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Self-assembly of a trigonal bipyramidal
architecture with stabilisation of iron
in three spin states†
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Floriana Tuna *ab and Imogen A. Riddell *a

Self-assembly and characterisation of a supramolecular trigonal

bipyramidal iron cage containing an [FeIII(l2-F)6(FeII)3]3+ star motif

at its core is reported. The complex can be formed in a one step

reaction using an heterotopic ligand that supports site-specific

incorporation of iron in three distinct electronic configurations:

low-spin FeII, high-spin FeII and high-spin FeIII, with iron(II) tetra-

fluoroborate as the source of the bridging fluorides. Formation of a

l2-F bridged mixed-valence FeII–FeIII star is unprecedented. The

peripheral high-spin FeII centres of the mixed-valence tetranuclear

star incorporated in the iron cage are highly anisotropic and engage

in F-mediated antiferromagnetic exchange with the central FeIII ion.

Design approaches for the synthesis of self-assembled com-
plexes have grown increasingly elaborate in recent years in a bid
to diversify the structures generated and thus the applications
of these molecular constructs.1,2 Initial approaches to metal–
organic cage formation focused on the construction of capsules
using symmetric, multitopic ligands in combination with a
single metal ion.3,4 More recently heteroleptic5 and
heterometallic6,7 systems incorporating more than one type of
ligand or metal ion have gained interest as viable routes to
synthesise novel architectures displaying properties not
observed in their simpler analogues.2,8 To date however, exam-
ples of discrete three-dimensional structures generated from
heterotopic ligands and a single metal precursor remain
scarce,9 as do reports of complexes that incorporate one metal
ion in a variety of spin or oxidation states.10–12 We hypothesized
that ligand L (Scheme 1) that features both a pyridyl

benzimidazole binding unit and a pyridine aldehyde moiety, that
undergoes self-assembly reactions13 in the presence of amine and
metal ion subcomponents, could give rise to novel metal–organic
architectures not accessible when only one of these binding sites
was incorporated. Furthermore, including pyridyl benzimidazole
moieties, which favour binding of high-spin (HS) iron(II),14,15

alongside pyridyl imine coordination sites, which generally sup-
port complexation of low-spin (LS) iron(II),13,16 provided the oppor-
tunity for spin-state selective binding.

Herein we describe the design and synthesis of a heteroditopic
ligand that, in combination with iron(II) tetrafluoroborate salt,
generates a metal–organic cage in which the metal ions outline a
trigonal bipyramidal structure of approximate D3 symmetry. The
complex incorporates six iron atoms in a mixture of spin and
oxidation states and includes an [FeIII(m2-F)6(FeII)3]3+ star motif17–19

at its core.
Reaction of one equivalent of iron(II) tetrafluoroborate salt

with three equivalents of L resulted in the formation of a
dynamic mixture containing the mononuclear [FeL3]2+ complex
1 (Fig. S6, ESI†). This complex undergoes a gradual and
incomplete thermally induced spin crossover (SCO), which is
reversible (Fig. S30, ESI†) and consistent with an FeII centre in a
pseudo-octahedral FeIIN6 crystal field of moderate strength.20,21

Subsequent addition of one equivalent of tris(2-aminoethyl)
amine (TREN) to the reaction mixture resulted in a dramatic
change in the 1H NMR resonances consistent with formation
of the LS iron(II) trispyridylimine complex 2. In the presence of
TREN, iron(II) is preferentially accommodated at the pyridyl
imine binding site, rather than the pyridyl benzimidazole site,
due to the higher level of preorganisation afforded by the
multidentate trispyridylimine. The decreased bond length
and reduced lability of the LS FeII–N bonds relative to their
HS analogues, also promotes formation of complex 2. The
single-crystal X-ray structure of 2 (Fig. S20, ESI†) confirms a
facial arrangement of the pyridyl imine ligands which is con-
sistent with the single set of resonances per ligand proton
observed in the 1H NMR spectrum.7
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Following characterisation of mononuclear complex 2, addi-
tional equivalents of iron(II) were added to the reaction mixture as
we hypothesised the C3-metalloligands (2) could be brought together
using their uncoordinated pyridyl benzimidazole binding sites.

Analysis of crystals grown through diffusion of diethyl ether
into an acetonitrile mixture of Fe(BF4)2 and 2 revealed the
structure of the multinuclear species (3) to be a mixed oxidation
iron complex incorporating an [Fe4F6]3+ star motif at its centre
(Fig. 1). High-resolution mass spectral analysis (Fig. S14, ESI†)
was consistent with a complex cation containing two equiva-
lents of metalloligand 2 and a mixed valent Fe(II)3Fe(III) core
bridged by six fluoride ligands.

