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Different synthetic routes have been used for the preparation
of a new tetranuclear [Fe ;O,(0O,CCMej)g(bpm)] cluster (1)
and a one-dimensional coordination polymer [Fe O,-
(O,CCMej)g(hmta)], (2) (bpm = 2,2'-bipyrimidine and hmta
= hexamethylenetetramine). For cluster 1, two structural iso-
mers, 1a and 1b-3MeCN, have been found. X-ray crystallo-
graphic analysis showed that all complexes consist of a cen-
tral {Fe4(n3-0)4}®* core. In 1a, metal ions in the core are ad-
ditionally linked by six bridging pivalates as two other pival-

ates and a bpm ligand are chelated to Fe'' ions, whereas in

cluster 1b, metal ions in the {Fe4(p3-0),}3* core are linked by
seven bridging pivalates and only one carboxylate as well as
bpm are chelated to the iron centers. In coordination polymer
2, [Fe,O,(0O,CCMey)g] clusters are bridged by hmta ligands
to form zigzag chains. Magnetic measurements have been
carried out to characterize these complexes and revealed
antiferromagnetic interactions between Fe!!' ions with best-
fit parameters of Jy, = -72.2 (1a) and -88.7 cm™ (1b) for
wing---body interactions.

Introduction

During the last decade, there has been tremendous inter-
est in the synthesis, investigation, and possible applications
of coordination polymers or inorganic—organic hybrid ma-
terials.l'l As they possess unprecedented electrical, optical,
magnetic, biological, and catalytic properties, the coordina-
tion polymers represent strategic and revolutionary materi-
als that find extensive uses in science and nanotechnology.
The fields of possible application include adsorption, stor-
age, separation, catalysis, luminescence, magnetism, and
conductivity. Moreover, with increasing demand for alter-
native sources of energy, the fabrication of new coordina-
tion polymers has been driven by the rapid growth of their
practical use as materials for energy storage and the conver-
sion, storage, and transport of hydrogen, methane, and oxy-
gen.”l Some new research fields have opened in which coor-
dination polymers have been used; they include the develop-
ment of new magnetic coordination polymers due to their
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great potential in the formation of “intelligent” multifunc-
tional materials, magnetic sensors, and magnetic materials,
in particular as future spintronic devices."!

The most promising approach to the construction of co-
ordination polymers based on building blocks is the so-
called bottom-up assembly.[] Coordination polymers can
be designed and synthesized by the choice of appropriate
preorganized metal-ion-containing building blocks and
bridging ligands that differ by size, shape, charge, and func-
tionalities. Transition-metal clusters are versatile building
blocks that can be used for the generation of numerous mo-
lecular magnetic frameworks. Moreover, some of them can
behave as “single molecule magnets” (SMMs)P! and exhibit
slow thermal and quantum relaxation of magnetization be-
low a so-called blocking temperature. However, despite the
characterization of numerous polynuclear clusters, includ-
ing those that exhibit SMM properties, surprisingly little
analogous work has been done to build magnetic coordina-
tion polymers through the linking of high-nuclearity metal-
ion clusters. Networks of metal-ion clusters bridged by ap-
propriate ligands can result in stronger magnetic interac-
tions than what is achievable without such bonding, thereby
resulting in much more pronounced magnetic effects, and
the construction of such materials is currently a challenging
target.

Recently, we have reported the synthesis and characteri-
zation of one-dimensional manganese chain coordination
polymers composed of cluster blocks such as {Mns},
{Mn;0}, and {Mn4O,} bridged by 2,2'-bipyrimidine (bpm)
or hexamethylenetetramine (hmta) ligands to give

Eur. J. Inorg. Chem. 2011, 356-367



Iron(III)-Pivalate-Based Complexes

{{Mn;(O,CCHMe,)s(bpm)]-2EtOH},,  [MnsO,(O,CCH-
Me,)s(bpm)(EtOH),4],,, and {{Mn;O0(O,CCHMe,)s(hmta),]:
EtOH},,.[% Thereby, using a combination of vector coupling
and full-matrix diagonalization techniques, a good estima-
tion of the intercluster coupling strength in the manganese
coordination polymers between both linear {Mns} cores
and p-oxo trinuclear {MnsO} cores, and for which no
model was previously reported, has been given. In continu-
ation of this work, we extended our study on iron polynu-
clear carboxylate systems and present here the synthetic
routes to a new butterfly-like [Fe,O,(0O,CCMes)s(bpm)]
cluster (1) that contains a chelating bpm molecule [this clus-
ter shows two structural isomers (1a and 1b)] and a one-
dimensional coordination polymer composed of [Fe,O,-
(O,CCMes)g] clusters bridged by hmta ligands, namely,
[Fe40,(0,CCMes)g(hmta)], (2). X-ray crystallography and
magnetic measurements have been carried out to character-
ize these complexes.

Only a few examples of iron coordination polymers built
from polynuclear cluster blocks have been reported in the
literature. This includes a zigzag chain coordination poly-
mer [Fe;0(0,CCMe;)s(H,O)(dca)],, in which [Fe;O-
(O,CCMes)g] units are linked by 1,5-dicyanamide (dca) li-
gands;’! a helical polymer of Fe!! centers that are linked
through 6-chloro-1-pyridinol (Hchp) and acetate ligands in
[Feo(chp)is.4(0,CMe)s ¢],.;1¥ and a two-dimensional coordi-
nation polymer [Fe;,O4(OMe),4Cly(mcce)] (mcce = 2-carb-
amoyl-2-cyanoethanimidate) composed of antiferromag-
netically coupled {Fey} clusters.”!

