands.

Looking at the hierarchical order of the octanuclear MSTs
a-d (Fig. 3), observed from the CSD, one may notice that brid-
ging atoms X are always added “four-by-four”: from the sim-
plest MgX, (a) to the most complex MgX;6 (d). Therefore, the
general formula of the MSTs of this series can be written as
M;gX,, (n = 1-4). These MSTs possess the highest possible sym-
metry for each case, from cubic type a (T4) to monoclinic d (C,)
(Fig. 3). The elimination of even one X atom from the 4n com-
plete set of bridging X atoms (non-MgX,,, MST) would result in
a lower symmetry, in general. No structures belonging to non-
M;X,,, MSTs have been found in the CSD, although there are no
obvious geometrical or topological restrictions for their exist-
ence. These observations, as well as previous statistical studie-
s'@*714 on the CSD, point to the assumption that poly- and
high-nuclear species tend to form symmetrical cores (MSTSs).

Magnetic properties

Four Fe(m) and four Mn(m) high-spin centres in the molecule
of 1 result in a limiting value of the dimensionless product
function

)(T/Co(HT) = 4gFeZSFe(SFe + 1)/3 + 4gMn23Mn(sMn + 1)/3 (1)

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Magnetic functions for 1. Left — product function, right — mag-
netization per formula unit, inset — molar magnetic susceptibility
(Sl units, ¥(SI) = y(cgs emu) ( 4x x 107°).

which amounts to 78.7 when sge = 5/2, sSmn = 2, and all g =
2.0 (Co = Napous>/kgs contains universal physical constants in
their usual meaning). On cooling, the product function gradu-
ally decreases from its room temperature value of y7/C, =
128 to the value of 5.3 at T = 1.9 K (Fig. 6) and down to 2.0 K;
the molar magnetic susceptibility only increases showing no
maximum. This feature indicates a dominating antiferro-
magnetic coupling among the magnetic centres through a deli-
cate balance with several coupling constants that could reveal
that the state of the highest spin is not the highest in energy
and also the state with S = 0 may not be the lowest in energy.
The abnormal room-temperature value of the 7 product may
arise due to several reasons: increased g-factors, high tempera-
ture-independent (para)magnetism, spin delocalization in the
d*d*d*d*d’d®d>d’ system, and a local Jahn-Teller effect on Mn
(m) centres. Also a non-isotropic exchange interaction (the
asymmetric and antisymmetric exchange) can be applied and
in such a case the spin is not a good quantum number any
longer.

The molar magnetization per formula unit possesses the
saturation limit M; = Mp,o/Naptg = 4greSre + 4ZMnSvn Which
yields M; = 36 for Sp.x = 18. The measured magnetization
adopts a value of only M; = 2.5 at 7= 2.0 K and B = 7 T. This
reduction is a fingerprint of the antiferromagnetic exchange,
eventually combined with the single-ion anisotropy. The Fe(i)
centres could be considered as isotropic (gge ~ 2.0, Dge ~ 0),
while the Mn(m) ones are slightly anisotropic (gvn < 2.0,
|Dain| > 0).

The number of magnetic energy levels in complex 1 is N =
6* x 5% = 810 000; the number of spin states at zero magnetic
field with Mg = 0 is N, = 71 346. The numbers of states for Spin
= 0 until Sy = 18 are 1650, 4735, 7221, 8844, 9500, 9250,
8290, 6890, 5326, 3829, 2555, 1576, 892, 458, 210, 84, 28, 7,
and 1. These numbers represent the dimensions of blocks for
which the eigenvalues need to be evaluated. The complication
arises from the fact that the Zeeman term mixes the states of
different spins. This complexity prevents a fitting of the mag-
netic data for 1 at present.