Bond valence sum (BVS) analysis (ESI,† S3) supports assign-
ment of the apical irons in 3 as LS iron(II), while those bound by
two bridging fluorides and two pyridyl benzimidazoles moieties

were assigned as HS iron(II) sites. The latter connect to the
central FeIII ion via two m2-F� ligands (FeII–F bond lengths
2.089(8)–2.112(6) Å; FeIII–F bond lengths 1.898(8)–1.932(5) Å;
average FeII–F–FeIII bridging angle 102.53(3)1). This is the first
literature example of a F-bridged mixed valence iron star.
The average FeII� � �FeIII and FeII� � �FeII distances of 3.121(4)
and 5.407(14) Å, respectively, are shorter than those observed
in oxo-bridged iron stars.18 Comparison of the trispyridylimine
iron bonds in complexes 2 and 3 confirmed both were LS FeII

ions, and no significant change in the FeII–N bond lengths are
required to generate the higher nuclearity structure.

1H NMR analysis of the intense purple solution of 3 revealed
resonances spanning chemical shift values from �2 to 136 ppm
(Fig. S11, ESI†). Diffusion ordered spectroscopy (DOSY) NMR
(Fig. S12, ESI†) confirmed that resonances at 23 and 28 ppm
were consistent with formation of a structure with a diffusion
coefficient of 6.32 � 10�10 m2 s�1, corresponding to a structure
with a hydrodynamic radius of 12.6 Å. This value is in agree-
ment with the solid state data which indicates that 3 is 22.4 Å
along its maximum dimension. Variable temperature 1H NMR
studies (Fig. S13, ESI†) provided no evidence of SCO for
complex 3 within the solution state accessible temperature
range (�38 to 70 1C).

Formation of 3 could not have been predicted based on
previous results and established design criteria.3 In combi-
nation with transition metals, linear homotopic bisbidentate
ligands featuring either two pyridyl benzimidazoles22 or two
pyridyl imine moieties generated with TREN23 generate M4L6

tetrahedra and M2L3 helicates. Furthermore, analysis of self-
assembly reactions with six equivalents of p-toluidine and L
alongside four equivalents of metal supported formation of a
[Fe4L6]8+ tetrahedron (ESI,† S1.3.4).

Central to the formation of 3 are the fluoride bridges which
connect the FeIII ion with the three surrounding HS FeII centres.
Since no traditional fluorinating agent was added, the tetra-
fluoroborate counterions are proposed as the source of

Scheme 1 Stepwise self-assembly of the trigonal bipyramidal complex 3, from ligand L via the C3-symmetric metalloligand 2. For clarity only two of the
six ligand arms forming complex 3 are shown explicitly. Iron spin and oxidation states are depicted by coloured spheres: high-spin iron(II) red, low-spin
iron(II) purple and iron(III) orange.

Fig. 1 Single-crystal X-ray structure of the cationic portion of complex 3.
The different spin and oxidation states of the iron atoms are highlighted;
purple: low-spin (LS) iron(II); red: high-spin(HS) iron(II); yellow: high-spin
iron(III); green: fluoride ions; pale-blue: nitrogen; light-grey: carbon.
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fluoride. Generation of fluoride from tetrafluoroborate has
previously been attributed to Lewis acid assisted abstraction,
hydrolysis or the presence of a base,24 all of which are present
under the conditions of our reaction. Formation of a M4(m2-F)6

coordination motif has only previously been reported with a
family of complexes with the outer metal atoms being supplied
through titanocenes.25

In addition to fluoride generation, we also report in situ
oxidation of iron(II).11,21,26 Following formation of 3 no further
oxidation was observed and the complex was stable in air, in
the solid state over a period of weeks, and in acetonitrile which
had a stream of air blown through it for a day. Attempts to
synthesize 3 via in situ reduction of iron(III) with DMF, following
a recent report,10 were unsuccessful and yielded an orange
solution of unknown composition.

SQUID measurements for 3 gave wMT = 12.85 cm3 K mol�1

(wM = molar magnetic susceptibility) at room temperature in
agreement with the presence of a magnetic FeII

3FeIII entity
(Fig. 2; wMT = 13.37 cm3 K mol�1 for three S = 2 and one
S = 5/2 non-interacting centres, assuming g = 2), along with two
non-magnetic (S = 0) LS FeII centres. Upon cooling, wMT
decreases slowly until 50 K and then more rapidly to reach
3.67 cm3 K mol�1 at 2 K (Fig. 2B), indicative of weak antiferro-
magnetic interactions between metal centres coupled with
zero-field splitting (ZFS) effects at the lowest temperature. In
agreement with this, the M vs. H curves (M = molar magnetiza-
tion) at 2 and 4 K show no sign of saturation under the 0–7 T
applied magnetic fields (inset Fig. 2B), indicative of large
magnetic anisotropy. Consistent with the solution state data,
no evidence for temperature dependant SCO was observed for
3. Simultaneous fitting of wMT vs. T and M vs. H was performed
using PHI.27 The spin Hamiltonian used28 includes the
exchange between the peripheral HS FeII with the central HS
FeIII ( J1) and with its nearest neighbouring HS FeII ( J2) (Fig. 2A),
and gave g = 1.98(01), D = 9.06(13) cm�1, J1 = �1.58(03) cm�1