Results and Discussion

Syntheses

Many synthetic routes to polynuclear carboxylate com-
plexes rely on using predesigned clusters such as trinuclear
us-oxo-bridged carboxylate complexes [M;0(0,CR )L
with organic ligands. We explored this synthetic procedure
for preparing a tetranuclear [Fe,0,(0,CCMes)g(bpm)] clus-
ter (1a) and a coordination polymer [Fe,O,(0O,CCMejs)s-
(hmta)],, (2). The reaction of the ps-oxo trinuclear pivalate
Complex [FC30(02CCMC3)6(H20)3]MC3CC02'2MC3CCOZH
with 2,2'-bipyrimidine in CH,Cl,/MeCN gave a deep red-
brown solution from which complex la was isolated in
around 60% yield. Complex 1a can also be made by micro-
wave irradiation and crystalline material appears after five
days in higher yields (ca. 80%). Treatment of trinuclear p;-
oxo iron pivalate with a MeCN solution of hexamethylene-
tetramine formed a precipitation of coordination polymer
2 (yield ca. 35%) in which butterfly tetranuclear clusters
[Fe40,(0,CCMes)g] bridged by hmta ligands form zigzag
chains. In contrast, using a hexanuclear [FesO,(OH),-
(O,CCMe3);»] cluster as a starting material and a similar
preparative procedure (both in solution and under micro-
wave heating) afforded solvated [Fe,O,(O,CCMes)g(bpm)]
(1b-3MeCN). Employment of the microwave-assisted reac-
tion in the preparation of 1b clearly improves its yield
(56%) in comparison with the solution method (22 %).
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Spectroscopic Measurements

The infrared spectra of all complexes 1a, 1b, and 2 have
strong and broad bands in the 1566-1548 and 1420-
1407 cm™! regions, which arise from asymmetric and sym-
metric vibrations of the coordinated carboxylate groups of
the pivalate ligands, respectively.l' The v(C=N) stretching
vibrations for bpm!!'!l are also observed in this region and
these overlap with the asymmetric stretching bands of the
carboxylates. The C—H asymmetric and symmetric stretch-
ing vibrations for the fert-butyl group of pivalates are ob-
served in the range of 2961-2869 cm™!, along with a strong
single band at 1483-1481 cm™! and a doublet at 1376—
1360 cm™!, which correspond to asymmetric and symmetric
bending vibrations for methyl, respectively. In the case of
complex 2, several well-separated strong and sharp bands
at 1251, 1056, 1024, and 987 cm™' can be assigned to the
C-N stretching modes of the coordinated hmta.['?]

Thermogravimetric Studies

Thermogravimetric analyses for all complexes were per-
formed under a nitrogen atmosphere in the temperature
range of 25-600 °C. The TGA data show that for com-
pound 1a, a first weight loss is observed from 220 to 300 °C
that corresponds to the removal of a bpm molecule (found
12.4%, calcd. 12.9%). Complex 1b loses three solvate aceto-
nitrile molecules and a bpm ligand in two steps from 100
to 300 °C (the total weight loss is 20.2%, calcd. 20.95%).
On further heating, in the temperature range of 300-600 °C
the decomposition of eight pivalic molecules takes place in
three steps with a total weight loss of 64.8% for 1a (calcd.
66.2%) and 56.8% for 1b (calcd. 60.1%) to the final prod-
uct (found: 22.7% for 1a and 22.9% for 1b; calcd. 26.1%
for 1a and 23.7% for 1b). The coordination polymer 2 is
stable up to 200 °C and then it loses weight (32.8%), which
corresponds to the release of three carboxylate ligands
(calcd. 33.6%). The decomposition of a hmta ligand and
five remaining pivalic ligands occurs above 300 °C in two
steps with the total weight loss of 52.7% (caled. 53.6%) and
is completed below 600 °C to give the expected oxide (found
14.6%, calcd. 13.3%).

Structural Characterization

The Cambridge Structural Database (version 5.29)[13] in-
cludes 27 tetranuclear Fe'! oxo-bridged carboxylate com-
plexes with the {Fe4(3-0),13* core.'43 This well-known
tetranuclear core comprises an innermost planar or almost
planar entity of two (so-called “body”) Fe atoms doubly
bridged by two ps-oxo atoms, connected outwards to the
remaining (“wings”) Fe atoms. The iron butterfly complexes
can be also considered to consist of two edge-sharing
{Fes(u3-O)} triangular subunits. Tetranuclear complexes
with {Fe,(n3-0),}8* cores show different configurations de-
pending on the arrangement of the four Fe atoms and the
displacement of the (u3-O), ions relative to their respective
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Fe; planes. Three types of Fe'! atom dispositions in the

{Fe4(us5-0),8* core have been most often discussed.[!4-16]
There are “bent,” “planar,” and “chairlike” types
(Scheme 1). The latter is a hybrid of the first two forms and
has been rarely observed. The pyramidal p;-O ions lie on
the same sides of Fe; planes in bent cores and on the oppo-
site sides in planar and chairlike variants. Sometimes it is
difficult to distinguish the planar and chairlike forms from
each other by the values of deviation from ideal Fe, planes
or the degree of pyramidality of ps3-O ions. For example,
complexes [Fe 0,Cl,(0,CMe),{(py),CNO},] and [Fe O,-
(N3)2(0,CMe),{(py)»CNO},4] in the literature!'® were de-
scribed as chairlike, but their four Fe atoms have an almost
planar arrangement [their average displacements from the
ideal plane are ca. 0.02 and 0.01 A, respectively]. There is
an alternative way for the description of the conforma-
tions.'”? The iron butterfly complexes are subdivided into
two distinct forms [type I and type II]. These types are dis-
tinguished by the position of the two external atoms relative
to the central Fe,O, plane. For type I complexes, the two
wing Fe atoms lie on the same side (cis) of the Fe,O, plane,
and for type II, the wings of Fe atoms are trans relative to
the Fe,O, plane. Accordingly, the p;-O atoms sit on the
same side (I) or on opposite sides (IT) of the mean plane
that passes through all four iron atoms.

e P .,
ot O

bent
2 e
(038 -0

chairlike

Scheme 1. Three types of butterfly configurations.