This journal is © The Royal Society of Chemistry 2015
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Conclusions

We have successfully applied the direct synthesis approach for
the preparation of the novel octanuclear Fe™Mn™" Schiff base
complex 1. Its crystal structure reveals the uncommon {Mg(p,-
X)4(p-X)4} type of molecular core, the formation of which is
discussed and the analysis of octanuclear structures with the
similar central {M,(p4-X),} fragment is performed. It has been
demonstrated, by means of the search via the Cambridge
Structural Database, that the molecular structure type of 1
belongs to a family of MgX,, MSTs, (where n = 1-4), which
differ one from another by four bridging X atoms. The topolo-
gical study reveals the presence of one more possible mole-
cular structure type of this series (a topological isomer of the
MST of 1), which still has no examples in the CSD. The
obtained data lead to the assumption that the more symmetri-
cal coordination cores (MSTs) are favoured over the less sym-
metrical types, at least within the studied row of complexes.
This assumption is important in terms of developing a
concept of a predictable self-assembly synthesis of high-
nuclear complexes, especially those with close-packed mole-
cular cores. The magnetic investigations of 1 disclose an anti-
ferromagnetic coupling between the paramagnetic centres.

Experimental section
General

General: All chemicals were of reagent grade and used as
received. All experiments were carried out in air. Infrared
spectra (4000 — 400 cm™') were recorded on a BX-FT IR
“Perkin Elmer” instrument in KBr pellets.

Synthesis of [Fey(p,-0),Mn,(L)s(DMF),]-2DMF (1). Salicyl-
aldehyde (0.27 cm®, 2.5 mmol), hydroxylamine hydrochloride
(0.174 g, 2.5 mmol) and triethylamine (0.7 ml, 5 mmol) were
dissolved in DMF (25 cm®) in this order, forming a yellow solu-
tion which was magnetically stirred at 50-60 °C (10 min).
Then, manganese powder (0.069 g, 1.25 mmol) and
FeCl,-4H,0 (0.249 g, 1.25 mmol) were added to the hot yellow
solution of the ligand and the system was magnetically stirred
until the total dissolution of manganese powder was observed
(1 h). A dark-red solution was obtained at the end of the reac-
tion. X-ray suitable microcrystals of 1 were formed within six
months after the addition of 'PrOH and Et,O into the resulting
solution. Yield: 0.1 g, 16%. Anal. calc. for C,4Hg,Fe,;Mn,N;,0,6
(M = 2026.70): C, 43.86; H, 4.08; N, 9.68; Fe, 11.02; Mn,
10.84%. Found: C, 43.4; H, 4.0; N, 9.3; Fe, 11.8; Mn, 11.1%.

Crystallography

Crystal data for 1: C,,Hg,Fe,Mn,N;,0,6, M = 2026.70, monocli-
nic, P2/c, a = 16.509(2) A, b = 11.1843(17) A, ¢ = 27.176(4) A, f =
122.487(10)°, V = 4232.6(10) A*, Z =2, deare = 1.590 g sm™", pu =
1.326 mm™", F(000) = 2072. 33 908 reflections (7469 indepen-
dent, R, = 0.155) were collected on an “Xcalibur-3” diffracto-
meter (MoK, radiation, CCD-detector, graphite
monochromator, w-scanning, 26y, = 50°). The empirical
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absorption correction was provided with a multi-scan method
using spherical harmonics, implemented in the SCALE3
ABSPACK scaling algorithm of the CrysAlisPro program
package (Timin = 0.970, Tiax = 1.000).>° The structure was
solved by direct methods and refined against F* within the ani-
sotropic approximation for all non-hydrogen atoms using the
OLEX2 program package’” with SHELXS and SHELXL
modules.”® All H atoms were placed in idealized positions and
constrained to ride on their parent atoms with Uss, = nUeq (1 =
1.5 for CH; groups and n = 1.2 for other H atoms). During the
refinement, bonds in the solvent DMF molecule were con-
strained to have fixed values (1.25 A for 01S-C1S, 1.35 A for
C1S-N1S, and 1.45 A for N1S-C2S and N1S-C3S) to be within
0.01 A. Also, anisotropic thermal parameters of all non-hydro-
gen atoms in this molecule were restrained to be approxi-
mately equal within 0.02 A%, The final refinement converged at
WR, = 0.152 for all 7391 reflections (R, = 0.071 for 3849 reflec-
tions with F > 46(F), S = 0.92). CCDC 1049390.

Magnetic measurements

The magnetic data were obtained with the SQUID apparatus
(MPMS-XL7, Quantum Design) using the RSO mode of detec-
tion. The susceptibility measured at B = 0.1 T has been cor-
rected for the underlying diamagnetism and converted to the
effective magnetic moment. The magnetization has been
measured at two temperatures: 7= 2.0 and 4.6 K.
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