and J2 = �0.19(02) cm�1, where g is the g-factor of individual Fe
centres and D is the axial ZFS term for HS FeII ions (ESI,† S5).
Attempts to model the experimental magnetic data with J2 = 0
gave unsatisfactory results, but further inclusion of an inter-
molecular interaction term of zJ = �0.011 cm�1 enabled a good
fit (Fig. S31 and Table S10, ESI†). Nevertheless, both models
give the exchange interaction through m2-F bridges as weakly

antiferromagnetic ( J2
FeII–FeIII D �1.6 cm�1). As 3 is the first

molecular mixed-valence FeII
3FeIII system with m2-F bridges

comparison of our coupling constants with precedent is not
straightforward. Structurally related [FeIII

4(m-O)6]6+ compounds
were reported to display antiferromagnetic coupling.19,29

In contrast, the [FeIII(m-O)6FeII
3]3+ homologue displays weak

ferromagnetic exchange via m2-O ( J = 2.77 cm�1),18 though the
peripheral FeII centres still couple antiferromagnetically.
The FeII–F and FeIII–F bond lengths in 3 are shortened by
0.048 and 0.084 Å, respectively, compared to the equivalent
ones in the oxo-bridged homologue, while the FeII� � �FeIII dis-
tance is reduced by 0.104 Å. These differences are sufficient to
cause variation in magnetic behaviour. Diiron(II) complexes
with an [FeII(m2-F)2FeII]2+ core were found to be either weakly
antiferromagnetic ( J = �0.26 cm�1)30 or weakly ferromag-
netic ( J = 0.6 cm�1).31 A triple fluoride-bridged complex
[F3FeIII(m2-F)3FeIIIF3]3� whose Fe–F–Fe bridging angles average
to 90.61 also shows weak ferromagnetism ( J = 0.24 cm�1).32

While, diiron complexes with a single m2-F bridging unit mani-
fest a stronger antiferromagnetic exchange (16 o �J o 36 cm�1)33

due to a better magnetic orbital overlap enabled by a wider
(151–1801) Fe–F–Fe bridging angle. In agreement with this, the
[FFeII(m2-F)FeIIIF]2+ complex (Fe–F–Fe 166.11) exhibits stronger
antiferromagnetic exchange ( J = �10.1 cm�1)30 than 3. Ac
susceptibility measurements on 3 detected frequency-
dependent tails above 1.8 K that could indicate weak slow
magnetic relaxation.

In conclusion, we report a novel one-step synthesis that
generates an air-stable complex containing site-specifically
incorporated metal ions in three electronic configurations.
Isolation of 3 represents a significant advance in construction
of multi-metallic architectures, where the goal is to emulate
biological systems that control metal spin and oxidation states
to direct a myriad of chemical processes. Magnetic measure-
ments support F-mediated antiferromagnetic exchange
between the peripheral FeII ions and the central FeIII of the
star motif. Future work will focus on identifying reaction
conditions that give rise to structurally related complexes and
evaluating their magnetic and physical properties. Analysis of
mixed oxidation state iron star complexes containing halogens
other than fluoride will be invaluable in determining the role of
the bridging ligand on the exchange interactions between the
peripheral and central metal ions.
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Fig. 2 (A) Coupling scheme depicting the magnetic FeII
3FeIII unit present

in 3, where J1 and J2 represent the magnetic coupling constants;
(B) wMT (T) and M (H) (inset) for 3 with the best fit (solid line).
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6 M. M. J. Smulders, A. Jiménez and J. R. Nitschke, Angew. Chem., Int. Ed.,
2012, 51, 6681–6685; F. Reichel, J. K. Clegg, K. Gloe, K. Gloe, J. J. Weigand,
J. K. Reynolds, C.-G. Li, J. R. Aldrich-Wright, C. J. Kepert, L. F. Lindoy,
H. Yao and F. Li, Inorg. Chem., 2014, 53, 688–690; S. Sanz,
H. M. O’Connor, P. Comar, A. Baldansuren, M. B. Pitak, S. J. Coles,
H. Weihe, N. F. Chilton, E. J. L. McInnes, P. J. Lusby, S. Piligkos and
E. K. Brechin, Inorg. Chem., 2018, 57, 3500–3506; S. Sanz, H. M. O’Connor,
V. Martı́-Centelles, P. Comar, M. B. Pitak, S. J. Coles, G. Lorusso,
E. Palacios, M. Evangelisti, A. Baldansuren, N. F. Chilton, H. Weihe,
E. J. L. McInnes, P. J. Lusby, S. Piligkos and E. K. Brechin, Chem. Sci., 2017,
8, 5526–5535; M. Schmittel, V. Kalsani and J. W. Bats, Inorg. Chem., 2005,
44, 4115–4117.
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2
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þ ŜFeII

2
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