A detailed analysis of the geometries of the {Fes(jis-
0),}8" core is presented in the literature, especially in ref.[8]
but also in ref.['%1%-23 We have summarized several charac-
teristic data of these compounds in Table 1. The compari-
son of Fe-+Fe contacts, and Fe-O distances and angles of
the Fe'! entity reveals a remarkable structural similarity.
Two compounds, [L,Fe(p3-O)s(n-MeCO5)5(sa0),|PF(2?
and [L,Fe4(13-0),(Ph,C(OH)CO,)5(sa0),]  (ClO,),*! in
which L = 14,7-trimethyl-1,4,7-triazacyclononane and
H,sao = salicylaldoxime, are the exceptions from this fam-
ily. They have atypical values of both bond lengths and
angles as well as unusual conformations of their basic cores.
The bridging oxo atoms sit almost in the Fe; planes. These
distortions may be due to the existence of an asymmetric
N,O bridge in the H,sao ligand.

[Fe405(0,CCMes)g(bpm)] (1a and 1b)

Compounds 1a and 1b have the same composition of the
[Fe40,(0,CCMes)s(bpm)] cluster moiety but differ by the
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function of one pivalate carboxylate group, the connectivity
of the ligands, and the solvent molecules. The molecular
structure of la is presented in Figure 1 (a), selected in-
teratomic distances and angles are given in Table 2, and a
packing diagram is shown in the Supporting Information
(Figure S1). As seen in Figure 1 (a), the Fel and Fe3 atoms
occupy the body sites and Fe2 and Fe4 atoms reside in the
wingtip sites. The two body ions bridged by two pz-oxides
have an Fel--Fe3 separation of 2.909(1) A. Similar dis-
tances may be found in {Fe O,}-core-based complexes even
if they do not have an additional bridge between the body
atoms; see, for example, in other reported worksl!'826-27]
(Table 1). The four Fe atoms in 1a (Figure 2) are coplanar
within 0.099 A and the p;-oxygen atoms O1 and O2 occupy
opposite positions from this plane. The dihedral angle be-
tween the planes Fel/Fe3/Fe2 and Fel/Fe3/Fed is 172.9°.
The Ol and O2 atoms deviate from these planes by 0.454
and 0.460 A, respectively, thus having a flattened pyramidal
arrangement of bonds.

Each iron atom is six-coordinate and has a distorted oc-
tahedral coordination sphere. The Fel, Fe3, and Fe4 ions
are all Og-coordinated: the Fel atom is coordinated by two
ps-oxo atoms and four oxygen atoms from pivalate ligands
(two bridging and one chelating); the Fe3 atom is bonded
to two ps-oxo atoms and four oxygen atoms from bridging
pivalates; the Fe4 atom is ligated by a p3-oxygen atom, three
oxygen atoms from bridging pivalates, and two oxygen
atoms from a chelating carboxylate. The Fe2 atom has an
N,O, coordination environment that arises from a p3-oxy-
gen atom, a chelating bpm molecule, and three bridging
pivalate ligands. The Fe-O distances fall in the range of
1.829(1)-2.081(2) A, and the Fe-N bonds are 2.184(2) and
2.213(2) A. The wingtip iron atoms form two short bonds
[Fe2-O1 1.829(1) and Fe4-02 1.834(1) A] with ps-O? jons.
The innermost Fe,O, entity reveals two short [1.931(1) and
1.932(2) A] and two long [1.962(2) and 1.963(1) A] bond
lengths. Six pivalate ligands exhibit an identical bidentate
Wy-bridging function, whereas two other carboxylate groups
are chelating and bind to the Fel and Fe4 atoms (Figure 2).
These four-membered chelate cycles as well as the bpm li-
gand provoke significant deviations from an octahedral ge-
ometry in the body Fel atom and both wingtip Fe2 and
Fe4 atoms. The angles O17-Fe4-0O18, O16-Fel-O15, and
N4-Fe2-N1 being 61.57(6), 62.99(6), and 74.21(6)°, respec-
tively, are far from the ideal octahedral angle. The longest
Fe-O distances [2.174(2) and 2.101(2) A] belong to chelat-
ing carboxylate groups. The body/wingtip Fe---Fe distances
are of two kinds, those bridged by one pivalate group
[Fel--Fe2 3.360(1) A, Fel-+Fe4 3.376(1) A] and those
bridged by two pivalate ligands [Fe3--Fe2 3.273(1) A,
Fe3--Fe4 3.264(1) A].

The asymmetric unit of 1b contains two similar com-
plexes. The molecular structure of one of them (complex A)
is shown in Figure 1 (b), selected interatomic distances and
angles are given in Table 3, and a packing diagram of 1b is
shown in the Supporting Information (Figure S2). Unlike
1a, only one pivalate molecule acts as a chelate ligand and
the other seven have bidentate bridging functions. More-
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Table 1. Comparison of selected structural parameters of [Fe 0,]%* core

and magnetic interactions.
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Table 1. ( Continued)
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Subscripts: b =body, w = wingtip; phen = 1,10-phenanthroline; py = pyridine; bpy = 2,2"-bipyridine; pic = picoline; bicoh = bis(N-methylimidazol-2-yl)methanol];
H,B(pz), = dihydrobis(1-pyrazolyl)borate; 2-Me-5-Etpy = 5-ethyl-2-methylpyridine; 2-Mepy = 2-methylpyridine; 3-Mepy = 3-methylpyridine; (py),CNO = di(2-
pyridyl) ketone oxime; mcpa = 4-chloro-2-methylphenoxyacetate; 2,4,5-T = 2,4,5-trichlorophenoxyacetate; L = 1,4,7-trimethyl-1,4,7-triazacyclononane; Hjsao =
salicylaldoxime.
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over, 1a and 1b differ in their connectivity. The additional
carboxylate bridge between the two body atoms Fel and
Fe3 leads to shortening (in comparison with 1a) of the
Fel--Fe3 distance up to 2.866(2) A. In 1a, two pairs of piv-

b)

Figure 1. ORTEP representation of (a) complex 1a and (b) one of
the crystallographically independent complexes in 1b at the 30%
probability level. Hydrogen atoms, methyl groups, and solvent mo-
lecules in 1b are omitted for clarity.

European Journal
of Inorganic Chemistry

Table 2. Selected bond lengths [A] and angles [°] in 1a.

Fel Ol 1931(1) Fe3 Ol 1962(2) Fel-~Fe2 3.360(1)
Fel 02 1963(1) Fe3-O7 2021(2) Fel-~Fed 3.376(1)
Fel-O12 1990(2) Fe3 04 2018(2) Fe2Fe3 3.273(1)
Fel-O13 2017(2) Fe309 2030(2) Fe3~Fed 3.264(1)
Fel 016 2.081(2) Fe3 06 2.036(2) Fe2Fed 5.950(1)
Fel O15 2.101(2) Fe4-02 1834(1) Ol Fel-02 83.14(6)
Fe2 Ol 1829(1) Fed 08 2031(2) 02 Fe3 Ol 83.13(6)
Fe2 05 1976(2) Fed Ol1 2034(2) Fe2 Ol Fel 126.64(8)
Fe2 03 2031(2) Fed 010 20382) Fe2 Ol Fe3 119.33(7)
Fe2 014 2052(1) Fed 017 2077(2) Fel-Ol-Fe3 96.70(7)
Fe2 N4 2.184(2) Fed OI8 2.174(2) Fed-02 Fe3 120.14(7)
Fe2 N1 2213(2) Fed 02 Fel  125.50(7)
Fe302 1932(2) Fel~Fe3 2.909(1) Fe3-02Fel 96.67(7)

alate carboxylate groups bridge only one body iron atom
(Fe3) with two iron atoms (Fe2 and Fe4) in the wing posi-
tion, whereas in 1b the double carboxylate bridges link each
body iron atom with only one iron atom in the wing posi-
tion. The Fe!'! atoms in 1b have a disordered octahedral
coordination. In both complexes A and B, the Fe2 atom
has a N,O, coordination environment that arises from a
chelating bpm ligand, three bridging pivalate ligands, and a
ps-oxygen atom. The Fel, Fe3, and Fe4 atoms are all Og-
coordinated: Fel and Fe3 are coordinated by two ps-oxygen
atoms and four oxygen atoms from bridging pivalate li-
gands [three bridging and one chelating pivalates for Fel in
1a], whereas Fe4 is coordinated by a ps-oxo atom, three
oxygen atoms from bridging pivalate groups, and one oxy-
gen from a chelating pivalate. The most significant devia-
tions from octahedra are observed for the wingtip Fe2 and
Fe4 atoms, which are coordinated by chelating bmp and
pivalate ligands, respectively.

The difference in the coordination mode of the carboxyl-
ate ligand results in differences in the conformation of the
{Fe40,} cores (Figure 2). The {Fe,(ns-0),}%*" cores in 1b
have no crystallographically imposed symmetry, and this is
also the case for 1a. The wingtip Fe2 and Fe4 atoms deviate

Fe.
ed4

Fe2
Fe1

1a 1b

Fed

Fe4
Fe2

Fe1

2

Figure 2. A back view of the Fe,O, core (top) and tetranuclear metal core with coordinated carboxylate groups (bottom) in complexes
1a, 1b, and 2. Hydrogen atoms, a bpm ligand, and Me;C groups are omitted for clarity.
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Table 3. Selected bond lengths [A] and angles [°] in 1b.

FelA OlA 1956(6)  Fe2B-O3B 1.980(7)
FelA-O2A 1905(7)  Fe2B-O5B 1.983(8)
Fel A-O9A 2.001(8)  Fe2B-O7B 2.023(7)
FelA-O4A 2.03608) Fe2B-Ol1B 2.054(8)
FelA-O13A 2.047(8)  Fe2B-NIB 2.162(1)
FelA-Ol1A 2052(8)  Fe2B-N2B 2.179(1)
Fe2A O1A 1.803(6)  Fe3B-O2B 1.937(7)
Fe2A O5A 1966(8)  Fe3B-OIB 1.949(8)
Fe2A-O7A 2.008(7)  Fe3B-Ol6B 1.98509)
Fe2A-O3A 2016(88)  Fe3B-OSB 2.015(7)
Fe2A-N2A 2.155(1)  Fe3B-Ol4B 2.046(7)
Fe2A NIA 22331)  Fe3B-O6B 2.064(7)
Fe3A-02A 1.9447)  FedB-O2B 1.850(7)
Fe3A OlA 1950(7)  FedB-OI12B 1.956(8)
Fe3A-O16A 197509)  FedB-O15B 2.004(8)
Fe3A-Ol4A 1996(1)  Fe4B-O10B 2.029(8)
Fe3A-O8A 1997(7)  FedB-OI8B 2.057(8)
Fe3A-O6A 2.0698)  FedB-O17B 2.148(9)
FedA-O2A 1.833(7)  Fe2B-FedB 5471(2)
FedA O12A 1973(7)  FelA=Fe3A 2.867(2)
FedA O15A 20199)  FelA~Fe2A 3.443(2)
FedA-O10A 204909)  FelA~FedA 3279(2)
FedA-O18A 20558)  Fe3A~Fe2A 3.292(2)
FedA O17A 2.136(8)  Fe3A~FedA 3.408(2)
FelB-O1B 1.945(7)  Fe2A-FedA 5.588(2)
FelB-O2B 1913(7)  FelB~Fe3B 2.866(2)
FelB-O9B 19758)  FelB~Fe2B 3.400(2)
FelB-O4B 1.996(3)  FelB-~Fe4B 3.274(2)
FelB-O13B 2042(7)  Fe3B-Fe2B 3.289(2)
Fe2B-O1B 1.800(7)  Fe3B-FedB 3.406(2)
02A FelA-OIA 843(3)  FelA-O2A Fe3A  96.2(3)

02A Fe3A Ol1A 83.53)  Fe2A OlA Fe3A  122.6(4)
02B FelB-O1B 8393)  FelB-OIBFe2B  130.4(3)
02B Fe3B-O1B 832(3)  Fe2B-OIB Fe3B  122.6(3)
Fel A OlA Fe2A 1327(3)  FelB-OIB-Fe3B  94.8(3)

Fe3A OIA FelA  944(3)  FedB-O2B-FelB  121.003)
FedA O2A FelA 122.6(3)  FedB-O2BFe3B  128.2(4)
Fe3A-02A FedA 1289(4)  FelB-O2B-Fe3B  96.2(3)

from the mean plane of the Fe,O, core in the same direc-
tion at 1.047 and 1.161 A for complex A, and 1.134 and
1.257 A for complex B. The dihedral angles between planes
through three iron atoms, each sharing the common pi3-oxy-
gen atoms, are 134.0 and 129.8° for complex A and B,
respectively. The displacements of p;-oxygen atoms O1 and
02 from the corresponding planes of three Fe atoms equal
0.38 and 0.34 A for complex A and 0.37 and 0.41 A for
complex B, respectively. The bent butterfly conformation
leads to shorter Fe2-+Fe4 contacts [5.471(2) and 5.588(2) A]
in 1b compared with the same contact in 1a [5.950(1) A].
The Fe2-O1 and Fe4-0O2 distances in 1b are considerably
unequal [1.803(6), 1.833(7) A and 1.800(7), 1.850(7) A for
complexes A and B, respectively]. The Fe-ligand distances
are quite similar to those in 1a (see Tables 2 and 3).

[Fe,O,(0,CCMej3)g(hmta)],, (2)

In the crystal structure of 2, [Fe,0,(0O,CCMejs)g] cluster
moieties are linked into infinite zigzag chains by the bridg-
ing hmta ligand. Figure 3 shows a crystallographically inde-
pendent repeating unit and a zigzag chain in 2. The packing
diagram of 2 is given in the Supporting Information (Fig-
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ure S3). Four iron atoms are joined into a butterfly {Fe,(us-
0),}8* core by two ps-oxygen atoms and seven bidentate
bridging pivalate ligands as in 1b.

b)

Figure 3. (a) ORTEP representation of complex 2 at the 50% prob-
ability level. Methyl groups and hydrogen atoms are omitted for
clarity. (b) View of the chain along the a axis in 2. Me;CCO,
groups and hydrogen atoms are omitted for clarity.

The coordination spheres of Fel and Fe3 are made of six
oxygen atoms that come from four carboxylate groups and
two p3-O atoms, whereas the wingtip Fe2 and Fe4 present
a NOs distorted octahedral coordination that arises from
one H3-O atom, one nitrogen atom of hmta, and four oxy-
gen atoms of four bridging pivalate ligands (Fe2) or two
bridging and one chelating pivalate ligand (Fe4). The bond
lengths and angles in the coordination polyhedrons of iron
atoms are listed in Table 4. The most significant distortions
in the Fe octahedra are observed for wingtip iron atoms.
The Fe2-O distances fall in the range of 1.803(4)-
2.058(4) A, whereas Fe2-N4 is distinctly longer and equals
2.350(5) A. The small bite angle [62.1(2)°] of the chelate
pivalate ligand distorts the coordination sphere of Fe4. The
{Fe4(13-0),}3* core is nonplanar and the Fel/Fe2/Fe3 and
Fel/Fe3/Fe4 planes form a dihedral angle of 160.5°. Atoms
O1 and O2 are displaced from these planes by 0.308 and
0.323 A, respectively. The wingtip Fe2 atom is bridged by
two pairs of carboxylate groups with the body atoms Fel
and Fe3, whereas wingtip Fe4 is bridged to the body atoms
Fel and Fe3 only by two single carboxylate groups (Fig-
ure 3). Therefore, the distances Fe2-Fe3 [3.311(1) A] and
Fe2-Fel [3.323(1)A] are shorter than Fed--Fel
[3.402(2) A] and Fe4---Fe3 [3.440(1) A]. The inner Fel and
Fe3 atoms have two oxo bridges and one carboxylate
bridge. The distance between the iron atoms in the body
positions is 2.855(2) A and close to the lower edge of the
range reported for {Fe,O,} butterfly cores (Table 1).
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Table 4. Selected bond lengths [A] and angles [°] in 2.

Fel-Ol  1906@) Fe3-02 1968(4)  Fel-Fe3 2.855(2)
Fel-02  1970@) Fe3-06 1979@)  Fel-Fe4 3.40202)
Fel-O4  1979@) Fe3-09 2025d)  Fe2-Fe3 3311(1)
Fel-O7 20185  Fe3-Oll 205005  Fe3~Fe4 3.440(1)
Fel-O15 2.022(5) Fe3-0O16 2.053(5)  Fe2~Fed 6.015(2)
Fel-O13 2.0254) Fe4-02 18214) O2-Fel-Ol 8330
Fe2-Ol  1.803@4) Fed-O3 20405 O02-Fe3-Ol 83.6(2)
Fe2-012 2028(4) Fed-O5 204405  Fe2-Ol-Fel 127.202)
Fe2-Ol4  2038(4) Fed-OI8 2047(5) Fe2-Ol-Fe3 127.00)
Fe2- 08  2047(5) FedO17 2.162@4) Fel-Ol-Fe3 97.3(2)
Fe2 010 2058(4)  Fed NI 2204(6) Fed 02-Fe3 130.4Q2)
Fe2 N4l 2.350(5) Fed 02-Fel 127.6(2)
Fe3-Ol  1897@)  Fel-Fe2 3.323(1)  Fe3-O2-Fel 92.9(2)

[a] x + V2, =y + %), z + Vi

Magnetic Studies

Compound 1b shows a decreasing magnetic susceptibility
on cooling from 300 K (Figure 4, a), reaching a minimum
of 0.64x 103 cm?mol! at 16 K before increasing on
further  cooling, and reaching a  value of
6.087 X 1073 cm>3mol™! at 1.9 K. The yT(T) plot shows a
decreasing value on cooling, reaching a constant value of
0cm?*Kmol! at 9K, thereby indicating a diamagnetic
ground state. Given that the y7(7) plot is still increasing
rapidly around 300 K, the implied size of the magnetic in-
teraction renders a Curie-Weiss fit unworkable, as this
equation should be used in temperature ranges approxi-
mately ten times the value of the coupling to give a reliable
result.

Given the butterfly-type arrangement of this cluster, we
can use the following Hamiltonian to describe the system
[Equation (1)].

H = —Juyp(Sa*Se)ub(Sa'Sc + SaSp + Sp'Sc + Sp*Sp) (1)

Inspection of the coupling values of similar materials3”}

gives a useful starting point for modeling the magnetic
susceptibility of 1b. Using the Magprop program in DAVE
CVS,B8 we can use full-matrix diagonalization techniques
with a least-squares fitting routine. Fitting a van Vleck
equation for a 4 X S = 5/, cluster can be problematical for
many commercially available least-squares fitting programs,
so matrix techniques can be valuable in this respect.

The results of the fitting procedure show that Jy,;, rapidly
increases to >10° cm™!, whereas J,;, remains constant at
—88.7 cm™!. The g value in this case was fixed to 2.00, which
is reasonable in S = 5/2 ions due to the lack of appreciable
spin—orbit coupling or zero-field splitting from the °A,
ground state of the ion.

An explanation of the value of Jy,;, can be found in fitting
the Hamiltonian for this cluster to calculated data. Starting
with Ji, = 0cm™! and J,, = —88.7cm™!, we find that the
least-squares fitting procedure has trouble modeling the
data. Inspection of the calculated data with increasing val-
ues of Jy,, shows that there is very little difference in the
x(T) and yT(T) plots as a function of Jy;,, whereby Jy, >
—10 cm™!. This implies that J,;, is the determining factor in
the shape of the curve in y(7) when Jy,, is either ferromag-
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Figure 4. (a) Plot of y(T) (black includes a paramagnetic impurity,
gray does not) and y7(7) for 1b, with a fit from the matrix diago-
nalization routine with g = 2.00 (fixed), Jo, = 0 cm™! (fixed), and
Job = —88.7cm . (b) The same treatment for 1a, with g = 2.00
(fixed), Jp, = 0 cm ™! (fixed), and J,, = —72.2 cm™ .

netic or close to zero. This is consistent with other com-
pounds that bear the same Fe™,0, center,’”) and we can
also see similar behavior in Cu'',O, clusters.*®! An estimate
for Jy, may be made using the formula of Werner et al.
[Equation (2)]“Y in which d is the average Fe—O distance in
the Fe—(0O),—Fe bridge.

J = -107 X exp(—6.8d) cm™! (2)

In 1b, this would give a coupling of —18.7 cm™!, which
would be within the range at which it is not possible to
determine the coupling constant through least-squares fit-
ting of the susceptibility data. However, it is possible that
this value is only rough given the wide distribution of cou-
plings shown in the study by Werner and co-workers. Ad-
ditionally, there are also crystallographically distinct clus-
ters present, and as such, the models used above can only
be approximations. Compound la (Figure 4, b) presents a
similar case with Jy;, again likely to be near zero and J,,;, =
~72.2 cm!, respectively.
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The susceptibility of compound 2 could not be easily re-
solved using the above methods, which is surprising, as the
Fe-O-Fe angles between wing and body are almost in
agreement with the ideal case as described in the Hamilto-
nian in Equation (1), thus it would be expected that this
would be the easiest to fit. However, using the equation of
Weihe and Giidel et al.,*!T we are able to make a prediction
for the Fe-O-Fe couplings [Equation (3)] in which ¢ is the
Fe-O-Fe angle in degrees and r is the average Fe-O bond
length in A.

J =-1.337X 108X (3.536 + 2.488cos ¢ + cos” ¢) X exp(~7.9097) (3)

The resulting values (Table 5) from the equation do not
give a good fit to the data, but closer inspection of the vari-
ation of coupling with distance and angle indicates that the
coupling interaction does not scale linearly with r, so that
the use of the average Fe—O distance may not give an opti-
mal solution. Instead, we propose that it makes a good up-
per bound, whereas computing the coupling values for that
of the longest Fe—O bond give a lower bound, which in this
case models the actual susceptibility well (Figure 5). As the
superexchange mechanism does not scale linearly with dis-
tance, it is likely that the longest Fe—O distance is the most
important one in determining the coupling. As stated in
ref.#0-42 the Fe-O-Fe angle is only of second-order impor-
tance to the coupling value.

Table 5. Structural parameters and calculated magnetic couplings
in 2, using Equation (3).[41]

Fe-Ol Fe-02 FeO, FeO-Fe J, J
Fe4-Ol-Fe3 1.821 1.969 1.895 130.4 -97.1 -54.1
Fe4-Ol-Fel 1.821 1.970 1.896 127.6 -98.6 551
Fe2-O2-Fe3 1.802 1.897 1.850 127.0 -142.5 979
Fe2-02-Fel 1.802 1.907 1.855 127.2 -136.8 -90.3
0.045 -3.5
0.040 ; 10
0.035 % |
3 2.5
] 0.030 44 S
S 0.025 4% 20 <2
€ i I 3
o 0.020 4 15 ~©
g 0.015 | A
N 1.0 a
0.010 | Ay
0.005 a5
0.000 0.0

v —T T T T
0 50 100 150 200 250 300
T/IK

Figure 5. Plot of y(7) (black includes a paramagnetic impurity, gray
does not) and y7(7) for 2, with models calculated from values ob-
tained from Equation (3). The lower value y(7) model uses the
average Fe—-O bond lengths, whereas the closer-fitting model uses
only the longest Fe—O lengths. The y7(7) model is from the best J
values (see text and Table 5 for details).
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The curve obtained with the J, values from the lower-
bound model produces a good fit when an S = 5/2 impurity
of 1.6% is added (Figure 5). The best fit is obtained by
setting Jy;, to =22 cm™!, obtained from the model of Werner
et al.l4ol

In ref.[*!l the Fe—O distances are usually shorter than in
1-2 and range from 1.747 to 1.839 A, and the couplings are
correspondingly higher (in the range —160 to —265 cm™'). In
the study of Werner et al. on di-p,-oxo bridges, the dis-
tances range from 1.955-2.044 A with couplings of +1.2 to
—-28.6 cm™!. The overall trend is that as the bond length in-
creases, the coupling decreases. In the wing-body interac-
tions, we have a combination of the two Fe—-O bond types,
so it is to be expected that the values obtained from the fits
to the data should be in between the two groups. In each
case, the ground state of the cluster is S = 0, which is com-
mon in this type of cluster.*’?! The small tail at low tem-
perature is either a paramagnetic impurity, or in addition,
the effect of a small difference in g value between nonequiv-
alent Fe'" ions. It is worth mentioning here that the values
for J,p, in 1a and 1b lack error values; modeling these pa-
rameters with Magprop gave errors several orders of magni-
tude larger than the values obtained, although small
changes in the coupling values can induce large changes in
the model. As such, it is likely that the values are correct to
+1cm!. For compound 2, we used only the values ob-
tained from Equation (3) and refinement of those values
resulted in unstable refinements.

Conclusion

We have described the synthesis, structure, and magnetic
properties of three new tetranuclear Fe, complexes, all of
which have an {Fe4(u15-0),}3* core. Treatment of the trinu-
clear ps3-oxo-bridged pivalate complex [Fe;O(O,CCMes)s-
(H,0);]Me;CCO, with 2,2'-bipyrimidine results in cluster
1a [Fe40,(0,CCMes)g(bpm)]. By changing the pz-oxo tri-
nuclear precursor to a hexanuclear pivalate complex, using
[FesO>(OH),(0,CCMes) 5] with 2,2'-bipyrimidine under
similar synthetic conditions, we obtained another tetranu-
clear cluster 1b with the same composition, but with a dif-
ferent connectivity of metal ions and included solvent mole-
cules. Clusters 1a and 1b can also be prepared by microwave
heating, thereby resulting in higher yields. Unfortunately,
the attempts to prepare Fey cluster-based coordination
polymers in which bpm molecules act as bridges were un-
successful. However, by using hmta as a bridging ligand,
a zigzag coordination polymer, [Fe,0,(0,CCMej)s(hmta)],
(2), in which tetranuclear clusters [Fe,O,(O,CCMejs)g] are
connected by hmta, has been synthesized from a p3-oxo tri-
nuclear precursor. The X-ray analysis of the structures of
these complexes revealed the differences in the {Fe,(ps-
0),}¥* core: four Fe atoms in the metal core display a chair
conformation in 1a and 2, whereas in 1b, Fe atoms are dis-
posed in a bent butterfly arrangement. The different syn-
thetic routes affect the connectivity of iron atoms in the
Fe4(us-0),13* core, thus allowing us to fine-tune the confor-
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mation of this core and the iron-iron distances in it. Mag-
netochemical analysis of the reported Fe, butterfly clusters
shows that the antiferromagnetic interactions between
wing-body Fe'! ions are slightly stronger in 1b (Jy, =
-88.7cm™!) in comparison with wing-body interactions in
la (Jyp, = -72.2cm™).

Experimental Section

Materials and Physical Measurements: All reactions were carried
out under aerobic conditions using commercial-grade solvents.
[Fe;05(0,CCMe3)s(H,0)3]Me;CCO,-2Me;CCO,H™ and [FesO,-
(OH),(0,CCMes),]* were synthesized as described elsewhere.
The infrared spectra were recorded with a Perkin—Elmer Spectrum
One spectrometer using KBr pellets in the region 4000-400 cm™!.
Magnetic susceptibility measurements were performed with a
Quantum Designs MPMS SQUID-XL5 magnetometer with an ap-
plied field of 1000 G between 300 and 1.9 K. Samples were pre-
pared in Saran film bags. Diamagnetic corrections were applied
using the formula 0.45 X 1076 cm3mol .43

X-ray Crystallography: Single-crystal X-ray studies were carried out
with a Nonius KappaCCD and the related analysis softwarel®! for
1a at 150 K and with a Stoe Image Plate Diffraction System™7 for
1b-3MeCN and 2 at 170 K. Details of the crystal, data collection,
and refinement parameters are in Table 6. The structures were
solved by direct methods and refined by using full-matrix least-
squares methods on weighted F2 values for all reflections using the
SHELX suite of programs.*8) The non-hydrogen atoms were re-
fined with anisotropic displacement parameters. Hydrogen atoms
except for one of the pivalate ligands in 1b were placed in fixed,
idealized positions and refined as rigidly bonded to the correspond-
ing atom. In compound 1b two positions have been specified for
carbon atoms (C12A, C13A, CI14A, and C15A). In this case, the
hydrogen atoms of corresponding methyl groups were not local-
ized.

Table 6. Crystal data and details of structural determinations for

1-2.

la 1b-:3MeCN 2
Chemical formula C48H78F34N4018 C54H87F34N7018 C46H84F34N4018
Formula weight ~ 1222.54 1345.71 1204.57
TIK] 15002) 17002) 17002)
2 [A] 0.71073 0.71073 0.71073
Crystal system monoclinic triclinic monoclinic
Space group P2i/n Pl P2i/n
a[A] 11.3471(2) 13.8170(15) 14.939(3)
b[A] 23.9570(3) 22.544(2) 26.386(5)
c[A] 22.5758(3) 25.581(2) 15.755(3)
a 90 65.674(11) 90
) 96.641(1) 83.638(12) 9529(3)
7 [°] 90 74.618(12) 90
UAY 6095.88(15) 7000.7(11) 6184(2)
z 4 4 4
Degea [gem™] 1332 1277 1294
4 [mm'] 0.999 0.877 0.984
R indices R =004, R =00695, R = 00648,
> 20(1)] WRy = 0.1044  wR,=0.1547  wR, = 0.1299

CCDC-737575 (for 1a), -737576 (for 1b), and -737577 (for 2) con-
tain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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[Fe40,(0,CCMejs)g(bpm)] (1a): This compound was synthesized by
using two different methods.

Method A: A solution of 2,2'-bipyrimidine (0.032 g, 0.2 mmol) in
MeCN (SmL) was added to a solution of [Fe;0(0O,CCMes)q-
(H,0)3]Me;CCO,-2Me;sCCO,H  (0.230 g, 0.2 mmol) in CH,Cl,
(10 mL). The resulting dark brown mixture was heated at reflux for
30 min. Black crystals of complex 1 suitable for X-ray analysis were
separated by filtration after two weeks, washed with MeCN, and
dried in air; yield 0.110 g, 60%. C4gH7sFesN4O15 (1222.55): caled.
C 47.16, H 6.43, N 4.58; found C 47.10, H 6.68, N 4.57. IR (KBr):
¥ = 3435 (br. m), 2962 (vs), 2928 (sh), 2870 (sh), 1706 (sh), 1566
(vs), 1521 (sh), 1484 (vs), 1422 (vs), 1377 (s), 1362 (s), 1227 (s),
1169 (w), 1112 (w), 1098 (w), 1030 (w), 1012 (w), 937 (w), 906 (W),
826 (w), 814 (w), 789 (w), 764 (w), 691 (w), 657 (m), 606 (s), 518
(w), 439 (m) cm™.

Method B: A solution of [Fe;0,(0,CCMes)s(H,0);]Me;CCO,-
2Me;CCO,H (0.230 g, 0.2 mmol) and 2,2'-bipyrimidine (0.032 g,
0.2 mmol) in MeCN (4 mL) was heated at 160 °C for 20 min in a
microwave reactor. Black crystals of 1a suitable for X-ray analysis
were separated by filtration after 5d, washed with MeCN, and
dried in air; yield 0.142 g, 78%. C4gH7sFeyN4O15 (1222.55): caled.
C47.16, H 6.43, N 4.58; found C 47.13, H 6.46, N 4.55. The ident-
ity of 1a was established by comparison of IR data as well as ele-
mental and TG analysis.

[Fe40,(0,CCMejs)g(bpm)] (1b-3MeCN): This compound was syn-
thesized by using two different methods.

Method A: A solution of 2,2’-bipyrimidine (0.032 g, 0.2 mmol) in
SmL MeCN was added to a solution of [FesO,(OH),(O,CC-
Mes);,] (0.08 g, 0.05 mmol) in CH,Cl, (5 mL). The resulting dark
brown solution was allowed to stand at room temperature. Black
crystals of complex 1b suitable for X-ray analysis were separated
by filtration after one week, washed with MeCN, and dried in air;
yield 0.02 g, 22%. Complex 1b (CusH7gFesN4Ojg) solvent free:
caled. C 47.16, H 6.43, N 4.58; found C 47.51, H 6.59, N 4.40. IR
(KBr): ¥ = 3435 (br. m), 2962 (vs), 2928 (sh), 2870 (sh), 1706 (sh),
1566 (vs), 1521 (sh), 1484 (vs), 1422 (vs), 1377 (s), 1362 (s), 1227
(s), 1169 (w), 1112 (w), 1098 (w), 1030 (w), 1012 (w), 937 (w), 906
(w), 826 (w), 814 (w), 789 (w), 764 (w), 691 (w), 657 (m), 606 (s),
518 (w), 439 (m) cm .

Method B: A solution of [FesO,(OH),(O,CCMes)5] (0.161 g,
0.1 mmol) and 2,2'-bipyrimidine (0.023 g, 0.15 mmol) in MeCN
(4 mL) was heated at 160 °C for 20 min in a microwave synthesizer.
Black crystals of 1b were separated by filtration after 3 d, washed
with MeCN, and dried in air; yield 0.102 g, 56%. Complex 1b
(CysH73FesN4O 5) solvent free: caled. C 47.16, H 6.43, N 4.58;
found C 47.00, H 6.59, N 4.59. The identity of 1b was established
by comparison of IR data as well as elemental and TG analysis.

[Fe4O0,(0,CCMejs)g(hmta)], (2): A solution of hexamethylenetetra-
mine (0.042 g, 0.3 mmol) in MeCN (5 mL) was added to a solution
of [Fe;0(0,CCMe;)s(H,0);]Me;CCO,2Me;CCO,H  (0.230 g,
0.2 mmol) in MeCN (10 mL). The resulting dark brown mixture
was stirred for 2 h. Black crystals of complex 2 suitable for X-ray
analysis were separated by filtration after three weeks, washed with
hexane, and dried in air; yield 0.08 g, 35%. Cy4sHgsFesN4O g
(1204.57): caled. C 45.87, H 7.02, N 4.65; found C 46.05, H 6.54,
N 4.54. IR (KBr): v = 2962 (vs), 2930 (sh), 2873 (sh), 1574 (sh),
1547 (vs), 1512 (m), 1485 (vs), 1459 (m), 1419 (vs), 1375 (m), 1362
(m), 1250 (m), 1228 (s), 1056 (w), 1024 (m), 988 (m), 905 (w), 788
(w), 768 (w), 686 (m), 603 (m), 536 (w), 435 (m) cm™.

Supporting Information (see also the footnote on the first page of
this article): Packing diagram for 1a (Figure S1), 1b (Figure S2),
and 2 (Figure S3).
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